


FOREWORD 
 
The International TOVS Working Group (ITWG) is convened as a sub group of the International 
Radiation Commission (IRC) of the International Association of Meteorology and Atmospheric 
Physics (IAMAP). The ITWG continues to organise International TOVS Study Conferences 
(ITSCs) which have met approximately every 18 months since 1983. Through this forum, 
operational and research users of TIROS Operational Vertical Sounder (TOVS), Advanced 
TOVS (ATOVS) and other atmospheric sounding data have exchanged information on data 
processing methods, derived products, and the impacts of radiances and inferred atmospheric 
temperature and moisture fields on numerical weather prediction (NWP) and climate studies.  
 
These Technical Proceedings provided on CD bring together the papers of the scientific 
presentations and posters from the Fourteenth International TOVS Study Conference (ITSC-
XIV) hosted by the National Satellite Meteorological Center (NSMC) in Beijing, China from 25 
to 31 May 2005. The  ITSC-XIV conference report is also available which summarises the 
scientific exchanges and outcomes of the meeting. The ITWG web site contains electronic 
versions of the conference presentations, posters and publications which can be downloaded 
(http://cimss.ssec.wisc.edu/itwg/). Together, these documents and web pages reflect the conduct 
of a highly successful meeting in Beijing. An active and mature community of TOVS and 
ATOVS data users now exists, and considerable progress and positive results were reported at 
ITSC-XIV in a number of areas, including many related to the ATOVS system and to the current 
and impending advanced sounding instruments.  
 
ITSC-XIV was sponsored by industry, government agencies and research centers, including, 
VCS, CNES, Kongsberg Spacetec AS, the Raytheon Company, the Met Office (U.K.), the 
University of Wisconsin Space Science and Engineering Center, the World Meteorological 
Organization, EUMETSAT, and NOAA NESDIS. The support of these groups is gratefully 
acknowledged. We wish to thank the local organising committee from NSMC, particularly 
Director General Yang Jun, his international affairs leader, Dongfeng Luo, and Mr. Luo’s 
excellent staff. 
 
Details of Reports and Proceedings from previous conferences are also available from the web 
site. If you require a copy of the ITSC-XIV report or CDs of the proceedings please contact the 
Working Group Co-Chairs at the co-ordinates below. 
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Ultra High Spectral Resolution Satellite Remote Sounding- 
Results from Aircraft and Satellite Measurements 

 
W.L. Smith1, 2, D.K. Zhou3, X. Liu3, H-L. Huang2, H. E. Revercomb2, A.M. Larar3, and C. D. 

Barnet4 
 

1Hampton University 
2University of Wisconsin-Madison 
3NASA Langley Research Center  

4NOAA NESDIS  
 
 
 

Abstract: 
 
Ultra high spectral resolution sounding measurements are now being obtained from the Aqua 
satellite Atmospheric Infrared Sounder (AIRS) fulfilling the dream of obtaining high vertical 
resolution temperature and moisture profiles remotely from space.  The AIRS was proposed as a 
result of a successful aircraft demonstration of the ultra high spectral resolution sounding concept 
conducted from the high altitude NASA ER-2 aircraft with the High resolution Interferometer 
Sounder (HIS).  Since that time two cross-track scanning successors to the HIS, the NAST-I 
(NPOESS Airborne Testbed-Interferometer) and the S-HIS (Scanning-HIS), have been flying to 
validate the AIRS and to pave the way for ultra high spectral resolution interferometer sounders 
soon to fly on the METOP and NPOESS operational satellites.  This paper reviews the historical 
development of the ultra high spectral resolution sounding concept.  AIRS and NAST-I results 
are shown for various validation campaigns.  The Geostationary Imaging Fourier Transform 
Spectrometer (GIFTS), which has been developed to pave the way for the implementation of the 
ultra high spectral resolution sounding concept on geostationary satellites, is also discussed. 
 
 

I. Background 
 

As shown in Figure 1, the satellite infrared sounding instrument era began with the launch of the 
InfraRed Interferometer Spectrometer (IRIS) and the Satellite InfraRed Spectrometer (SIRS) on 
the Nimbus 3 and 4 satellites (launched in 1969 and 1970, respectively). These were low spatial 
(~ 200 km) and moderate spectral (2.5-5 cm-1) resolution instruments that initially from Nimbus-3 
viewed the satellite nadir and, in the case of Nimbus-4, also observed one field of view on each 
side of nadir.  The Nimbus 5 satellite (launched in 1972) carried the much higher spatial 
resolution (~ 30 km) Infrared Temperature Profile Radiometer (ITPR), a multi-telescope filter 
radiometer which enabled cloud clearing, of partially-clouded fields of view, to be performed.  
The first operational filter wheel infrared sounding instrument was the Vertical Temperature 
profile Radiometer (VTPR) launched on the NOAA-2 (ITOS-D) satellite in late 1972.  The 
contiguous spatially scanning High resolution Infrared Sounder (HIRS), which first flew on 
Nimbus-6 in 1975, became the NOAA operational satellite sounding instrument beginning with 
the TIROS-N series commencing in 1978. The HIRS will have seen more than 30 years of 
operational service before it is replaced by the Infrared Atmospheric Sounding Interferometer 
(IASI), on the European METOP satellites (2006), and the Cross-track Infrared Sounder (CrIS), 
on the U.S. NPP (2008) and NPOESS series of satellites (2010).  
 
The geostationary satellite infrared sounding program began in 1980 with the launch of the 
VISSR Atmospheric Sounder (VAS) filter wheel instrument on the GOES-D satellite.  Soon after 
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VAS was proposed, it was recognized that the vertical resolution provided by the filter radiometer 
instruments would limit its utility for storm scale weather forecasting (Smith, 1991). As a result, 
the very High resolution Interferometer Sounder (HIS) spectrometer instrument was developed by 
the University of Wisconsin and was flown on the NASA ER-2 high altitude aircraft to 
demonstrate that a revolutionary advance in satellite sounding vertical resolution could be 
obtained with instruments capable of two orders of magnitude more spectral measurements than 
were being obtained with filter radiometers.  Thus, the HIS aircraft results became the basis for 
the development of the ultra high spectral resolution sounding instruments (IMG, AIRS, CrIS, 
IASI, GIFTS, and HES) now being flown on experimental satellites and soon to be flown 
continuously on next generation operational polar and geostationary satellites.  Spatially scanning 
versions of the HIS (S-HIS and NAST-I) were developed in order to be able to validate the 
radiometric measurement performance and the derived product accuracy of these new ultra high 
spectral resolution satellite sounding instruments. Finally, the GIFTS was developed as an 
approach to implement the ultra high spectral resolution sounding capability on a 3-axis stabilized 
geostationary satellite.  
 

 
 
Figure 1:  The evolution of Infrared Sounding Instruments 
 
 

II. Ultra High Spectral Resolution Sounding  
 

Figure 2 illustrates the various spectral characteristics of the major ultra high spectral resolution 
sounders already designed for flight on polar and geostationary satellites.  All the ultra high 
spectral resolution instruments are Fourier Transform Spectrometers (FTS), with the exception of 
the Aqua AIRS instrument, which is a large focal plane detector array grating spectrometer.  The 
AIRS is an excellent instrument in that it is very well calibrated, has relatively low radiometric 
noise, and is spectrally stable, as required for obtaining high vertical resolution profile 
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information from its radiance observations.  Unlike the grating spectrometer, the FTS uses the 
same detector element for observing large portions of the radiance spectrum, thereby optimizing 
the spectral continuity of the radiance measurements and minimizing spectrally varying 
calibration and co-registration error.  The spectral precision and radiometric noise of the radiance 
measurements are the most important measurement qualities required for the retrieval of small 
vertical scale sounding features from radiance spectra.  Small vertical structure features are 
extracted through a de-convolution of the spectrum of radiance, in which each spectral radiance 
possesses very low vertical resolving power (8-15 km).  Very high spectral relative accuracy is 
thus required to reveal the small vertical structure (1-2 km) atmospheric features contained in the 
small spectral variations of radiance that they produce.    

 
Figure 2:  Spectral bands for aircraft and satellite ultra high spectral resolution sounding 
instruments 
 
 

III. The NAST-I 
 
The NPOESS Airborne Sounder Testbed – Interferometer, NAST-I (Cousins and Smith, 1997 and 
Smith et. al., 1999, 2005), described in Figure 3, was developed by the National Polar-orbiting 
Operational Environmental Satellite System (NPOESS) Integrated Program Office (IPO) to be 
flown on high altitude aircraft and provide experimental observations needed for finalizing 
specifications and testing proposed designs and data processing algorithms for the Cross-track 
Infrared Sounder (CrIS).  The NAST-I has a spectral range of 3.6–16.1 µm, without gaps, and 
covers the spectral ranges and resolutions of all current and planned advanced high spectral 
resolution infrared spectrometers to fly on polar orbiting and geostationary weather satellites, 
including the Aqua-AIRS (Atmospheric InfraRed Sounder), METOP-IASI (Infrared Atmospheric 
Sounding Interferometer), the NPP (NPOESS Preparatory Project)/NPOESS CrIS (Cross-track 
Infrared Sounder), and the GIFTS (Geosynchronous Imaging Fourier Transform Spectrometer).   
The NAST-I spectral resolution (0.25 cm-1) is equal to, in the case of IASI, or higher than all 
current and planned advanced sounding instruments.  Thus, the NAST-I data can be used to 
simulate the radiometric observations to be achieved from these advanced sounding instruments.  
The NAST-I spatially scans the Earth and atmosphere from an aircraft, such as the high-altitude 
NASA ER-2 or the Northrop-Grumman Proteus research aircraft.  From an aircraft altitude of 20 
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km, 2.6 km spatial resolution within a 40 km swath width is achieved, thereby providing three-
dimensional ultra high spectral resolution images of radiance and derived geophysical products. 
 

 
Figure 3: NAST-I Instrument characteristics and an example of an observed window channel 
image showing water and  land spectra corresponding to two different scan spots. 
   
 

IV. Atmospheric Infrared Sounder (AIRS) 
 

The Aqua satellite AIRS instrument (Figure 4) is the first US space borne spectrometer designed 
to meet the 1-K/1-km sounding accuracy objective by measuring the infrared spectrum quasi-
continuously from 3.7 to 15.4 microns with high spectral resolution (Aumann et. al., 2003).  The 
sensitivity requirement, expressed as Noise Equivalent Differential Temperature (NEdT), referred 
to 250-K target-temperature, ranges from 0.1K in the 4.2-µm lower tropospheric sounding 
wavelengths to 0.5 K in the 15-µm upper tropospheric and stratospheric sounding spectral region.  
The AIRS Instrument provides spectral coverage in the 3.74 µm to 4.61 µm, 6.20 µm to 8.22 µm, 
and 8.8 µm to 15.4 µm infrared wavebands at a nominal spectral resolution of ν/δν = 1200, with 
2378 IR spectral samples and four visible/near-infrared (VIS/NIR) channels between 0.41 and 
0.94 microns. Spatial coverage and views of cold space and hot calibration targets are provided 
by a 360-degree rotation of the scan mirror every 2.67 seconds.  The AIRS ground resolutions at 
nadir are about 15 km and 2.5 km for the infrared and visible channel measurements, 
respectively, and the swath width is approximately 1650 km from the Aqua altitude of 705 km. 
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Figure 4: Aqua payload configuration and AIRS instrument characteristics  
 

 
V. Temperature and Moisture Retrieval Overview 
 

In this paper, retrievals from NAST-I and AIRS using the same retrieval methodology (i.e., called 
the NAST-team retrieval methodology) are compared with AIRS retrievals obtained by the latest 
version (Version 4.0) of the AIRS science team retrieval methodology.  The NAST-team and the 
AIRS-team retrieval methodologies are similar in that initial profiles are obtained by eigenvector 
regression (Zhou et. al., 2002) that are used as a first guess to a matrix inverse solution of the 
radiative transfer equation (Goldberg et. al., 2003, Susskind et. al., 2003, and Zhou et. al., 2005).  
The NAST-team radiance eigenvectors are generated from radiances calculated, using a forward 
radiative transfer model, from a regional and seasonal climatology of radiosonde data.  For 
NAST-I retrievals, 4425 spectral channels are used, whereas for AIRS, 1594 spectral channels are 
used in NAST-team retrievals.  For the AIRS-team eigenvector regression retrieval, 1688 AIRS 
spectral channels are used.  In the case of the AIRS–team retrievals, microwave data from the 
AMSU instrument aboard the Aqua satellite are used to cloud clear the radiance data and provide 
additional sounding radiance information for the retrieval in the clouded atmosphere.  The NAST-
team retrieval uses only AIRS (or NAST-I) data within a retrieval procedure that directly 
accounts for the influence of clouds on the observed radiances, but the retrieval validity is 
generally restricted to above cloud top level. 
 
Figure 5 below shows the spectral characteristics of the channels used for the NAST-team 
retrievals of temperature and moisture profiles from NAST-I and AIRS data.  There are 
significant differences between the AIRS-team and the NAST-team AIRS profile retrieval 
approaches.  For the EOF regression, the AIRS science team uses a global database of profiles 
extracted from ECMWF analyses co-located with actual AIRS cloud-cleared radiances.  The 
NAST-team uses a set of regional and seasonal radiosonde profile data from which AIRS 
radiances are produced via radiative transfer calculation for the generation of the radiance 
eigenvectors.  In both cases, regression coefficients are generated that relate the atmospheric state 
variables to the radiance eigenvector amplitudes.  Also, in the physical matrix inverse retrieval 
step, the NAST-team uses an iterative simultaneous matrix inverse solution for all variables based 
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on a selection of 575 AIRS channels.  The AIRS-team uses a sequential approach where 65 
spectral radiances are used for temperature, 42 spectral radiances are used for water vapor, 26 
spectral radiances are used for ozone, and 23 radiances are used for surface temperature.  In the 
case of the NAST-team retrievals, surface and cloud spectral emissivity is determined by 
eigenvector regression and used in the matrix inverse solution.  The AIRS-team retrieval surface 
emissivity is specified using synthetic radiance regression relationships, similar to the NAST-
team retrieval (Zhou et. al., 2001) and followed by a physical approach (Susskind et. al., 2003). 
 

 
Figure 5:  Spectral characteristics of NAST-I and AIRS and spectral channels used for NAST 
team retrievals of temperature and moisture retrievals.   
 
 

VI. Example Results 
 
Pacific THORPEX Observing System Test (PTOST):  PTOST was a field program conducted 
during February and March, 2003,  to test certain aircraft, radiosonde, and ground systems 
planned to be used during the THORPEX.  During PTOST, the NASA ER-2 aircraft, with the 
NAST-I, NAST-M Microwave), S-HIS (Scanning-High resolution Interferometer Sounder), and 
CPL (Cloud Physics LIDAR) aboard, under flew the Aqua satellite in order to validate the AIRS 
measurement capability.  Figure 6 shows a comparison of a cross section of atmospheric 
temperature, deviation from its level mean value, as retrieved from Aqua satellite AIRS and 
NAST-I radiances, observed from the ER-2 aircraft at the 20 km flight level, on March 3, 2003 
near Hawaii.  As can be seen, the fine scale vertical temperature profile features retrieved from 
the AIRS and NAST-I radiance data compare well with data from dropsondes released from the 
NOAA G-4 aircraft at an altitude of 13 km.  (Note that for this illustration the AIRS retrievals 
were produced from 3 x 3 averages of spectra about their central nadir positions in order to 
minimize the effects of measurement noise on the retrieval of fine scale vertical temperature 
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structure.)  The vertical resolution difference in the temperature reversal feature in the 9-10 km 
layer is expected due to the lower vertical resolution of the retrievals compared to the in-situ 
dropsonde measurements.  The satellite and aircraft retrieval cross-sections show somewhat 
higher horizontal resolution features than those inherent in the dropsonde cross section.  This is 
because the retrieval cross-sections are derived from relatively closely spaced retrievals (15 km 
for AIRS and 3 km for NAST-I), whereas the dropsonde cross-section is based on only three 
profiles (with about a 75 km separation distance), one at each end, and one in the middle, of the 
cross section shown in Figure 6.  It is particularly noteworthy that the cross section mean of the 
AIRS and NAST-I profiles is almost identical to the mean of the dropsonde observations. 
 

 
Figure 6: Comparison between cross sections of temperature (deviation from the level mean 
value) for AIRS and NAST retrievals and dropsonde observations near Hawaii on March 3, 2003.  
Red and Blue areas are relatively warm and cold areas, respectively. 
 
European AQUA Thermodynamic Experiment (EAQUATE): The EAQUATE was held in 
September (2004) in Italy and the United Kingdom to demonstrate certain ground-based and 
airborne systems useful for validating ultra high spectral resolution sounding observations from 
satellites being orbited during this decade. The focus of this experiment was placed on the 
validation of the AIRS instrument on the EOS Aqua satellite.  During the EAQUATE, the Proteus 
aircraft carried five separate remote sensing instruments, the NAST-I, NAST-M, S-HIS, FIRSC, 
and micro-MAPS.  The Proteus was stationed in Naples Italy from 4 to11 September 2004 and 
Cranfield England UK from 11 to 19 September 2004.  During the Italian portion of the campaign 
(Figure 7, below), the Proteus under flew Aqua in coordination with ground-based remote sensing 
measurements, including several Raman LIDAR water vapor and temperature profilers and 
radiosondes, provided by the Istituto di Metodologie per l'Analisi Ambientale (IMAA) and the 
Dipartimento di Ingegneria e Fisica dell'Ambiente (DIFA), University of Basilicata in Potenza 
Italy.  During the UK portion of the campaign (Figure 8, below), the Proteus under flights of 
Aqua were coordinated with the UK FAAM BAe146-301 aircraft, which flew a large payload of 
in-situ measurement instruments, including dropsondes, and remote sensing instruments (e.g., the 
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ARIES interferometer spectrometer), useful for validating the Aqua satellite observations.  A total 
of six Proteus flights were conducted during the EAQUATE, including two under flights of Aqua 
during the Italian portion of the campaign and two joint Proteus and FAAM BAe146-301 under 
flights of Aqua during the UK portion of the campaign. 
 
Figure 9 shows the results of an Aqua under flight conducted during the Italian portion of 
EAQUATE during the night of April 9, 2004.  The images show the derived surface/cloud 
temperature retrieved for both the AIRS and the NAST-I using the NAST-team algorithm.  The 
surface temperature is obtained when the field of view is free of cloud.  Clouds exist over the sea 
near 38.5 N and between 40 N and 41 N latitude, the remainder of the image revealing clear sky 
conditions.  Colder temperatures are derived over the mountainous areas of Sicily and the 
mainland of Italy during these near midnight observation conditions.  As can be seen, there is 
very good agreement between the AIRS and NAST-I surface skin temperature, the major 
differences resulting from spatial resolution differences between the two instruments (2.5 km for 
the NAST-I Vs 15 km for the AIRS). 
 

 
Figure 7:  The Proteus instrument payload and ground instrumentation operated during the 
Italian portion of the EAQUATE campaign.  
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Figure 8:  The Proteus and BAe 146-130 instrument payloads flown during the United Kingdom 
portions of the EAQUATE.    
 

 
Figure 9:  Comparisons between AIRS, AIRS/AMSU, and NAST-I retrievals with a nearly 
coincident Radiosonde observation.  The differences between the various retrievals with the 
radiosonde observation are shown in the lower right hand portion of the Figure.  
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In Figure 9, a comparison is shown between AIRS and AIRS/AMSU retrievals obtained from 
cloud-cleared radiances using both the NAST-team and AIRS-team retrieval algorithms, 
respectively, and AIRS and NAST-I retrievals obtained from the original (not cloud-cleared) 
radiances using the NAST-team algorithm.  A radiosonde profile is also shown for comparison 
with the temperature and relative humidity retrievals shown in Figure 9.  As can be seen, there is 
very close agreement between the NAST-team retrievals for both NAST-I and AIRS and the 
AIRS-team AIRS/AMSU retrieval except in the 12-16 km layer for temperature and in the 0-3 
km and 10-13 km layers, for relative humidity. The largest temperature disagreements with the 
radiosonde occur for an inversion layer near 3 km and the tropopause, near 13 km, where the 
differences between the retrievals with the radiosonde approach 2 K and 3 K for the NAST-I and 
AIRS, respectively.  It can be seen from the retrieval Vs radiosonde difference plots that the 
vertical features of the NAST-team AIRS, AIRS-team AIRS/AMSU, and NAST-I retrievals are 
similar, with only a slight dependence on the retrieval methodology used.  The importance of 
cloud-clearing is evident for this case from the comparisons for the NAST-team retrievals 
obtained from AIRS radiances with and without cloud-clearing.  
 
The correspondence between the AIRS retrievals obtained using the two different retrieval 
methodologies (i.e., NAST-team and AIRS-team) is more clearly shown in the cross-sections 
presented in Figure 10.   As can be seen, there is excellent correspondence between the spatial 
features revealed by these cross-sections, despite the significant differences between the two  
 

 
 
Figure 10:  Cross-sections of temperature and relative humidity obtained from AIRS cloud-
cleared radiance data using the NAST-team and AIRS-team retrieval algorithms.  The deviation 
from the mean profile cross-sections reveal small scale features in the temperature and humidity 
patterns. 
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retrieval algorithms. It is noted, however, that slightly larger spatial gradients result with the  
NAST-team algorithm.  The only region of significant difference is in the near surface relative 
humidity over Europe, between 44 N and 55 N latitude, where the NAST-team retrieval reveals 
much greater spatial variability, possibly a result of the difference in the manner in which surface 
emissivity is handled in the two different retrieval schemes.       
 
Figure 11 shows a comparison of the NAST-team AIRS and AIRS-TEAM AIRS/AMSU  
temperature vertical cross-sections for two different days off the southwest coast of the United 
Kingdom.  As can be seen, there is very close agreement between these two sets of retrievals, 
although there appears to be slightly more fine scale structure resolved by the NAST-team 
retrieval, especially for the 18 September case.  The enhanced fine scale structure of the NAST-
team retrieval is possibly a result of larger number of AIRS spectral channels used in the physical 
matrix inverse simultaneous solution, the final step of the retrieval process.  

 
Figure 11:  Comparison of NAST-team and AIRS-team temperature retrieval (deviations from 
mean profile) cross-sections along the same geographical track for September 14 and 18, 2004, 
off the west coast of the United Kingdom.  The images on the left show the surface/cloud 
temperature distribution retrieved using the NAST-team algorithm.  
 
Figure 12 shows the comparison between the AIRS-team AIRS/AMSU, NAST-team AIRS, and 
NAST-I temperature profile retrievals with dropsondes conducted for the area shown by the oval 
on the lower left hand portions of the surface/cloud temperature images shown in Figure 11.  A 
nearby radiosonde observation is also shown in order to provide validation data above the 
dropsonde altitude of 6 km.  It is encouraging that all the temperature sounding retrievals are in 
generally good agreement with each other and with the coincident dropsonde observation.  This 
agreement can be seen in the plots of deviations of the retrieval and dropsonde values from the 
radiosonde observations shown in the bottom portion of this figure for the two observation days.  
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The biggest disagreement between the retrievals appears to be in the surface boundary layer and 
in the tropopause region.  For the near surface boundary layer region on September 18, 2004, the 
NAST-I and the AIRS-team AIRS/AMSU retrievals seem to agree better with the dropsonde 
observations than does the NAST-team AIRS retrievals, which agree best with the radiosonde 
observations.  The AIRS-team AIRS/AMSU retrieval seems to agree best with the radiosonde 
observations for the tropopause region, on these two days, possibly due to the use of the AMSU 
data in the AIRS-team retrieval. 

 
Figure 12:  Comparison between NAST-team NAST-I and AIRS temperature retrievals and 
AIRS-team AIRS/AMSU retrievals with dropsonde and radiosonde observations for 14 and 18 
September off the southwest coast of the United Kingdom.  The deviation plots in the lower 
portion of this figure is respect to a nearby radiosonde observation. 
 
Figure 13 shows a plot, similar to that shown Figure 12, but for relative humidity.  As with 
temperature, the retrieved relative humidity profiles are in generally good agreement and in good 
agreement with the dropsonde observation.  It is interesting that, for this case, the AIRS-team 
AIRS/AMSU retrieval is in relatively good agreement with the NAST-team NAST-I retrieval 
near the surface.   The overall agreement between the AIRS-team AIRS/AMSU retrievals with 
the NAST-team AIRS and NAST-I retrievals and the dropsonde observations, indicates that the 
latest version (i.e., ver. 4.0) of the archived AIRS/AMSU retrievals are reasonably accurate, at 
least for the clear sky oceanic conditions considered here.   
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Figure 13:  Comparison between NAST-team NAST-I and AIRS relative humidity retrievals and 
AIRS-team AIRS/AMSU retrievals with dropsonde and radiosonde observations for 14 and 18 
September off the southwest coast of the United Kingdom.  The deviation plots in the lower 
portion of this figure is respect to a nearby radiosonde observation. 
 
The Atlantic THORPEX Regional Campaign (ATReC) was held from November 18 - December 
15, 2003.  The NASA ER-2 and the University of Wyoming Citation aircraft were based at 
Bangor, Maine. The ATReC focused on reducing the number and size of significant weather 
forecast errors over Europe and the eastern USA by infusing extra remote sensing and in-situ 
observations over sensitive (i.e. oceanic) regions.  ER-2 flights contributed to ATReC by focusing 
on satellite sensor validation under flights (TERRA, AQUA, & DMSP). 
 
The NASA ER-2 flew during the ATReC with an instrument payload identical to that employed 
during the PTOST, as described earlier.  Because of the high probability of clouds over the North 
Atlantic Ocean during the winter months of the year, ATReC was used as an opportunity to test a 
new algorithm for handling clouds in the retrieval of atmospheric profiles from hyperspectral 
radiance measurements.  The algorithm (Smith et. al., 2004, and Zhou et. al., 2005) takes 
advantage of the fact that clouds produce significant spectral radiance structure that depends upon 
their microphysical properties.  Also, the height of the cloud is related to the depth of absorption 
line features in the emission spectrum (i.e., the lower the clouds, the greater the amplitude of the 
absorption line radiance features).  For cloud cases, accurate atmospheric profiles are obtained 
down to the cloud top level.  Also, if the cloud is semi-transparent or broken, the profile below 
the cloud level is retrieved. 
 
The algorithm is the Empirical Orthogonal Function (EOF) regression algorithm.  In this 
application of the algorithm, radiance eigenvectors and regression relations between atmospheric 
parameters and radiance eigenvector amplitudes are based upon radiative transfer calculations for 
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a wide variety of atmospheric temperature, moisture, and cloud profile conditions.  For the 
radiance EOF regression training, a very large sample of radiosondes from a ten-year period is 
used to simulate NAST and AIRS radiances.  Clouds are introduced at levels where the 
radiosonde humidity exceeds a threshold prescribed as a function of altitude.  A physically-based 
cloud radiative transfer model (Huang et. al., 2002) was developed by the University of 
Wisconsin – CIMSS (Huang et. al., 2004) based on DISORT calculations performed for a wide 
variety of cloud microphysical properties by Ping Yang et. al., (2003).  This model is used to 
account for the influence of clouds on the calculated radiance spectrum.  The cloud microphysical 
properties are included in a realistic manner by using a statistical distribution of microphysical 
properties in accordance with real observations conducted over many years from aircraft and 
balloon (Heymsfield et al., 2003). Cloud microphysical properties were assigned to each cloudy 
radiosonde observation by using a random number generator to define an optical depth between 0 
and 4 from a uniform distribution of the logarithm of the optical depth, and the effective particle 
radius was defined using a relation, provided in Table 1 below, based on the aircraft and balloon 
observations of Heymsfield et al. (2003).  The particle radius is changed by a random amount 
selected from a Gaussian distribution of random numbers with a standard deviation of 10%, in 
order to represent the scatter of real observations.  If two or more cloud layers exist, the lower 
level cloud is represented as an equivalent cloud-free isothermal temperature condition in the 
radiative transfer calculation.  Thus, the statistics enable the retrieval of profiles below optically 
thin upper level clouds only (e.g., thin Cirrus).  Regression relations are also generated for 
predicting cloud height, visible optical depth, and particle diameter.  Because the radiance is 
highly non-linear with respect to cloud height, statistics are formulated for one class of data 
which contains all cloud height conditions and eight other height classes for which the cloud 
height has been stratified to within 1 km of the mean for that statistical class.  The final cloud 
height class used for the retrievals is obtained by iteration beginning with the unclassified class to 
predict the initial cloud height stratification for the retrievals.  Usually, the final cloud height 
class is defined within five iterations of the cloud height prediction process. Table 1 below 
summarizes the characteristics of the cloud model and the simulations of clouds as used for the 
EOF regression training.   
 
In the retrieval process, there is an attempt to retrieve the correct profile below a semitransparent 
and/or scattered cloud layer with an effective optical depth (defined here from the product of the 
fractional cloud amount times the cloud visible optical depth) less than unity.  If an opaque lower 
level cloud underlies the semitransparent and/or scattered upper level cloud, an isothermal 
condition will be retrieved below the lower cloud deck.  EOF regression enables both the cloud 
height and the cloud microphysical properties of the highest-level cloud to be estimated. 
 
Figure 14 shows a vertical cross section of temperature and moisture profiles retrieved from 
NASA ER-2 aircraft NAST-I data for a very cloudy situation observed over the Western Mid-
Atlantic Ocean on December 3, 2003.. The retrieved cloud height is compared with that estimated 
from a nadir looking Cloud Physics LIDAR (CPL) on-board the ER-2 aircraft.  The flight track is 
shown over visible and IR images obtained from the GOES spacecraft.  In the retrievals shown in 
Figure 14, the profiles retrieved below clouds with a predicted optical depth greater than unity 
were considered missing since their accuracy would be degraded significantly from that 
achievable under cloudless sky conditions.   As can be seen, there is excellent agreement between 
the LIDAR and NAST-I retrieved cloud heights, indicating that the retrieval of other properties, 
such as the cloud microphysical properties and the temperature and humidity profiles, should also 
be accurate.  The horizontal uniformity of the retrieved temperature and humidity conditions 
across the wide variety of cloud height conditions indicates that this is the case. 
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Table 1: Cloud Radiative Transfer Model and Cloud Simulation Characteristics  

        
 
Evidence of the accuracy of profile conditions that can be retrieved under cloudy conditions is 
given by Figure 15, which shows a comparison of the EOF regression retrievals obtained from 
AIRS and NAST-I data in comparison to dropsonde observations made along the flight track of 
the ER-2.  One can see generally good correspondence between the NAST and AIRS  
observations with the dropsondes, even though their time differences may be as large as 4 hours.  
However, it is also seen that the AIRS retrievals are relatively noisy (i.e., temperature retrievals 
varying by several degrees over short distances) as compared to the NAST retrievals.  The noise 
in the AIRS cloudy sky retrievals may be due to false spectral features that can appear in AIRS 
radiance spectra observed in the vicinity of clouds. This false spectral structure is due to the fact 
that the radiance for each spectral position is observed by a separate detector element and the 
fields of view of these detector elements are not perfectly co-registered.  As a result, each spectral 
channel observes a slightly different scene condition and this can lead to erroneous spectral 
structure, in the case of an inhomogeneous cloudy scene.  It may be possible, through a more 
careful selection of the spectral channels used, to alleviate the impact detector co-registration 
error on the AIRS cloudy sky profile retrievals.      
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Figure 14:  Temperature and humidity cross-sections from NAST-I cloud contaminated 
radiances observed along the flight track of the NASA ER-2 aircraft flying at 20km flight altitude 
over a wide variety of clouds.   

 
Figure 15: Retrievals of atmospheric temperature at 500mb and 700 MB obtained from Aqua 
satellite AIRS radiance spectra and NAST-I radiance spectra.  Dropsondes from the NOAA Gulf 
stream along the track of the ER-2 aircraft are shown to validate the retrieval results. 
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IV  Geostationary Ultra-spectral Instruments 
 
Geostationary satellite ultra high spectral resolution instruments are now being studied for 
implementation on future operational geostationary satellites operated by the US, Europe, China, 
Japan, and Russia.  The forerunner of these instruments is the Geosynchronous Imaging Fourier 
Transform Spectrometer or  GIFTS (Smith et. al., 2001).  The GIFTS combines a number of 
advanced technologies to observe atmospheric weather and chemistry variables in four 
dimensions. Large area format Focal Plane detector Arrays (LFPAs) provide near instantaneous 
large area coverage with high 2-d horizontal resolution. A Fourier Transform Spectrometer (FTS) 
in front of the LFPAs enables atmospheric radiance spectra to be observed simultaneously for all 
detector elements, thereby providing high vertical resolution temperature and moisture sounding 
information. The fourth dimension, time, is provided by the geosynchronous satellite platform, 
which enables near-continuous imaging of the atmosphere's three-dimensional spatial structure.  
The key advance that GIFTS, and its follow-on operational satellite versions, achieves beyond 
current geosynchronous capabilities is that the water-vapor winds will be altitude-resolved 
throughout the troposphere.   
 

 
 
Figure 16:  An artist conception of the GIFTS instrument aboard a geostationary satellite 
observing the water vapor and wind structure of a hurricane. 
 
An ER-2 NAST-I flight off the coast of California on 11 February 2003 was coordinated with an 
under- flight of a Navy Twin Otter aircraft carrying the Doppler Wind LIDAR (DWL) for the 
purpose of validating the GIFTS wind measurement concept. The flight tracks are shown in 
Figure 17.  Scientists at the University of Wisconsin (UW) produced winds from images of 
NAST-I retrieved level relative humidity analyses, using their objective cloud and water vapor 
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radiance feature-tracing algorithm. Since nine successive overpasses of the same domain were 
obtained, three independent sets of winds (each using three sequential analyses centered at 21, 22 
and 23 GMT) were achieved. Coherent vectors were produced, even though the spatial domain is 
limited by the relatively low altitude (20 km) of the over-flight and the NAST-I scan angles.  
Wind profiles from the coincident DWL observations (Emmitt, personal communication) were 
used for validation of the UW results. Figure 18 shows that the agreement is good with maximum 
differences being less than 3 m/sec.  

 
Figure 17.   A racetrack ER-2 aircraft flight pattern was flown over the region shown this figure. 
This flight pattern provided multiple overpasses of the same region, and allowed sequential 
moisture fields to be derived for winds production.  The flight path of the Navy Twin Otter, 
carrying the DWL, is shown on the left hand portion of this figure. 
 

 
Figure 18.  Comparison between water vapor tracer wind profiles derived from NAST-I data and 
coincident measurements with a Doppler wind LIDAR system. 
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The Space Dynamics Laboratory (SDL) of the Utah State University has completed the assembly 
of the GIFTS instrument as an Engineering Demonstration Unit (EDU).  The GIFTS EDU is 
currently undergoing testing in thermal vacuum at the SDL.  Assuming a successful completion 
of the thermal vacuum chamber testing, the instrument would be available for space qualification 
for flight on a future geostationary satellite mission.  Such a mission is currently being pursued.  
   
 

V. Conclusion 
 

Aqua satellite AIRS and airborne NAST-I ultra high spectral resolution radiance data have been 
analyzed to demonstrate the capabilities expected from current and future satellite ultra high 
spectral  resolution sounding instruments.  Relatively good agreement is demonstrated between 
the AIRS and NAST-I retrieved soundings, using two different retrieval algorithms, with 
dropsonde and radiosonde temperature and moisture profiles.  The agreement with dropsonde 
observations is relatively independent of the sounding retrieval method used.  The validation 
results obtained here provide confidence that the AIRS retrievals produced using the Version 4.0 
are reasonably accurate, at least for the largely cloud free oceanic conditions considered here.  It 
is important to note that the AIRS-team retrieval approach is in an evolutionary stage, and 
currently optimized for cloudy sky condition (e.g., through the use of the AMSU data).  Future 
validation studies, using aircraft validation data sets similar to the ones used here, will focus on 
AIRS retrievals for cloudy sky and land surface conditions.   
 
In conclusion, the satellite AIRS and aircraft NAST-I results shown here indicate that the next 
generation operational polar and geostationary satellite systems, carrying advanced ultra spectral 
resolution IR sounding instruments, should enable significant improvements to be achieved in 
global, as well as storm scale, weather predictions. 
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Summary 
The atmospheric Infrared Sounder (AIRS) was launched in May 2002 on board the AQUA platform 
and the IASI instrument is foreseen for mid 2006 on board METOP. These high spectral resolution 
instruments provide several thousands of channels covering the spectral range between 3.7 μm to 15  
μm which should permit efficient cloud detection. 
Conclusions from a previous study (Lavanant, 2003 ) indicate that there is no real difficulty to detect 
and characterize easy clouds (e.g. opaque cold clouds) with classical methods such as the CO2-slicing 
or the ECMWF schemes using high resolution sounders alone. However, these schemes are not very 
effective for clouds with small radiative effects on the observation (e.g. thin semi-transparent clouds, 
fractional clouds..) having a signal similar to NWP errors. 
The main goal of this study is to test different approaches more sensitive to clouds having small 
radiative effects. We have tested two different cloud detection schemes, the first one based on a PCA 
approach which takes into account the high frequency cloud information in the sounder spectrum and 
the second one based on the AVHRR radiances analysis information which will be available at a 
global scale in the IASI level1c files.  
Both schemes have been compared to the full imager cloud mask applied to the co-registered full 
resolution imager (AVHRR, MODIS). A description of the methods and status on their validation is 
presented. Finally some suggestions for a robust cloud scheme are given. 
 

Introduction 
At the ECMWF 2004 workshop on ‘Assimilation of high spectral resolution sounders in NWP’, 
recommendations were made on cloud detection for the IASI level1c processing which point up the 
need of a day-1 significant reduction of data prior to the NWP assimilation through the use of a NWP-
independent cloud detection. Also the need was recognised for a robust and efficient clear detection 
scheme sensitive to clouds with small radiative effects on the observation of the order of NWP errors. 
In this study we have tested two approaches which offer promise for improved cloud detection for 
advanced sounders.  
 
The first method is based on spectral signatures of clouds derived using a Principal Component 
Analysis. This technique is independent of prior NWP information. In this study it had been validated 
on AIRS observations collocated with our Meteo-France/CMS MODIS imagery cloud mask.  
We do not have a direct broadcast system for the AQUA platform at the CMS, so we obtained level1b 
MODIS and AIRS data from the NASA/GSFC DAAC web site for only a thirteen days period from 
15 to 27 April 2004 in the North Atlantic. The de-archived 46 granules cover different interesting day 
and night situations with a variety of cloud types. Only sea situations have been processed. The AIRS 
data are full resolution spectra and the level1b files contain the localization data for all the instruments 
which avoids re-doing that complex pre-processing. The first period from 15 to 21 April was used as a 
training period for the computation all the necessary thresholds and the validation is done on the 
second period from 22 to 27 April. 
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The second method uses the collocated AVHRR radiance analysis information in terms of clusters 
provided within the IASI level1c product. The level1c AVHRR clusters are not geophysical 
information and we have adapted our Meteo-France/CMS AVHRR cloud mask to this information. In 
this study, the cluster-based cloud mask was compared to the co-registered AVHRR full resolution 
cloud mask, on the global IASI test dataset provided by EUMETSAT which was generated from a 
global NOAA17 AVHRR acquisition at full resolution. 
 

MODIS and AVHRR cloud description in sounder FOVs 
The MODIS cloud mask used in this study is an adaptation to MODIS of the NWC SAF package with 
only MODIS channels similar to SEVIRI channels used (LeGléau and Derrien, 2002). Three output 
parameters are retrieved; the clear/cloud flag, the cloud type and the cloud top temperature and height. 
For AVHRR, the cloud mask (Lavanant, 2002) follows the same scientific method as the SEVIRI 
mask. Two output parameters are retrieved, the clear/cloud flag and the cloud type. 
 
Both cloud masks are based on the fact that the spectral behavior of clouds and earth surfaces are 
different in window channels. The method chosen is a multispectral technique applied every pixel 
which is efficient in terms of computing time and is relatively easy to adapt. The thresholds are 
applied to various combinations of channels and depend on the geographical location, on the solar 
illumination and viewing geometry of the pixel. Thresholds are computed in-line from constant values 
from experience, from tabulated functions defined off-line through RTTOV simulations, from 
external data such as NWP forecast fields of land surface temperature and total water vapor content 
and from climatological atlas of sea surface temperature and albedo.  
When a situation is flagged cloudy, a further process is done to determine its cloud type. The input 
MODIS/AVHRR channels vector goes through a classification tests sequence governed by its 
illumination (day, night, dawn), with the same philosophy as used previously for computing the 
thresholds.  Ten cloud categories are defined : 
• five opaque cloud classes according to their altitude: very low, low, medium, high and very high  
• three semi-transparent classes according to their thickness: thick, mean and thin 
• one class of semi-transparent clouds above lower clouds 
• one fractional clouds class 
 
The accuracy and limits of the cloud mask have extensively been estimated for AVHRR and SEVIRI 
over several years by the CMS team. See for example (Lavanant, 2002) for AVHRR and 
www.meteorologie.eu.fr/safnwc for SEVIRI and MODIS. 
 
The processing of the imager pixels mapped inside the sounder FOV is an efficient way to detect 
small amount of clouds because of its high spatial resolution, to determine the number of cloud layers 
and the complexity of the situation.  
The mapping of MODIS and AIRS is based on their navigation information given in the level1b data 
and on the scan geometry of the two instruments. An adjustment in line and pixel of the MODIS data 
in the AIRS FOV is done through the minimization of the differences between AIRS brightness 
temperatures convoluted on MODIS 32 filter and corresponding MODIS observations averaged on 
the AIRS ellipse. The adjustment depends on the AIRS scan position. See Lavanant (2003) for more 
details. 
Normally, the correspondence in line and pixel between the IASI level1c and the AVHRR level1b 
products is directly provided through information in the level1c file. In this study, because the 
navigation applied to create the IASI level1c and the AVHRR level1b files were different 
(EUMETSAT navigation for IASI and AAPP navigation for AVHRR), we also applied a technique 
similar than for MODIS with a minimization between the sum of AVHRR clusters in the IASI FOV 
and the AVHRR observations averaged on the IASI ellipse. The RMS difference between both was of 
the order of 0.3-0.5K due mainly to the difference of the ellipse shapes applied. 
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From the MODIS/AVHRR cloud mask and classification, up to 3 cloud layers are allowed in the 
sounder ellipse, each of them with a cloud cover, a cloud classification and a top temperature. A 
situation is declared clear if less than 5% of the imager pixels are cloudy in the ellipse. 
 

PCA-based cloud mask description 
This method allows the detection of the clouds through their impact at the highest spatial frequencies 
within the high spectral resolution sounder spectrum. It is a  multiple thresholds cloud discrimination 
independent of NWP information using cloud-signature eigenvectors. The method has been developed 
and described by Lee (2001, 2004). 
 
The ‘cloudy eigenvectors’ are determined on a training dataset by the following method. A Principal 
Component Analysis is applied to all AIRS spectra discriminated clear with MODIS: 

S=UΔUt   

with S the positive-definite covariance matrix of the noise normalized clear AIRS spectra in radiance, 
U the ‘clear-air’ eigenvectors and Δ the corresponding eigenvalues. Only the clear-air eigenvectors 
representative of information above the noise (with eigenvalues larger that 1) are used in the 
following steps. 
Then, the ‘clear-air’ component of observations using the clear-air PCs are computed for the cloudy 
profiles of the dataset and subtracted off the observation. A PCA is then applied to the residuals to 
produce the cloud-signature eigenvectors. 
No attempt was made to remove mean spectra when computing covariance matrixes of clear-air 
spectra or of residuals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 1: left figure: ranked clear-air eigenvalues, in SNR, all solar illumination. Right 
figure: ranked cloud-signature eigenvalues, in SNR, differently for day and night situations. 

  
Figures 1 show the ranked clear-air (left figure) and cloud-signature (right figure) eigenvalues in 
Signal to Noise Ratio: sqrt(Δ) . Cloudy eigenvectors were computed separately for day and night 
situations. The first clear-air eigenvalue is particularly large because no mean was subtracted. For the 
cloud-signature eigenvalues, the largest SNR is quite small (62.6 by day and 29.8 by night). The total 
cloud perturbation SNR is much larger than these values; but a large portion projects onto clear-air 
eigenvectors, so cannot be used to discriminate clouds. The larger daytime cloud-signature SNR 
occurs because of the different sunlight reflection characteristics from sea surface and cloud in the 
near-infrared. 
 
Figures 2 present the first two clear-air and cloudy eigenvectors, all solar illumination. The clear-air 
eigenvectors show a smooth variation over the spectrum. The cloudy eigenvectors contain a large 
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portion of their energy at high frequency approaching the AIRS sounder spectral resolution. Lee 
(2001) showed that at IASI spectral resolution, PCA-based techniques could distinguish cloud by 
examining the edges of spectral lines, especially for water-vapor lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 2: bottom figures: first two clear-air eigenvectors. Upper figures: first two cloud-
signature eigenvectors.  

 
In this study, the cloud detection is based on a multiple thresholds discrimination on the scores of the 
first ten cloud-signature eigenvectors. Figures 3 present on the training dataset the histograms of the 
scores distribution for the first three cloudy eigenvectors as function of the cloud type given by the 
collocated  MODIS cloud mask. As expected, the score distribution of the clear situations is centered 
on the zero value with a narrow distribution and an histogram bin-widths of about 1.0. The histograms 
of the cloudy situations present a one-side distribution for the first eigenvector and mostly a two-side 
distribution for the others. Also, the histograms of the semi-transparent clouds and of the high opaque 
clouds are very well separated from the clear histograms whereas the histograms of the clear-sky 
scenes and of the Very-Low and fractional clouds partly overlap. The MODIS Very-Low 
classification concerns clouds with a cloud pressure below 850 hPa. 
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Figures 3: histogram of the scores distribution for the first three cloud-signature eigenvectors 
from left to right. The upper figures show the distribution for the semi-transparent clouds and 
high opaque clouds. The bottom figures show the distribution for the opaque very-low to low 
level clouds plus the fractional clouds. The black curves concern the clear scenes. 

 
In this study, the threshold values have been positioned at the feet of the clear sky scores histograms. 
A better approach using a thresholds optimizer (e.g. Simplex: Nelder, 1965) by minimizing a penalty 
function should be used in a future study to maximize the cloud detection for a pre-defined probability 
of false-rejection of the clear sky situations. 
 

PCA-based cloud mask results  
The method has been tested on the second period of the dataset. The training set contains 12 night and 
9 day granules whereas the test set contains 13 night and 12 day granules. The cloud detection is a 
very fast method. It involves the computation of the PC scores on the first ten cloudy-signature 
eigenvectors for each situation and the situation is declared cloudy if one score is outside the 
thresholds. 
 
Figures 4 present the agreement of the PCA-based and the co-registered MODIS cloud detections, 
function of the cloud type. For each type, the left bar shows the agreement on the training set and the 
right bar on the test set. Results are separated for the night (bottom figure) and the day (upper figure) 
situations. Getting these results on the test set required to relax the thresholds values by a slight factor 
of 15% for the night situations but by a larger value of 100% for the daily situations. A possible  
explanation is that the training set is not well representative of the test set situations. When defining 
the training set as the odd data and the test set as the even data of the same granules, no relax of the 
thresholds was needed. A second explanation is that the scores (and the thresholds) are dependent of 
the environmental conditions, this argument being supported by the fact that we must relax the 
thresholds by a larger amount for the daytime scenes (e.g.: geometry of the sunlight reflection, 
possible complexity of shadowing…). 
 
Using the thresholds values as defined previously, and as expected from the day and night cloud-
signature first eigenvalue, the PCA-based cloud detection is more efficient for the daytime situations.  
Between 90 and 95% of the clear sky scenes have been correctly detected. It is easily possible to 
enlarge this amount by slightly relaxing the thresholds but with as a consequence the degradation of 
the cloud detection performance mainly for the Very-Low and fractional clouds. More than 90% 
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(daytime) of the cloudy situations all clouds types merged have been correctly detected. As expected 
from the scores distribution, the detection of semi-transparent and high opaque clouds is very efficient 
even for the thin cirrus. The agreement is much better than all other sounder cloud detection methods 
we tested in previous studies. The method is clearly less efficient for Very-Low level and fractional 
clouds. Not shown here, most of the cloudy situations false rejected as clear concern situations with 
small amount of clouds. So far, it is not obvious if we have reached the limits of the method or if we 
can improve these results with a careful definition of Very-Low signature eigenvectors. This will be 
studied in more details in a future study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 4: agreement of the PCA-based and the collocated MODIS cloud detections as 
function of the MODIS cloud type. Colors are the same than on figure 3. Left figure: daytime 
situations. Number of situations (training/test): clear 1246/818, cloudy 11690/15528. Right 
figure: nighttime situations. clear 1941/1535, cloudy 18876/18338 

 
Figures 5 present the impact on the radiances of the cloudy situations incorrectly classified as clear 
with this method. The purpose is to get an estimation of the ability of the PCA-based method to be 
used alone before the NWP assimilation without any further cloud detection based on NWP 
information for example. Results are presented for the training dataset, separately for the daytime and 
nighttime situations. The figures show the bias-corrected departure in RMS between synthetic clear 
radiances and the observations. The figures only consider the CO2 part of the spectrum because the 
bias correction is much difficult elsewhere making the results more difficult to be interpreted. 
Synthetic clear radiances for the situations determined clear by MODIS are computed using the 
RTTOV-7 forward model together with the nearest in time and location French ARPEGE NWP 
atmospheric analysis (back curve) and 6h forecast (blue curve). We notice smaller RMS values for the 
night conditions probably due to better NWP SST values. Synthetic clear radiances (pink curves) are 
computed for the cloudy situations false rejected as clear using the nearest NWP analysis. All cloud 
types are merged.  
 
For the daytime situations, the impact of the incorrectly classified situations is small of the order of 
0.1K to 0.15K for the window channels. However, for the nighttime data, the impact of the incorrect 
classification of cloudy scenes is still important of up to 2K, mainly due to the failure to detect Very-
Low level clouds. This means that if the limits of the method are reached for this type of clouds (to be 
verified), a further cloud discrimination using NWP information during the assimilation step will be 
needed, mainly for the nighttime data. 
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Figures 5: RMS of the bias-corrected departures between RTTOV-7 synthetic clear radiances 
and observations. Back curves: MODIS clear scenes with the nearest French ARPEGE NWP 
profile analysis. Blue curves: same but using the nearest 6h forecast instead of the analysis. 
Pink curves:  synthetic clear radiances for the bad classified data (cloudy with MODIS and 
clear with the PCA-based cloud detection) using the nearest profile analysis. 

 

IASI level1c AVHRR radiances analysis cloud mask 
This cloud mask uses the results of the AVHRR radiance analysis method developed by Cayla (2001) 
and performed within the OPS pre-processing of the EUMETSAT Core Ground Segment (EPS 
program, 2004). The technique makes a detailed multi-spectral characterization of AVHRR pixels 
properties and their separation in a limited number of classes. The radiance analysis classes will be 
part of the description of the IASI level1c product and will be available at a global scale on the GTS 
and EUMETCast in the BUFR format.  The information corresponds to the number of classes actually 
present in IASI FOV (up to 7) and for each class, the fraction of IASI FOV covered, the mean value 
of AVHRR channels and the standard deviation of the data which should provides information about 
compactness of the cluster. 
 
This product was originally developed to describe the IASI sounder FOV in-homogeneity which has 
to be taken into account for accurately performing retrievals of the inhomogeneous scenes. Indeed, the 
partition of the FOV between different boundary surfaces (with different surface emissivities) is 
necessary for the computation of the outgoing radiances. Also the radiance analysis product  
represents a compression of information compared to the original AVHRR imager data and the 
reduced volume of data should make easier their exploitation in terms of cloud discrimination in a 
global NWP assimilation system. 
 
For these two purposes, the geophysical interpretation of the resulting clusters is important for a 
correct IASI processing in NWP models. In this study, we have adapted our Meteo-France/CMS 
AVHRR cloud mask (Lavanant, 2002) to the radiance analysis clusters. We have applied the same set 
of tests to the clusters mean radiances as to the radiances of individual AVHRR pixels. However, the 
tests based on the local geographical homogeneity characterization applied on the full resolution 
AVHRR field are not possible and specific efforts are necessary to get equivalent results using the 
available level1c information. The local geographical homogeneity test is important mainly to detect 
clouds with small radiative effects on the observation. 
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The AVHRR cloud mask is dependant on a small number of NWP inputs. Over sea, it makes use of 
the Total Water Vapor Content if this information is not available from regressions on the collocated 
AMSU-A observations. Over land, the forecast two-meter air temperature and the TWVC are 
necessary. Then, the cloud classification is based on the NWP profile temperatures at 500, 700, 
850hPa.  
  
In this study, the cluster-based cloud mask is compared to the co-registered AVHRR full resolution 
cloud mask on the global IASI pre-launch test dataset provided by EUMETSAT. The data was 
generated from a global NOAA17 AVHRR acquisition at full resolution and allows the comparison 
on real observations for diverse environment conditions (land, sea, night, dawn, day).  
 
Unfortunately the standard deviation of the clusters is not correctly filled in the EUMETSAT pre-
launch dataset and so far new tests based on this information to stand for the local geographical 
homogeneity were not possible. In later stages we intend to run the OPS software at the CMS to 
correctly fill this information. In this study we simply applied a threshold test on the difference 
between the clusters of a same scene for channels 1 and 4. Applied thresholds values are different for 
land and sea, night and day. 
 
Figure 6 presents  the impact of the clustering on the cloud cover for the sea and night situations. A 
perfect correlation between the cluster-based and the AVHRR full resolution cloud masks should have 
given the diagonal. The spread of the results around the diagonal is explained by two reasons. First, 
the radiance analysis is a compression of information and the cloud mask applied to the individual 
pixels of a same cluster can be differently discriminated clear or cloudy due to the all-or-none 
thresholds tests, this being more crucial over land and for heterogeneous clouds. Second, the local 
variance test is different for the two cloud masks. However, even if it is not perfect, there is a good 
correlation between both results as expected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 6: cluster-based and AVHRR full resolution cloud cover comparison. Sea and night 
situations.  
 

Figures 7 present the cluster-based cloud mask efficiency for the different cloud types and 
environmental conditions. For all conditions both clear and cloudy (all types merged) scenes 
detections are efficient with false rejections less than 10% everywhere. In this work a scene is 
declared clear if less than 5% of AVHRR individual pixels are declared cloudy. The false rejections 
are partly explained by the dispersion shown on figure 6. The clear detection is better over land 
because the thresholds of the AVHRR full resolution mask are relaxed compared to the values over 
sea.  
The weakness of the method as applied in this study concerns as always the Very-Low level and 
fractional clouds and the thin semi-transparent clouds. Thin cirrus seems to be better detected with the 
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PCA-based cloud mask but of course the situations are different and this will be verified on IASI after 
the METOP launch. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 7: agreement of the IASI AVHRR cluster-based and the collocated AVHRR full 
resolution cloud discriminations as function of the AVHRR cloud type, on the global 
EUMETSAT pre-launch test orbit.  

 
Figures 8 show the cloud classification on the land and daytime part of the global orbit of both cloud 
masks. This example presents the most difficult part of the orbit for getting a good statistical 
agreement, as seen on figure 7.  Some differences exist in the details between both classifications but 
the synoptic cloud patterns, in cloud detection and type characterization, are correctly detected. 

 

 

 

 

 

 

 

AVHRR CLUSTERS 

Figures 8: cloud classification comparison for the land and day part of the orbit. Left figure: 
AVHRR full resolution cloud mask. Right figure: IASI level1c cluster-based cloud mask. 

 

Conclusion 
In this work we have tested two new approaches which offer promise for an improved cloud detection 
in the perspective of the IASI sounder processing. The two methods have been validated on real 
observations using the collocated imager cloud information. 
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The PCA-based method allows the detection of the clouds through their impact at the highest spatial 
frequencies within the high spectral resolution sounder spectrum. The method presents a low 
sensitivity to the noise through the use of the eigenvectors whose eigenvalues exceed a pre-defined 
value. This method is independent of any forecast information which makes it easy to be used as a fast 
pre-selection of scenes before further processing like the NWP assimilation and allows its 
implementation in a IASI day-2 EUMETSAT CGS pre-processing, with a PCA-based clear/cloudy 
flag or cloud-signature scores in the day-2 IASI level1c BUFR file. 
Results show a general good agreement with the collocated MODIS cloud mask. We got better results 
for the daytime granules due to the information provided by the sunlight reflection on the clouds. 
Also, and somewhat surprising, the method is very efficient for semi-transparent clouds even for thin 
cirrus with a 0% false rejection compared to MODIS for nighttime data on the test dataset.  
However, maybe due to the fact that the training dataset was not well representative of the test data or 
that the PC scores are dependent of the environmental conditions, we had to relax the thresholds for 
the test data. In this study, the relax factor was experimentally defined, differently for night and day 
situations and more work is necessary to understand this problem. When fixed, we can expect to 
improve the thresholds using an optimizer method for maximizing the cloud detection with a pre-
defined probability of false-rejection of the clear sky situations. Also, we found that mainly for 
nighttime data, the sensitivity to clouds was poor near the surface and for fractional clouds. More 
studies are necessary if we want to get an efficient pre-selection method. We can imagine to define 
appropriate cloudy eigenvectors for these clouds by differencing the cloudy scenarios in the training 
dataset. 
 
The second method tested is based on the AVHRR radiance analysis available in the IASI level1c 
product in terms of radiance clusters. The cloud mask applied on the clusters allows to discriminate 
between completely and partially covered situations and to provide a cloud type to the scene. Because 
some NWP input information is necessary mainly over land, the mask can not be used as a pre-
selection of scenes like the PCA-based cloud mask. However, it is a good solution to take advantage 
of the imager information for a global very fast processing. The method could be implemented in the 
NWP assimilation process in connection with other complementary methods like the ECMWF clear 
channels selection or the CO2-slicing cloud top temperature restitution. 
The cloud mask applied to the clusters shows a good agreement with the collocated AVHRR full 
resolution cloud mask, for all clouds except very-low level and fractional clouds. Because the 
standard deviation associated to each cluster was not correctly filled within the level1c pre-launch test 
orbit, we have not efficiently substitute the local geographical homogeneity test of the AVHRR full 
resolution field, useful for the detection of these clouds, by a test based on the heterogeneity of the 
cluster. We intend to run the OPS software at the CMS on the pre-launch level1b test orbit to correctly 
fill this information and to define an appropriate test based on it. 
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We developed a new technique, the local region of influence (LROI) method, for supervised cloud 
classification of satellite radiance data. The classification of each new observation is performed within 
the LROI, where the center of each class is calculated as a weighted average of its training class 
members with respect to the observation. The probability of each class is assigned to each 
observation, which represents the fraction of each class within the observed field of view (FOV). The 
proposed LROI scheme is applied to the Moderate Resolution Imaging Spectroradiometer (MODIS) 
radiances observed from the scenes of clear skies, ice clouds, or water clouds. The classification 
results are compared with those from the maximum likelihood (ML) classification method, the 
multicategory support vector machine (MSVM) and the operational MODIS cloud mask algorithm. 
The lowest misclassification error rates show the advantage of the LROI scheme. Unlike the other 
schemes, the LROI scheme also provides the information of cloud fraction of each cloud type within 
each FOV, which is a desired parameter for cloudy remote sensing. 
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Global remote sensing of the Earth system to enhance our scientific understanding and monitoring 
capability of the land, ocean, atmosphere, clouds and, ultimately, climate requires accurate and precise 
long-time-series of radiometric measurement data from multiple instruments on multiple platforms. 
Understanding and correctly interpreting these data require the ability to separate geophysical 
variability from instrument response changes, as well as some absolute reference to the true 
geophysical state.  This requires a detailed instrument system-level characterization pre-launch, as 
well as extensive in-flight calibration and validation activities.  Field validation measurements from 
high-altitude airborne interferometric sensors are critical for this validation task, since only such 
observations can provide the proper spatial and temporal context needed as well as an accurate 
emulation of the satellite measurement system being validated.     This study addresses some of  the 
challenges encountered validating high spectral resolution infrared systems, using data from  the 
National Polar-orbiting Operational Environmental Satellite System (NPOESS) Airborne Sounding 
Testbed--Interferometer (NAST-I), along with  data from  other independent measurement systems 
and model simulations. 
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Abstract 
 
The Atmospheric Infrared Sounder (AIRS), onboard NASA’s EOA Aqua 

satellite, provides atmospheric vertical temperature and moisture sounding information 
with high vertical resolution and accuracy for Numerical Weather Prediction (NWP).  
Due to its relatively poor spatial resolution (13.5 km at nadir), the chance for an AIRS 
footprint to be clear is small.  However, the Moderate Resolution Imaging 
Spectroradiometer (MODIS), also onboard Aqua, provides co-located clear radiances at 
several infrared (IR) spectral broad bands with 1 km spatial resolution within many AIRS 
cloudy footprints.  An optimal cloud-removal or cloud-clearing (CC) algorithm is 
developed to retrieve the AIRS clear column radiances from the combined MODIS IR 
clear radiances with high spatial resolution and the AIRS cloudy radiances on a single 
footprint basis.  The AIRS cloud-removed or cloud-cleared radiance spectrum is 
convoluted to all the MODIS IR spectral bands with spectral response functions (SRFs), 
and the convoluted brightness temperatures (BTs) are compared with MODIS clear BT 
observations within all successful cloud-cleared footprints.  The bias and the standard 
deviation between the convoluted BTs and MODIS clear BT observations is less than 
0.25 K and 0.5 K, respectively, over both water and land for most MODIS IR spectral 
bands.  The retrieved AIRS soundings from cloud-cleared radiance spectra are compared 
with the ECMWF analysis and dropsonde data for CC performance evaluation.  The 
AIRS cloud-cleared BT spectrum is also compared with its nearby clear BT spectrum, the 
difference, accounting the effects due to scene non- uniformity, is reasonable according 
the analysis.  It is found that more than 30% of the AIRS cloudy (partly and overcast) 
footprints in this study have been successfully cloud-cleared using the optimal cloud-
clearing method, revealing the potential application of this method on the operational 
processing of future GOES-R Hyperspectral Environmental Suite (HES) cloudy radiance 
measurements when the collocated Advanced Baseline Imager (ABI) IR data is available.   
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I.  Introduction 
 
The Atmospheric Infrared Sounder (AIRS) (http://www-airs.jpl.nasa.gov) 

(Aumann et al. 2003) on NASA’s Earth Observing System (EOS) Aqua satellite is a high 
spectral resolution (ν/Δν = 1200) infrared (IR) sounder with 2378 channels.  AIRS 
measures radiances in the IR region 3.74 – 15.4 μm, which can be used to estimate the 
vertical profiles of atmospheric temperature and water profiles [2] from the Earth’s 
surface to an altitude of 40 km with a horizontal resolution of 13.5 km at nadir.  Due to 
its relatively poor spatial resolution, the chance for an AIRS footprint to be completely 
clear is less than 10% statistically [3].  How to get soundings (temperature and moisture 
vertical profiles) under cloudy skies becomes very important.  There are several ways for 
handling clouds in the sounding retrieval process; one of the most effective ways is to 
perform cloud-removal or cloud-clearing (CC) on the AIRS cloudy radiance spectrum.  
The cloud-clearing doesn’t require modeling of clouds and is, therefore, a cost-effective 
method of handling cloudy infrared scenes.  For example, use microwave data for AIRS 
cloud-clearing (Susskind et al. 2003).  One of the important questions is how to 
effectively perform cloud-removal or cloud-clearing for the AIRS cloudy footprints, 
while still retaining the single footprint sounding gradient information for Numerical 
Weather Prediction (NWP).  Smith et al. (2004) combine Moderate-Resolution Imaging 
Spectroradiometer IR clear radiances and AIRS cloudy radiances for cloud-clearing using 
the traditional single band N* approach.  Li et al. (2005) has developed an optimal CC 
algorithm using multi-band MODIS for N*.   In their approach, the N* is determined from 
MODIS IR clear radiances at 9 IR bands along with the AIRS cloudy radiances.  Once N* 
is determined, the AIRS cloud-cleared radiances (CCRs) can be obtained by simply 
applying N* to the cloudy radiances from the two adjacent AIRS footprints.  The optimal 
cloud-clearing methodology is an extension of the traditional single band cloud-clearing 
technique.   

 
By combining collocated MODIS IR clear radiance observations and the AIRS 

cloudy radiance measurements, the clear column radiances for all AIRS channels can be 
retrieved by using the optimal cloud-clearing method.  In order to make the optimal 
MODIS/AIRS cloud-clearing effective, two adjacent AIRS cloudy footprints (a pair) will 
be used to retrieve one AIRS cloud-cleared radiance (CCR) spectrum.  For each partly 
cloudy AIRS footprint (defined as principal footprint in the center of 3 by 3 processing 
area), another adjacent AIRS cloudy footprint (defined as supplementary footprint) will 
also be used to form a pair for the optimal MODIS/AIRS cloud-clearing.  The CCR 
spectrum from the pair represents the clear column radiance spectrum of the principal 
footprint since the quality control (QC) is based on the comparison between the MODIS 
IR clear brightness temperature (BT) observations and the convoluted AIRS cloud-
cleared BT spectrum with MODIS spectral response functions (SRFs) within the 
principal footprint.  Therefore, the principal footprint must be partly cloudy to ensure that 
MODIS IR clear radiance observations exist, while the supplementary footprint can be 
either partly cloudy or overcast.  Since the 3 by 3 box moves only by single pixel, each 
cloudy footprint will have a chance to be principal footprint in the cloud-clearing process.       
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A case from Hurricane Isabel is used for testing the algorithm.  The MODIS clear 
BT observations within all successful cloud-cleared footprints are used for validating the 
AIRS cloud-cleared BTs convoluted to all the MODIS IR spectral bands with SRFs.  The 
bias and the standard deviation between the convoluted cloud-cleared BTs and the 
MODIS clear BT observations are calculated; the bias and standard deviation is less than 
0.25 K and 0.5 K, respectively, for most MODIS IR spectral bands.  Comparing with the 
traditional single band N* cloud-cleared BTs, the standard deviation was significantly 
reduced with optimal cloud-clearing for IR middlewave (water vapor absorption) and 
shortwave spectral regions, indicating the advantange of the multi-band algorithm over 
the single-band approach.  This is expected since the clear radiance used for the single N* 
algorithm comes from the longwave based.  The AIRS cloud-cleared BT spectrum is also 
compared with its nearby clear BT spectrum; the difference is reasonable, considering the 
effect of scene non-uniformity.  It is found that approximately more than 50% of AIRS 
partly cloudy footprints (or more than 30% of AIRS cloudy footprints including overcast 
cloudy footprints) in this study can be successfully cloud-cleared using the optimal 
MODIS/AIRS cloud-clearing method.  These positive results reveal the potential 
application of this method for the operational processing of hyperspectral IR sounder 
cloudy radiance measurements for atmospheric temperature, moisture and ozone 
sounding retrieval when IR imager data is available, or real time processing of the 
MODIS/AIRS data from direct broadcast.   

 
Using MODIS to help AIRS sub-pixel cloud characterization and cloud property 

retrieval has been investigated (Li et al. 2004a, 2004b, 2005).   These techniques that 
utilize AIRS and MODIS data are also applicable to the processing of data from the 
future operational Advanced Baseline Imager (ABI) [10] and Hyperspectral 
Environmental Suite (HES) systems (Gurka and Schmit 2004; Gurka et al. 2004) on the 
next generation of Geostationary Operational Environmental Satellite (GOES)-R where 
no microwave sounding measurements are available.   

 
II.  MODIS/AIRS collocation and AIRS cloud masking from MODIS 

 
A. Collocation Between MODIS and AIRS Measurements 

AIRS spatial coverage is provided by the scan head assembly, containing a cross 
track rotary scan mirror and calibrators. The scan mirror has two speed regimes: During 
the first 2 seconds it rotates at 49.5 degree/second, generating a scan line with 90 ground 
footprints, each with a 1.1 degree diameter field-of-view (FOV). During the remaining 
0.667 seconds the scan mirror finishes the remaining 261 degrees of a full revolution.  
The AIRS spatial distribution is used in the collocation between the MODIS and AIRS 
measurements, which is the first step for the optimal MODIS/AIRS cloud-clearing.  The 
MODIS pixels with 1 km spatial resolution are collocated within an AIRS footprint.  
Several collocation algorithms have been developed that are based on the scanning 
geometry of two instruments flown on the same satellite (Nagle 1998; Frey et al. 1995).  
With a set of AIRS earth-located observations, the footprint of each AIRS observation 
describes a figure that is circular at nadir, quasi-ellipsoidal at intermediate scan angles, 
and ovular at extreme scan angles.  The diameter of the AIRS footprint at nadir is 
approximately 13.5 km.  Depending on the angular difference between the AIRS and 
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MODIS slant range vectors, a weight (ω) is assigned to each MODIS pixel collocated to 
AIRS: 1 if the MODIS pixel lies at the center of the AIRS oval, and zero if at the outer 
edge. The collocation is modeled correctly and the algorithm provides an accuracy better 
than 1 km, provided that the geometry information from both instruments is accurate.    
 
B. AIRS Cloud Masking Using MODIS 
 Once the MODIS pixels are collocated with the AIRS fooprints, the cloud 
properties within the AIRS sub-pixel can be characterized using the MODIS cloud mask, 
cloud phase mask (King et al. 2003; Platnick et al. 2003), and the MODIS classification 
mask (Li et al. 2003).  The AIRS cloud mask, cloud phase mask, as well the cloud-layer 
information mask can be generated from MODIS products with 1 km spatial resolution 
(Li et al. 2004a).  For each AIRS footprint, a clear coverage (0 ~ 1) is created by 
accounting for the percentage of MODIS pixels with confident clear and probably clear 
(Ackerman et al. 1998) within the footprint.  Only confident clear MODIS pixels within 
the AIRS footprint are averaged for optimal MODIS/AIRS cloud-clearing; the averaged 
MODIS clear radiance for a given spectral band within an AIRS footprint is obtained by i

 ,       (1) ∑ ∑
= =

=
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where  is the radiance of confident clear pixel ,  is the number of confident 
clear pixels within the AIRS footprint, and 

lclr
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R , l np

lω  is the weight of pixel  within the AIRS 
footprint as described in section II.A. 
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III.  Methodology of optimal MODIS/AIRS cloud-clearing 

 
Given that  and  are the AIRS cloudy radiance spectra as a function of 

wavenumber 

1
νR 2

νR
ν  from two adjacent footprints (footprint 1 is the principal, while footprint 

2 is the supplementary), assume that the two adjacent footprints have (a) the same 
atmospheric temperature and moisture profiles, (b) the same surface skin temperatures 
and surface IR emissivity spectrum, (c) the same cloud-top height, while the only 
difference is the effective cloud emissivity ( cNε , the product of the cloud emissivity, cε , 
and the fractional cloud coverage, ).  The cloudy radiance spectra of the two adjacent 
footprints can be expressed as 

N

ovc
c

clr
c RNRNR ννννν εε 1111 )1( +−= ,      (2) 

ovc
c

clr
c RNRNR ννννν εε 2222 )1( +−= ,      (3) 

where subscript c  denotes the cloud, and  and  are the clear and overcast 
column radiance spectra, respectively, for both footprints 1 and 2.  Rewrite Eq.(1) and 
Eq.(2) as 

clrRν
ovcRν
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c
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)(222 clrovc

c
clr RRNRR ννννν ε −=− .      (5) 

From Eq.(4) and Eq.(5), we have 
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Eq.(6) defines N* (Smith 1968), which is independent of wavenumber assuming  
(i.e., the cloud properties are the same for footprints 1 and 2).  If N* is known or 
estimated, then the AIRS CCR spectrum  can be retrieved by 
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The key question is how to determine N*.  In order to determine N*, one needs to know 
the clear radiance at a certain wavenumber with good accuracy.  Smith et al. (2004) used 
the MODIS IR window spectral band (band 31, 11 μm) clear radiance together with the 
convoluted AIRS cloudy radiances with MODIS 11 μm SRF within the two adjacent 
footprints to determine N*, that is 
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where  is the SRF for MODIS IR band , and  is the averaged observed clear 
radiance for MODIS IR spectral band i  for the two adjacent AIRS footprints (see 
Eq.(1)).  Once N* is determined by Eq. (8), the AIRS clear column radiance spectrum for 
this footprint pair then can be retrieved (see Eq.(7)).  Eq.(8) is the traditional way to 
estimate N* using a single IR window spectral band.   

if i clr
M i

R

  
The N* value determined from a single MODIS spectral band, using different 

MODIS IR window spectral bands, may result in different cloud-cleared spectra.  The 
results are also highly dependent on the quality control (QC) for the single band N* 
cloud-clearing.  In order to obtain an optimal N* value and make the cloud-clearing result 
dependent on an objective quality control criterion based on all MODIS spectral bands, 
an optimal cloud-clearing methodology is developed.  In the optimal MODIS/AIRS 
cloud-clearing, the definition of N* in Eq.(6) is still adopted.  However, the N* value is 
determined by simultaneously minimizing the differences between the MODIS IR clear 
radiance observations and the convoluted AIRS CCR spectrum with SRFs for all 9 
MODIS IR spectral bands within footprint 1 (the principal footprint).   

 
The cost function for the optimal cloud-clearing is defined as 
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2 )]([(1*)( cc
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Since the CCR spectrum, , is a function of N* (see Eq.(7)), Eq.(9) becomes ccRν
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where iσ  is the radiance detector noise (NEdR) for MODIS band .  Given that the SRF 
 is a linear operator for MODIS IR spectral band, Eq.(10) becomes 

i
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Therefore, the first order derivative of (N*) with respect to N* can be derived from 
Eq.(11) as 
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The solution of N* should minimize the cost function ; therefore,  )( *NJ
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N* then can be analytically solved from Eq.(13) as 
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Once N* is determined by Eq.(14), the cloud-cleared AIRS radiance spectrum, arbitrarily 
located at the location of the principal footprint, can be retrieved by applying N* to Eq. 
(7).  In this study, the 9 MODIS IR spectral bands 22, 24, 25, 28, 30, 31, 32, 33, and 34 
are used.  Note that MODIS IR spectral bands 20, 23 and 27 are not used due to the 
convolution error introduced by the spectral gaps in the AIRS measurements, MODIS IR 
spectral band 21 is not used due to the large detector noise, while MODIS IR spectral IR 
bands 35 and 36 are not used due to their SRF calibration error (Tobin et al. 2004).   

 
Figure 1 shows the MODIS SRFs overlayed with an AIRS BT spectrum.  Since 

AIRS does not have an 8.5 μm spectral region channel, MODIS band 29 is excluded in 
the determination of N*.   The advantage of Eq.(14) is that the multiple MODIS spectral 
bands are weighted in the N* calculation.  There are two weighting factors, the detector 
noise accounts for the observation error in the N* calculation, while the radiance contrast 
between the two adjacent footprints accounts for the cloud height effect in the N* 
calculation.  For example, if the pair contains low clouds, the MODIS middle and upper 
level bands 33 and 34 will have less weight because  is small; however, 
when the pair contains high clouds, bands 33 and 34 will influence the N* calculation.  
Besides the cloud height effect, cloud fraction is another factor contributing to the 
spectral weighting that maximizes the information content of the optimal cloud-clearing 
approach. 

)()( 21
νν RfRf ii −

 
IV.  Application of optimal MODIS/AIRS cloud-clearing 

  
MODIS and AIRS data from Hurricane Isabel are used in the study.  The AIRS 

cloud mask is derived from the MODIS cloud mask with 1 km spatial resolution.  A 
fractional coverage (0 ~ 1) is derived to represent clear (0) to cloudy (1) for a given AIRS 
footprint.  The AIRS footprints or fields-of-view (FOVs) then can be classified as fully 
cloudy (overcast), partly cloudy, and clear.  Only AIRS footprints classified as partly 
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cloudy are used for cloud-clearing.  The upper left panel of Figure 2 shows the AIRS BT 
image of channel 560 (833.206 cm-1) on 17 September 2003 (AIRS granule 184); the 
presence of cold clouds is indicated by the blue (cold) colors.  The lower left panel shows 
the AIRS coverage of clear, partly cloudy and overcast cloudy footprints derived from 
the MODIS cloud mask with 1 km spatial resolution (see upper right panel).  For 
comparison, the MODIS cloud phase mask with 1 km spatial resolution is also included 
(see lower right panel).  It can be seen that most partly cloudy footprints contain water 
clouds.  Note that the color bars have different definitions in the four panels.   

 
Figure 3 shows the diagram of the principal (center) footprint and its 8 

surrounding supplementary footprints.  The steps of optimal cloud-clearing are: 
Step 1: For each partly cloudy AIRS footprint (principal footprint l ), find its nearby 
cloudy footprint in any direction (maximum eight nearby cloudy footprints)  ( k =1, 2, 
3, …, 8); 

k

Step 2: For each pair ( , calculate , ( =1, 2, 3, …, 8) using Eq.(14); ),kl )(* kN k
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where I  is the total number of MODIS spectral bands used for QC,  is the function 
that converts the radiance to BT for MODIS spectral band i .  The optimal cloud-clearing 
is successful only when TBRMS < 0.5 K, otherwise the cloud-clearing for this principal 
footprint is rejected.  The same 9 MODIS IR spectral bands used for N* determination 
(see Eq.(14)) are also used also for the QC. 

biT

 
The CCR radiance spectrum  is the final clear column radiance spectrum 

for the cloudy footprint  (the principal footprint).  The footprint index l  starts from the 
first footprint to the last footprint of the AIRS granule.  In order to make accurate CCRs, 
quality control must be applied to .  If the root mean square (RMS) difference 
between the MODIS IR clear BT observations and convoluted AIRS cloud-cleared BTs 
(from ) with MODIS SRFs within the principal footprint is greater than 0.5 K (as 
defined in Eq.(15)), the CCR spectrum  is then rejected.   

)( m
cc kRν

l

)( m
cc kRν

)( m
cc kRν

 
The optimal cloud-clearing method is applied to all AIRS footprints that are 

partly cloudy.  The optimal cloud-clearing will not be performed if the number of 
MODIS clear pixels is less than 10% of the total number of MODIS pixels within this 
partly cloudy AIRS footprint.  Figure 4 shows BT images of MODIS band 28 (7.3 μm) 
convoluted from the AIRS clear footprints (upper left panel) and the one convoluted from 
AIRS clear plus successful cloud-cleared footprints (upper right panel); the MODIS clear 
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BT observations with 1 km spatial resolution are also shown (lower right panel).  It can 
be seen that cloud-cleared footprints fill many areas where clear AIRS radiances are not 
available, especially over Florida and Cuba, which illustrates that soundings are achieved 
over Florida and Cuba and their nearby oceanic areas from AIRS cloudy radiance 
measurements with help of high spatial resolution of MODIS.  In addition, the CCRs are 
also available over land areas within the states of Alabama and Tennessee.  The lower 
left panel of Figure 4 shows the percentages of clear AIRS footprints, AIRS footprints 
with optimal cloud-clearing successful (CC-S) (pass the quality control), AIRS footprints 
with optimal cloud-clearing fail (CC-F), and overcast AIRS footprints (cloud-clearing 
will not be performed).  It can be seen that 22.6% of AIRS footprints (each AIRS granule 
contains 135 scan lines, each scan line has 90 footprints) are successfully cloud-cleared, 
or more than 30% of AIRS cloudy footprints are successfully cloud-cleared.  Since only 
partly cloudy footprints are used for cloud-clearing attempts, the success rate is more 
than 50% in this particular case.   

 
The traditional single band N* cloud-clearing method is also applied; MODIS 

spectral band 31 (11 μm) is used for N* determination while the 9 MODIS IR spectral 
bands 22, 24, 25, 28, 30, 31, 32, 33, and 34 are used for quality control and a similar 
success rate of optimal cloud-clearing is achieved.  Figure 5 shows the bias and standard 
deviation between the MODIS clear BT observations and convoluted AIRS cloud-
clearing BTs from all footprints with cloud-clearing successfully performed.  Results 
from traditional single band N* cloud-clearing approach and optimal cloud-clearing 
method are shown in the figure.  For optimal cloud-clearing method, the cloud-clearing 
bias for MODIS bands 22, 23, 25, and 30 through 34 are very small (less than 0.25 K); 
the bias for bands 24 and 28 are slightly larger but still less than 0.5 K.  However, bias 
for bands 20, 27, 35 and 36 are relatively large (greater than 1.0 K) due to the 
convolution bias [19] mentioned above.  The AIRS popping channels and/or the AIRS 
channel gap in the spectral region cause the convolution bias.  MODIS bands 35 and 36 
might also have an SRF calibration bias.  Those biases are removable provided that the 
reliable estimates are available.   The standard deviation is very small (less than 0.5 K) 
for almost all the MODIS IR spectral bands (only band 27 is slightly larger than 0.5 K), 
which indicates the good agreement between the MODIS clear BT observations and 
AIRS cloud-cleared BTs.  For the traditional single band N* cloud-clearing approach, the 
bias between the MODIS clear BT observations and AIRS cloud-cleared BTs is similar 
to that from the optimal cloud-clearing method; however, the standard deviations for 
MODIS shortwave bands 20 through 23 are worse than that of the optimal cloud-clearing 
method.  Traditional single band N* approach is better in lowgwave IR window region 
(11μm) than the optimal cloud-clearing method because it uses MODIS 11 μm spectral 
band for N*

 calculation.  The two methods have similar performance for the other middle- 
and longwave spectral bands except for spectral band 32 for which the optimal approach 
performs better.  Although the success rate of cloud-clearing is similar between the two 
methods, optimal cloud-clearing results are much closer to the MODIS clear observations 
for MODIS shortwave spectral bands.  In the traditional single band N* cloud-clearing 
method, only band 31 (11 μm) is used for N* calculation, and IR shortwave spectral 
effects might not be fully accounted for in deriving N*.  With the optimal cloud-clearing 
method, 9 MODIS IR spectral bands are used simultaneously to balance the N* 
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spectrally, therefore, cloud-clearing results should be optimal when compared with the 
MODIS clear observations.  W. L. Smith (personal communication) suggested using two 
N*s in cloud-clearing (e.g., one N* from MODIS spectral bands 22, 24, and 25 for AIRS 
IR shortwave, while the other N* from MODIS spectral bands 28, 30, 31, 32, 33, and 34 
for AIRS IR middlewave and longwave).  Two N*s should minimize the effects of co-
registration errors and perform better than one N*.   

 
Figure 6 shows the scatterplot between the MODIS IR clear BT observations and 

the convoluted AIRS cloud-cleared BTs with the traditional single band N* cloud-
clearing approach and the optimal cloud-clearing method for MODIS spectral bands 22 
(upper left), 25 (upper right), 27 (lower left) and 32 (lower right).  Approximately 2400 
AIRS partly cloudy footprints are included in the plot.  It can be seen that the optimal 
cloud-clearing method creates less scatter and has a larger correlation with MODIS IR 
clear observations for MODIS IR spectral band 22 (3.95 μm).   
  

Comparing the AIRS cloud-cleared BT spectrum and its nearby clear footprint BT 
spectrum also helps to evaluate the performance of cloud-clearing [3].  The upper and 
middle panels of Figure 7 show the bias and standard deviation between the AIRS cloud-
cleared BT spectra and their nearby clear footprint BT spectra over water where the 
atmosphere and surface are assumed homogenous between the two clear adjacent 
footprints.  It can be seen that the standard deviation of AIRS cloud-cleared BTs is less 
than 1 K for most spectral regions.  Part of the standard deviation is due to the 
atmospheric non-homogeneity difference between the two adjacent footprints.  The lower 
panel of Figure 7 shows the root mean square difference (RMSD) between the two-
adjacent clear AIRS footprint pairs over water of the entire granule.  It can be seen that 
the BT difference can be 1 K in the shortwave spectral region due to the non-uniformity 
of the atmospheric and surface between the two adjacent clear AIRS footprints.  
Therefore, the actual standard deviation of the AIRS cloud-cleared BT should be much 
smaller than that shown in the middle panel of Figure 7.  Figure 8 shows the MODIS 
cloud mask with 1 km spatial resolution superimposed to the AIRS footprints from a 
small area over Florida (see the box on the upper left panel of Figure 2), the footprints 
indicated by arrows are the principal and its supplementary cloudy footprints used for 
optimal cloud-clearing, and its nearby clear footprint for comparison.  The lower panel of 
Figure 8 shows the optimal cloud-cleared BT spectrum (red line) from the two adjacent 
cloudy BT spectra (black and green lines), as well as the nearby clear BT spectrum (blue 
line) (lower panel).  It can be seen that the optimal cloud-cleared AIRS BTs are much 
warmer than those of the two adjacent cloudy footprints, indicating the successful 
removal of cloud effects in the optimal cloud-clearing.  The cloud-cleared BT spectrum is 
also reasonably close to its nearby clear BT spectrum, differences in window region 
might be caused by the non-uniformity of surface skin temperature in the two footprints.  
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V.  Discussions 
 
Unlike using AMSU in AIRS cloud-clearing, an algorithm for AIRS cloud-

clearing using MODIS data is developed.  Since both the imager and sounder measure 
radiances at the same IR spectral regions, a direct relationship between an imager IR 
radiance and a sounder IR radiance spectrum for a given imager spectral band provides 
unique advantages for imager/sounder cloud-clearing.  The advantages of imager/sounder 
cloud-clearing are: (1) it is easy to find imager clear pixels within the sounder footprint 
which is critical for the N* calculation and the quality control on CCRs; (2) cloud-
clearing can be achieved on a single footprint basis (hence maintaining the spatial 
gradient information); and (3) imager IR clear radiances provide tropospheric 
atmospheric information that enhances the effectiveness of cloud-clearing for IR sounder 
cloudy radiances.  However, there are also limitations: (1) the cloud-clearing can only be 
done with partly cloudy footprints, (2) N* has to be constant for the whole IR spectrum, 
and (3) the surface and the atmospheric profile must be homogeneous within the pair of 
two adjacent footprints.  The cloud-clearing might fail when one of the above physical 
assumptions fails.  For example, in the presence of ice clouds, the cloud-clearing might 
give spectrally inconsistent results due to N* not being constant in the IR spectral region.  
In addition, when the radiance contrasts in the IR window region is too small, N* tends to 
be 1 and the cloud-clearing can amplify noise rather than remove the cloud effects on the 
measurements.  However, all these failures will be filtered by the quality control 
procedure (see Eq.(15)).  The quality control is very important to assure that the final 
CCRs representing the clear part of the principal footprint fit the MODIS IR clear 
radiance observations in all IR spectral regions simultaneously. 

 
Certain factors will also affect the cloud-clearing results. The operational MODIS 

cloud mask with 1 km spatial resolution used for determining the MODIS clear IR 
radiances within the principal footprint is critical for the success of the cloud-clearing.  
Only confident clear MODIS pixels should be selected to determine the MODIS IR clear 
radiances.  The daytime MODIS cloud mask should be more accurate than the nighttime 
mask because of the use of visible (VIS) and near IR (NIR) bands.  MODIS/AIRS 
collocation is also very important to assure the success of the cloud-clearing; mis-
collocated MODIS clear pixels with the AIRS footprint may result in additional cloud-
clearing errors.  A reliable algorithm is necessary to provide good imager/sounder 
collocation.  The time difference between the imager and sounder is an issue in cloud-
clearing.  Since MODIS and AIRS are in the same spacecraft, the time difference 
between MODIS and AIRS for a given AIRS footprint is small enough to assure the same 
clouds and atmospheric measurements are observed.  The convolution error due to the 
AIRS spectral gaps or bad channels that are excluded in the calculation is another error 
source for MODIS/AIRS cloud-clearing.  Tobin et al. [19], [20] have estimated the bias 
due to the AIRS spectral gaps or bad channels; they found that window region bands 22, 
31 and 32 have less bias, longwave CO2 bands 33 throught 36 have mean biases 
increasing to 1 K for band 36, and water vapor bands 28 and 27 have mean biases of 0.48 
and 1.05 K respectively.  Those biases have not been taken into account yet when 
applying MODIS SRFs.  The SRF and gap issues could be mitigated if a forward model 
for both instruments is used [20].  There are also other sources of error for MODIS/AIRS 
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cloud-clearing such as MODIS and AIRS calibration errors that need to be considered 
when interpolating and using the MODIS/AIRS CCRs. 

 
VI.  Conclusions and future work 

  
In this paper, optimal cloud-clearing for sounder cloudy radiances using imager 

IR clear radiances has been successfully demonstrated by using AIRS and MODIS.  
About 30% of AIRS cloudy footprints (or 50% of the partly cloudy footprints) are 
successfully cloud-cleared with the help of MODIS high spatial resolution data.  In the 
optimal imager/sounder cloud-clearing, the imager provides a cloud mask for sounder 
footprints while the multispectral imager IR provides clear radiance observations to 
synergistically determine N* and to be used as quality control.  The following 
conclusions can be drawn from this study: 

(1) Optimal imager/sounder cloud-clearing using multi-spectral imager IR spectral 
bands has advantages over the traditional single band N* cloud-clearing approach. 

(2) MODIS IR spectral bands 22, 24, 25, 28, and 30 through 34 are used to determine 
N* and quality control; more than 30% cloudy footprints (or more than 50% of 
partly cloudy footprints) are successfully cloud-cleared with the help of MODIS.  
The success rate is above 50%. 

(3) The convoluted AIRS CCRs are compared with MODIS IR clear radiance 
observations.  The bias is less than 0.25 K for most MODIS IR spectral bands, 
while the standard deviation is less than 0.5 K for almost all the MODIS IR 
spectral bands. 

(4) CCRs are compared with their nearby clear AIRS radiances.  The standard 
deviation is within 1 K for most AIRS channels.  Part of the standard deviation is 
due to the natural (atmospheric and surface) variability of the two clear adjacent 
footprints.  
 
This work is very effective for cloud-clearing the AIRS footprints contaminated 

by water clouds.  The approach could be employed on GOES-R with HES sounder and 
ABI (e.g., ABI 3.9, 6.15, 7.0, 7.4, 8.5, 9.73, 10.35, 11.2, 12.3 and 13.3 μm bands are 
critical for HES/ABI cloud-clearing).  Future work will focus on cloud-clearing for 
footprints with mutli-layer clouds.  For example, employing multi-layer cloud-clearing 
approach developed by Susskind et al. [2] and using MODIS clear observations for high 
spatial resolution cloud-clearing could be of great potential 
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Figure 1.  The MODIS SRFs overlayed with an AIRS BT spectrum.  The units of 
the abscissa and ordinate are wavenumber and brightness temperature, 
respectively. 
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Figure 2.  The AIRS BT image of channel 560 (833.206 cm-1, approximately 12 μm) on 
17 September 2003 (upper left panel), the MODIS cloud mask with 1 km spatial 
resolution (upper right panel), the AIRS coverage of clear, partly cloudy and overcast 
cloudy footprints (lower left panel), and the MODIS cloud phase mask with 1 km spatial 
resolution (lower right panel). 
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Figure 3.  The diagram of the principal footprint and its 8 surrounding supplementary 
footprints in the optimal cloud-clearing procedure.   
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Figure 4.  The BT images of MODIS band 28 (7.3 μm) convoluted from the AIRS clear 
footprints (upper left panel), the one convoluted from AIRS clear plus successful cloud-
cleared footprints (upper right panel), the MODIS clear BT observations with 1 km spatial 
resolution (lower right panel), and the percentages of clear AIRS footprints, AIRS 
footprints with varitational cloud-clearing successful (CC-S), AIRS footprints with optimal 
cloud-clearing fail (CC-F), and the overcast AIRS footprints. 
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Figure 5.  The bias and standard deviation between the MODIS clear BT observations 
and convoluted AIRS cloud-clearing BTs from all footprints with both the optimal cloud-
clearing and the single band N* cloud-clearing successful.   
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Figure 6.  The scatterplot between the MODIS IR clear BT observations and the 
convoluted AIRS cloud-cleared BT with the traditional single band N* cloud-clearing 
approach and the optimal cloud-clearing method for MODIS spectral bands 22 (upper 
left), 25 (upper right), 27 (lower left) and 32 (lower right).   
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Figure 7.  The bias (upper panel) and standard deviation (middle panel) between the 
AIRS cloud-cleared BT spectra and their nearby clear footprint BT spectra along with the 
RMSD between the two-adjacent clear AIRS footprint pairs over the water of the 
granule. 
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Satellite infrared sounders, such as AIRS, CrIS, and IASI, have relatively large fields of view that the 
probability of an entirely cloud-free observation is characteristically low. The direct assimilation of 
cloudy radiances and cloudy sounding retrievals is currently prohibitive due to the difficulty in 
accurate modeling and treatment of the cloud signal part of the measurements. Efforts have only just 
begun to model the microphysical complexity of clouds and their radiative responses, Still under 
development is the parameterization of cloud properties that will deliver much needed improvements 
in the speed and accuracy of forward radiative transfer models.  In the interim, indirect use of cloud 
contaminated radiances by way of cloud-cleared radiances has since received great attention to 
improve both the spatial and spectral yields of useful satellite infrared radiances and sounding 
products.   
 
Two classes of cloud-clearing retrieval approaches for IR radiances developed so far involve the 
synergistic use of 1) collocated infrared and microwave measurements, and 2) collocated infrared 
imaging and sounding measurements.  For example, the NASA Earth Observing System (EOS) is 
currently demonstrating the AIRS/AMSU and AIRS/MODIS cloud-clearing algorithms. These 
algorithms are to be adopted by NPP/NPOESS as that will have similar measurements available from 
the instrument suites CrIS/ATMS and CrIS/VIIRS.  
 
In this paper we will evaluate the characteristics of these cloud-cleared radiances and their potential 
for improvements of numerical weather prediction and cloudy sounding applications. Preliminary 
results have shown that these two approaches, though quite different in character, and processing 
methodology, are both effective and have certain unique characteristics and deficiencies. Where 
microwave measurements are unavailable, the synergistic imaging/sounding approach to cloud-
clearing is the only reliable indirect use of cloud contaminated infrared measurements. This is the case 
for the U.S. Geostationary Operational Environmental Satellite (GOES) next generation system 
(GOES-R) that will carry only the infrared imager ABI (Advanced Baseline Imager) and infrared 
sounder HES (Hyperspectral Environmental Suite).  
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Abstract 

 

Total Precipitable Water (TPW) in a column of atmosphere is one of the important 
parameters useful for a number of meteorological applications. In the present study, a 
neural network based algorithm has been developed for the retrieval of TPW using 
NOAA-16 AMSU measurements. The TPW has been derived experimentally using 
NOAA-16 AMSU measurements locally received from High Resolution Picture 
Transmission (HRPT) station at India Meteorological Department (IMD) separately over 
ocean only. The validation of TPW has been carried out against the TPW derived from 
Radiosonde (RAOB) data. The bias and rms errors against the RAOB derived TPW have 
been found to about 0.11 mm and 2.98 mm respectively.  The intercomparisions of TPW 
derived using NOAA AMSU data have also been made with that of NOAA/NESDIS 
derived TPW. Further, case study for the potential use of TPW derived from NOAA 
AMSU data has been carried out. This case study has revealed that the concentration of 
maximum precipitable water values in conjunction with high Sea surface wind speed data 
from Quickscat Scatterometer were found very useful for forecasting the heavy to very 
heavy rainfall event along the west coast of India. Therefore, AMSU derived TPW could 
be used as an important parameter for the operational weather forecasting on a real time 
basis. 
 
Key words: AMSU-Advanced Microwave Sounding Unit, TPW-Total Precipitable 
water, Sea surface wind speed, CLW-Cloud Liquid Water, HRPT- High Resolution 
Picture Transmission. 
 
 
1. INTRODUCTION 
 
 
The Advanced Tirosn Operational Vertical Sounder (ATOVS) is composed of the 
Advanced Microwave Sounding Unit (AMSU) and the High-resolution Infrared 
Radiation Sounder (HIRS/3) and flies on board the National Oceanic and Atmospheric 
Administration (NOAA) polar-orbiting satellites. NOAA-15 and NOAA-16 were 
launched on May 1998 and September 2000 respectively. The AMSU contains 20-
channels and is a replacement of the 4-channel Microwave Sounding Unit (MSU) and 
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the Stratospheric Sounding Unit (SSU), which were first launched on TIROS-N in 1978. 
The AMSU-A is a cross-track, line-scanned instrument (15 discrete frequency channels) 
aimed at retrieving temperature profiles. It has an instantaneous field-of-view of 3.3 
degrees at the half-power points providing a nominal spatial resolution at nadir of 50 km 
(30 contiguous scene resolution cells). The AMSU-B is a cross-track, continuous line 
scanning, total power radiometer with an instantaneous field-of-view of 1.1 degrees (at 
the half-power points). Spatial resolution at nadir is nominally 16 km (90 Earth fields-
of-view per scan line). Its purpose is to obtain global data on humidity profiles. It works 
in conjunction with the AMSU-A instrument. The 12-channels within the 50-60 GHz 
portion of the oxygen band of AMSU-A are used for Temperature profiles. The AMSU 
also contains window channels at 23, 31 and 89 GHz to derive a number of hydrological 
parameters. These parameters include, total precipitable water (TPW), cloud liquid water 
(CLW), rain rate (RR), snow cover (SC) and sea ice concentration (SI). These 
parameters also have been derived using the Special Sensor Microwave/Imager. 
 
 India Meteorological Department (IMD) had installed High Resolution Picture 
Transmission (HRPT) Direct Readout ground receiving station at Delhi and Chennai to 
receive HRPT data for its operational use and research studies. Recently, the upgraded 
version of HRPT was installed at IMD, New Delhi to receive the NOAA satellite (K, L 
and M) ATOVS data in real time. The present paper describes the TPW derived from the 
Advanced Microwave Sounding Unit (AMSU).  The attempt has also been made to 
compare the TPW derived from AMSU to that of derived from SSM/I, TMI and 
MODIS. The TPW will also be validated against radiosonde data over Oceanic region.  
 
 
2. ALGORITHM FORMULATION 
 
 
            The most commonly used approach for optimizing the neural network weights is 
called error back propagating (EPB) (Chang and Titterington 1994).  This is a gradient 
descent approach in which each weight is adjusted adaptively in a way that incrementally 
reduces the total error in the neural network output.  Multilayer networks are a variety of 
learning techniques, the most popular being back-propagation (Miller and Emery, 1997).  
It minimizes the target output (TPW) and the inputs (function of Tb’s) on the data set 
called training data set using some predefined error functions.  The Neural Network 
algorithm is applied to derive transfer functions relating the AMSU observed brightness 
temperatures (inputs) to the total precipitable water (output).  The training aide involved 
forward funding of Tb’s values in the training set from input layer to the output layer to 
calculate the total precipitable water on mapping errors.  MLP is accomplished by 
iterative adjustments of the weights associated with each connection in the network.  The 
updating algorithms designed for the MLP is based on the back propagation rate 
developed by Rumelhart et al (1986), which updates the weights in the network. The 
figure-1 shows the performance of limb adjusted brightness temperatures (Mitch et. al., 
2000) as an input during the training period. It has been found that rmse is of the order of 
1.89 mm using 23.8,31.4,50.8 and 89.0 Ghz channels together. Therefore, the 
combination of all these four channels has been used for the training.  
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Fig-1 

 
3. VALIDATION OF AMSU TPW WITH RAOB TPW 
 

The AMSU TPW is validated against RAOB data. The TPW has been derived from 
Radiosonde data over Arabian Sea from July 2002 to April 2003. The RAOB data was 
obtained from monsoon experiment cruise from the Arabian Sea. The match-up data 
(within ~1 degree of latitude–longitude in space and within +/- 3.0 hour in time) has been 
accumulated. Since the AMSU TPW is an ocean product, only RAOB data over Ocean 
have been used for validation in order to avoid land contamination in the AMSU 
observations. Though this has reduced the number of match-up data set and limited the 
geographical distribution of the match-up sites. However, it provides a more reliable 
validation data set. To further enhance the quality control, only RAOB profiles with 5 or 
more levels of good record and without 3 or more levels of lost or bad record under 
300hpa are kept for the validation. Furthermore, only RAOB data under non-precipitating 
conditions have been used. The match-up data set has been prepared from all AMSU 
data, which have less than 0.6mm CLW in order to avoid precipitation contamination on 
the TPW product. The quantitative analysis is shown in fig-2 (a & b). The bias and rms 
error of TPW derived from neural network algorithm to that of radiosonde derived TPW 
are 0.11 mm and 2.98 mm respectively. Similarly the bias and rms error of TPW derived 
from neural network algorithm to that of derived by NOAA/NESDIS are 1.07 mm and 
3.53 mm respectively. Therefore, it may be stated that neural network derived TPW is in 
good agreement with that of NOAA/NESDIS derived TPW. 

 

 
Fig-2(a) 

 
Fig-2(b) 
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4. CASE STUDY 
 
One heavy rainfall event occurred on11th June2001 along the west coast of India. The 
TPW derived from NOAA-16 AMSU using neural network algorithm on 10th June 2001 
at 0818UTC is shown in figure-3 (a) and on same date and almost same time TPW from 
TMI is also shown in figure-3(b). Similarly TPW from AMSU and TMI on same date and 
around 21UTC are shown in figure-4 (a&b). There were no passes available from SSMI 
and MODIS data about that time on 10th June 2001. Therefore, the daily mean of TPW 
was plotted from SSM/I and MODIS derived TPW in figure 4(c & d) respectively.  It 
may be stated TPW from all these instruments are in very close agreements and depicted 
the high value of TPW along the west coast of India. The figure-5 (a) shows the wind 
speed strength derived from Quick Scat data. The heavy rainfall events took place next 
day along the west coast of India. The rainfall amounts (in cm) recorded by a number of 
rain gauges in west coast of India on 11th June 2001 are also shown in figure 5(b). The 
several stations in west coast reported heavy rainfall on that day, a few with more than 
10cm.The similar results were also found out using SSM/I derived TPW (Bhatia et al. 
2001). NOAA-16 derived total perceptible water (TWP) and Scatterometer surface wind 
speed have been found to be very useful for forecasting heavy rainfall events along the 
west coast of India at least 24 hours in advance. These data product can bring out areas of 
low-level moisture convergence over oceanic region, which are represented by high TPW 
contents in the atmosphere together with high oceanic surface wind speed. It has been 
found that TPW of the order of 70mm accompanied by favorable wind sped over the 
eastern Arabian sea is one of the important factor contributing to heavy rainfall during 
next 24 hrs over the west cost of India and neighborhood. The TPW derived from 
AMSU measurements have an advantage of being utilized on an operational basis in real 
time, since AMSU observations from NOAA satellites are received locally from HRPT 
station at Delhi. However, TPW derived from other instruments is not available in real 
time and therefore may not be used on a real time operational basis. 
 

 
Fig-3(a) 

 
Fig-3(b) 
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Fig-4(a) 

 
Fig-4(b) 

 
Fig-4(c) 

 
Fig-4(d) 

 
Fig-5(a)  

Fig-5(b) 
 
 
5. CONCLUSIONS   
 
The neural network algorithm has been developed for the retrieval of TPW using NOAA-
16 AMSU measurements. The validation of TPW has been carried out against radiosonde 
derived TPW. The TPW retrieved from AMSU data over Indian Oceanic region is in 
good agreements with that of other Instruments and radiosonde data. The major 
advantage of locally retrieved TPW from AMSU measurements is that it is available in 
real time compared to the TPW from other sources to be used operationally by the field 
forecaster and numerical weather prediction centers. TPW along with Sea Surface Winds 
could be used to forecast heavy rainfall events at least 24 hours in advance. 
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Abstract: The measurements from satellite microwave imaging and sounding channels are 
simultaneously utilized to retrieve the profiles of atmospheric temperature, water vapor and cloud 
water. It is shown that the radiative transfer model including multiple scattering from clouds and 
precipitation can significantly improve the accuracy. 
 
Introduction 
 
The Advance Microwave Sounding Unit (AMSU) measurements are increasingly utilized to derive 
a variety of atmospheric and surface parameters such as total precipitable water, cloud liquid and 
ice water, as well as surface snow and sea ice concentration (Weng et al., 2003; Ferraro et al., 
2005). These products are now routinely generated from the AMSU measurements at a few 
window channel frequencies which are insensitive to the vertical structures of atmospheric 
profiles (Weng et al., 2003). In particular, atmospheric parameters such as vertically integrated 
water vapor and cloud liquid water can be derived analytically over oceans where the surface 
emissivity is low and relatively uniform, and the atmospheric emission from clouds and water 
vapor is predominant. This study develops a microwave integrated retrieval system (MIRS) to 
derive the profiles of atmospheric parameters such as temperature, water vapor, and cloud 
hydrometeors over land and oceans by using the measurements from AMSU window and 
sounding channels. An advanced radiative transfer model including atmospheric and surface 
scattering and polarization is developed and integrated as part of the MIRS. With the microwave 
surface emissivity model (Weng et al., 2001), water vapor and cloud water can be retrieved over 
land. With the scattering radiative transfer model, the algorithm is now generally applicable under 
all weather conditions. A combined use of both microwave window and sounding channels makes 
it possible to simultaneously derive the cloud water profiles in addition to temperature and water 
vapor profiles. This integrated approach will lead to more robust advanced microwave products 
from current and future satellite microwave instruments having both imaging and sounding 
channels. 
 
Retrieval Algorithm  
 
The MIRS is composed of several key components such as advanced radiative transfer models 
for computing radiances and gradients of radiances (or jacobians), and a scheme of minimizing 
the cost function that weighs the relative contribution of background (a priori) information and 
satellite observations (see Fig. 1). The first guess can be obtained from several methods: 
numerical weather prediction model outputs, climatological data, and regressional algorithms.  In 
this study, the initial profiles of temperature, water vapor, and non-precipitating cloud liquid water 
are estimated from the regressional algorithm using the AMSU-A measurements. In the MIRS, 
the cloud liquid and ice water profiles associated with precipitation are derived through the 
additional variational procedure by adding AMSU-B 89 and 150 GHz and using the profiles of 
temperature, water vapor, and cloud liquid water derived from the first variational procedure. This 
approach is physically sound because these two AMSU-B window channels are insensitive to the 
atmospheric temperature and water vapor profiles. The final step involves in a refinement to the 
temperature and water vapor profiles by using all AMSU-B 183 GHz water vapor sounding 
channels. The 183 GHz water vapor channel measurements can improve the accuracy of water 
vapor profiles throughout the troposphere. Note however that the second variational procedure is 
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only required when the scattering signatures at 89 and 150 GHz exceed the threshold as 
discussed in (Weng et al., 2003).  
 

 

Figure 1.  Flowchart of microwave integrated retrieval (MIR) algorithm. The core module 
describes the retrieval procedures. 
 
 
An important process in MIRS is to correct the various biases from the AMSU instrument, within 
the forward model and the first guess. It was found that three AMSU instruments on board NOAA-
15, -16 and -17 satellites all display some level of asymmetric radiances across the scan lines [1]. 
The causes for this asymmetry have not been fully understood. Nevertheless, an empirical 
algorithm was developed (Weng et al., 2003) and utilized in this study. In addition to a correction 
of the instrumental bias, the biases of the first guess and forward model to the truth are also 
corrected. When using forecast model outputs (e.g. 6 hour forecast) as a first guess, we collocate 
in-situ temperature and water vapor profiles observed from radiosondes with forecast model 
outputs, and then calculate the global mean difference between the first guess and in-situ data. 
The biases in the forward radiative transfer model are derived from the mean difference between 
measured brightness temperatures and simulated brightness temperatures that are calculated 
from radiosonde data. 
 
Results  
     
The effects of cloud and precipitation scattering on the temperature retrievals are readily 
demonstrated by comparing the results from a scattering radiative transfer model to those from 
the emission-based model. In Figure 2(a), the magnitude of the cold temperature anomaly at 850 
hPa derived from the scattering model is more agreeable with other results (Hawkins and 
Rubsam, 1964; Zhu et al., 2002) than that from the emission-based in Figure 2(b). Because of the 
scattering of liquid phase hydrometeors, the microwave brightness temperatures at sounding 
channels are strongly depressed. If this scattering effect would not be properly taken into account 
in the retrieval process, the physical temperatures at 850 hPa would have been forced to the 
colder values which become highly non-physical (see Fig. 2(b). Using the scattering model, the 
retrieved structure of cooling at 850 hPa is smooth and the anomaly in a magnitude of 3-5oK is 
more realistic according to Hawkins and Rubsam (1964).  

 
The quality of the temperature distribution at 200 hPa has been also improved significantly using 
the scattering model. Note that the temperature at the center is about 10 degrees warmer than 
that of its environment (see Fig. 2c) and is favorably comparable to other early observations [5]. It 
is also interesting to see that the retrieved temperature from the emission-based model (Fig. 2d) 
is generally warmer than that from the scattering model (Fig. 2c). This is because the ice cloud 
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whose scattering is neglected in the retrievals would behave more like an absorber, attenuate 
warm radiation from the lower troposphere and re-emit with their own colder temperatures. The 
algorithm can only enforce warmer temperatures in the upper troposphere because the AMSU 
observed brightness temperatures are generally higher than those predicted by the emission-
based model.   

 

Figure 2. Retrieved atmospheric temperature at 850 hPa through  (a) scattering radiative transfer 
model, and (b) emission radiative transfer model ; and the retrieved atmospheric temperature at 
200 hPa through  (c) scattering radiative transfer model and (d) emission radiative transfer model, 
for Hurricane Isabel on 12th September, 2003. 
 

 
Conclusions 
 
This study presented a microwave integrated retrieval system (MIRS) for profiling atmospheric 
temperature, water vapor and cloud water. Scattering effects from clouds and precipitation are 
taken into account. Using an emission-based radiative transfer model, the retrieved temperatures 
tend to be colder at lower altitudes and warmer at high altitudes. With a full scattering radiative 
transfer model, the quality of the retrieved temperature profiles can be significantly improved, and 
the retrievals agree well with coincident dropsonde’s measurements.  
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Abstract 
    The goal of this work is to investigate the performance of Least Squares Support Vector 
Regression (LS-SVR) for retrieving atmospheric temperatures from satellite sounding data. 
LS-SVR is a new regression tool and has not been widely used for geophysical parameter 
retrievals from satellite sounding data. Compared to artificial neural networks, LS-SVR has 
the advantage that it leads to a global model, which is capable of dealing efficiently with 
dimensional input vectors. The temperature retrievals with LS-SVR using the collocated 
RAOB and AMSU-A measurements over East Asia in 2002-2004 are conducted. The overall 
root mean square (RMS) error in the retrieved profiles of a testing dataset is remarkably 
smaller than the overall error using a multi-linear regression (MLR). When an offset of 0.5 K 
or a noise of ±0.2 K is added to all channels simultaneously, the increase in the overall RMS 
error is less than 0.1 K. The experiments of the variation of the training data show that for the 
small training dataset LS-SVR could obtain significantly more information from the sounding 
data than the method of the linear regression. 
 
Introduction 
    One technique for retrieving temperature profiles from microwave radiances is a linear 
statistical inversion. But the linear statistical method is lack of the capability of retrieving 
temperature profiles in extreme cases and fails to address the non-linear problem. Since 1990s, 
Neural Networks (NNs) has been widely used and considered to be good non-linear 
regression methods for remote sensing. In order to retrieve atmospheric temperature profiles 
rapidly and accurately from microwave data, back propagation neural networks were 
employed in some studies (Churnside et al. 1994; Motteler et al. 1995; Butler et al. 1996; Shi 
2001). However, the number of weights of the NNs is very high in cases with high 
dimensional input vectors. Furthermore, these weights are optimized iteratively and this 
procedure is repeated with different initial settings, which might lead to non-global solutions.  
    Recently, Support Vector Regression emerges as an alternative regression tool. SVR is a 
derivation of Support Vector Machines (SVM), introduced by Vapnik (1995). Least Squares 
Support Vector Regression (LS-SVR) is a reformation of SVR (Sukykens, 2002), which is a 
new regression tool and has not been widely used, especially for geophysical parameter 
retrievals from satellite sounding data. SVR solves regression problem by means of quadratic 
programming (QP). LS-SVR solves the regression problem by a set of linear equations, which 
is easier to use than QP. For this reason LS-SVR has a shorter computing time, as compared 
to SVR.  
    The goal of this work is to investigate the performance of Least Squares Support Vector 
Regression (LS-SVR) for retrieving atmospheric temperatures from satellite sounding data. 
Compared to artificial neural networks, LS-SVR has the advantage that it leads to a global 
model, which is capable of dealing efficiently with dimensional input vectors. The aim of this 
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work is to investigate LS-SVR for performing atmospheric temperature retrievals from 
AMSU-A measurements. 
 
LS-SVM regressors 

Let  be the training data with inputs and outputs . Consider 

the regression model where are deterministic points (fixed design), 

 is an unknown real-valued smooth function and are uncorrelated 

random errors with , . 
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The model of a LS-SVM regressor is given as in the primal space 
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The regularized least squares cost function is given as (Sukykens, 2002) 
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Note that the regularization constant γ  appears here as in classical Tikhonov regularization. 
The solution corresponds with a form of ridge regression, regularization networks, Gaussian 
processes and Kriging, but usually considers a bias term b and formulates the problem in a 
primal-dual optimization context. The Lagrangian of the constrained optimization problem 
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where and b are the solution to the linear system (4). *
kα

    There are several possibilities for the kernel function K . For the current experiments, LS-
SVR is applied using the RBF-kernel function, because it is most widely used. 
 
Experiments 
Parameter tuning technique 

In case of LS-SVR there are only two parameters to be tuned: the kernel setting (σ  in case 
of RBF) and γ . LS-SVM model complexity (and hence its generalization performance) 
depends on the parameters (interaction of the kernel setting and γ ). This means that 
separately tuning of each parameter is not feasible to find the optimal regression model. A 
grid search is used for tuning these two parameters. The main idea behind this method is to 
find the optimal parameters that minimize the prediction error of the regression model. The 
prediction error can be estimated by leave-n-out cross-validation on the training set. For the 
current study, n is set to be 1/10 of the training number. Before starting with the grid search a 
range for each of these parameters must be selected. The optimization ranges of these two 
parameters are arbitrarily defined ( 100001−=σ  and 100001−=γ ). After range selection 
grid search tuning is applied.  

LS-SVR tuning-grid search algorithm: 
1. For each set of values of the parameters, leave-n-out-cross validation on the training 

set is performed to predict the prediction error. 
2. Select the set of values of the parameters that produced the model that gave the 

smallest prediction error (optimal parameter settings). 
3. Train the model with the optimal parameter settings with the whole training set and 

test it with a test set (test is not used for training).  
Software 
    LS-SVR is calculated using the LS-SVMlab1.5 Toolbox developed by Suykens (2003). 
The toolbox can be obtained from http://www.kernel-machines.org. The Toolbox works under 
Matlab (The Mathworks, Inc.).  
Performance 
    The Root-Mean-Square-Error (RMSE) is used as performance criterion in cross-validation 
and also for predicting the test set. The RMSE of retrievals is defined as 

∑
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where  and  are the radiosonde observation and retrieved temperatures 

respectively, and  is the total number of comparisons. 
RAOBX RETRX

sN
Data 
    The data used for the current study are from the direct broadcast data of NOAA-16 
received at Beijing, China. The maximum coverage of the data extends from 15ºN to 60º N 
and 80º E to 140º E. AMSU-A has 20 microwave channels, the weighting functions of which 
are from the surface to the 0.1-hPa level. Due to the fact that the radiosonde data generally 
report the parameters below 100-hPa, only AMSU-A channels 1-10 and 15 measuring the 
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radiances mainly emitted by the atmosphere below the 100-hPa level are used in this study. 
Consequently, the input vector comprises twelve elements, which are the brightness 
temperatures at the eleven selected channels of AMSU-A and the secant of the local satellite 
zenith angle of observation 
    The AMSU-A 1d data are matched with the radiosonde observations for the period of Jan. 
2002 to Sep. 2004 over the land. The criteria for selecting AMSU-A measurements with 
collocated radiosonde data are based on the following: 1) The absolute distance between the 
position (latitude and longitude) of the radiosonde and the ATOVS retrieval FOV (Field of 
View) is less than 0.5º (the center of FOV is chosen to represent the position of the ATOVS 
retrieval FOV). 2) The time difference between radiosonde and ATOVS measurements is less 
than 1.5 h. 3) The radiosonde observations from reporting stations with terrain heights less 
than 500 m are selected. 4) Brightness-temperature records of the AMSU-A are complete. 5) 
The radiosonde observation has no missing layers from 1000- to 100-hPa pressure levels. 
Based on these criteria, there are 7593 collocated samples available over the land, including 
4649 from Jan. 2002 to Dec. 2003 and 2944 from Jan. 2004 to Sep. 2004. The former dataset 
(dataset A) is used to train the regression model, and the latter (dataset B) is used to test the 
model. As a consequence, the data used in the training set are not included in the testing set. It 
is very important to evaluate the capability of the retrieval methods using data independent of 
the training data. 
Results and discussion 

For saving computing time, only 400 collocated pairs for training are uniformly taken from 
the dataset A. After the grid search, the dataset B is used to test the obtained optimal 
regression model. Furthermore, in order to examine the difference of a LS-SVM approach 
from a linear regression approach, the temperature retrieval using the multi-linear regression 
(MLR) is carried out. The overall RMS retrieval error of LS-SVR is 2.04 K, and the overall 
error of MLR is 2.41 K. The RMS retrieval errors at different pressure levels are shown in 
Fig. 1. From Fig.1, it is clear that LS-SVR could obtain better results than the multi-linear 
regression at all levels, especially at the 200-, 250-, 300-, and 850-hPa levels.  

 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1   Comparison of the RMS 

retrieval errors of LS-SVM with MLR
(Dotted: MLR; Solid: LS-SVR) 

Fig.2    Comparison of the overall RMS 
errors of LS-SVM with MLR for the 

different volume of the training dataset 
(Blue: MLR; Red: LS-SVR) 
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    Additionally, in order to evaluate the effects of the volume of training dataset on the 
retrieval, seven experiments are conducted separately. The number of the collocated pairs for 
training is 20, 50, 100, 200, 400, 800, and 2000, respectively. The dataset B is used to test the 
obtained parameters. Similarly, the multi-linear regression method is also applied. The overall 
RMS retrieval errors are shown in Fig. 2. The comparison shows that for the small training 
dataset LS-SVR could obtain significantly more information from the sounding data than the 
method of the linear regression. 
Effects of noise and calibration offset 
    Because there may be some difficulties during the long operation period, it is interesting 
and timely to investigate the effect on retrieval accuracy of some failure modes of AMSU-A. 
Two types of experiments are conducted to examine the retrieval accuracy of the regression 
model trained using all channels under two possible system problems: equal offset of all 
channels and equal noise in all channels. We use the same model trained from only 400 
collocated pairs for following retrieval experiments.  

In the first series of experiments, the effect of simultaneously offsetting all brightness 
temperatures by a constant is determined. For increasing offsets of 0.2, 0.5, 1.0, 1.5, and 2.0 
K, the increase in overall retrieval error is shown in Table 1. The results show that the LS-
SVR method is relatively immune to offset when the offset is less than 0.5 K. From Table 1, 
one can also see that the overall retrieval error of LS-SVR model with the offset of 2.0 K is 
slightly less than that of MLR model, although the increase of the error of the former is larger 
than that of the latter. 

 
Table 1.  Variation of the overall error with the offset 

(Training: 400; Testing: 2944) 
 0.0 0.2 0.5 1.0 1.5 2.0 

MLR 2.41 +0.02 +0.07 +0.21 +0.41 +0.66 
LS-SVR 2.07 +0.02 +0.08 +0.29 +0.59 +0.95 

 
In the noise experiments, the retrieval accuracies are examined while all channels become 

noisy. We follow the same procedure as in the offset studies. The effect of adding these 
amounts of random noise to all channels simultaneously is considered. In this case, six testing 
files are made in which all channels suffer additional uniform random noise centered about 
zero with maximum values in the ranges (-0.1, 0.1), (-0.2, 0.2), (-0.3, 0.3), (-0.5, 0.5), (-0.8, 
0.8) or (-1.0, 1.0) K. The increase in overall retrieval error compared to the error without the 
noise is shown in Table 2. The results indicate that the effect is neglectable when the 
additional noise is less than 0.2K. The results also show that the stability of the LS-SVR 
model trained is comparable with that of the MLR model. 
 

Table 2.  Variation of the overall error with the additional noise  
(Training: 400; Testing: 2944) 

 0.0 ±0.1 ±0.2 ±0.3 ±0.5 ±0.8 ±1.0 
MLR 2.41 +0.01 +0.05 +0.10 +0.25 +0.60 +0.88 

LS-SVR 2.07 +0.01 +0.05 +0.11 +0.25 +0.61 +0.89 
 
 
Conclusions and future work 
    The goal of this work is to investigate the feasibility of LS-SVR for retrieving atmospheric 
temperatures from satellite radiances. 
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In general, it can be concluded that LS-SVR will give better results than MLR for 
temperature retrievals. The preliminary experimental results show that LS-SVM should be an 
effective tool to model the complicated relationship between geophysical parameters and 
satellite remote sensing data. 

We plan to apply LS-SVR to retrieve temperature and other geophysical parameters 
simultaneously from the infrared and microwave data. 
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NOAA/NESDIS updates for sounding data products and services 
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The National Oceanic and Atmospheric Administration, National Environmental Satellite, Data, and 
Information Services  (NOAA/NESDIS) generates and distributes atmospheric sounding products as a 
part of its operation for operating a fleet of civilian, Polar Orbiting Environmental Satellites (POES) 
and providing users and researchers a suite of operational atmospheric and environmental data 
products. Sounding products are generated using the advance TIROS Operational Vertical Sounder 
(ATOVS) measurements. The current ATOVS onboard NOAA-15, NOAA-16 and NOAA-17 consists 
of three instruments, Advanced Microwave Sounding Units (AMSU), AMSU-A and AMSU-B, and a 
High-resolution Infrared Radiation Sounders (HIRS/3) instrument. Sounding products have been 
generated from all three satellites until late October 2003, when AMSU-A on NOAA-17 failed and 
soundings were terminated from NOAA-17. NOAA-N is planned to be launched in May 2005 will 
have Advanced Very High Resolution Radiometer (AVHRR/3), HIRS/4, AMSU-A and Microwave 
Humidity Sounder (MHS) instruments used in deriving the sounding data products. This presentation 
will include the discussion on the improvements of the data quality and timeliness envisioned from 
the upcoming satellites. There have been significant changes in the operational system due to system 
upgrades, algorithm updates, and value added data products and services.  User requirements for 
sounding data products from the upcoming NOAA satellites NOAA-N, and NOAA-N’ and the 
European Organization for the Exploitation of Meteorological (EUMSAT) satellites, Meteorological 
Operational Satellite (MetOp-1) and MetOp-2 will be discussed.      
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Abstract  

The Advanced Microwave Sounding Unit (AMSU) data is useful for retrieving the parameters of 

typhoons because the AMSU observations are high resolution and are not subject to the obstruction of   

cloud.  The three-dimensional rotational wind component associated with a typhoon can be obtained 

by solving the nonlinear balance equation using the retrieved temperature from AMSU, assuming  

hydrostatic and gradient-wind balance and that the 50 hPa height at the top of a typhoon is uniform 

(same as the environmental value).  The divergent wind component can be evaluated from the omega 

equation.  The diabatic term in the omega equation is estimated from the rainfall rate obtained from 

AMSU observations.  The friction-induced convergence in the boundary layer is represented by a 

parameterization.  With these techniques, in this study we formulate a procedure to analyze the 

structures of temperature and wind in typhoon based on the AMSU data.  In several case studies, the 

basic structures of a typhoon are captured by the AMSU observations.  A simulation made with the 

MM5 model and the retrieved wind indicates the potential of using AMSU data in numerical weather 

forecast. 

 

1. Introduction 

The AMSU data  has been used to  analyze t ropical-cyclone (TC) parameters  due  

to  the high resolut ion of  the data  and the abi l i ty  of  the AMSU observat ion to 

penetrate  cloud.  Most  t ropical  cyclones develop over  the tropical  ocean where 

t radi t ional  observat ions (soundings)  are  sparse.  Rosenkranz et .al  (1978) detected  

the temperature anomalies  in  the core of  typhoon using microwave observat ion.  

Kidder  et .  a l .  (1978,  1980)  noted that  the temperature  anomalies  are  re lated  to  the 
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pressure a t  the center  of  a  t ropical  cyclone and the associated outer  surface wind.  

The in tensi ty,  or  the minimum surface pressure,  of  a  typhoon has been est imated 

using the br ightness  temperature and the re tr ieved temperature at  250 hPa from the 

Microwave Sounding Unit  (MSU) data  (e.g. ,  Venlden et .  al .  1991) .  The 

re la t ionship between the gradient  of  microwave br ightness  temperature and 500 

hPa wind has also  been repor ted  by Grody et .  a l .  (1982) .   Kidder  et .al .  (2000)  

used AMSU data to  analyze the s tructures  of  a  tropical  cyclone.   The tangent ial  

wind was calculated as  funct ion of  radius and high from the re tr ieved temperature  

f ie ld.   The axisymmetr ic  temperature re tr ieved from AMSU and the wind der ived 

from a (gradient-wind)  balance equat ion have been used to s tudy the re lat ionship  

between the s tructures  of  a  tropical  cyclone and i ts  environmental  ver t ical  wind 

shear .   Knaff  et  a l .  (2004) showed that  an increased wind shear  leads to  a  

shal lower balanced vortex.   Zhu .e t  .a l  (2002) bui l t  an algor i thm to re tr ieve the 

three-dimensional  temperature  and wind s tructures  of  a  hurr icane from the AMSU 

data  and incorporated the re tr ieved vor tex into a  numerical  weather  predict ion 

model .   They showed promising resul ts  in  the forecast  that  incorporated the 

AMSU data .   In  th is  paper  we will  adopt and modify the procedure of  Zhu et  a l .  

(2002) to  analyze the s tructures  of  typhoons and perform forecast  exper iments  that  

incorporate  the re tr ieved typhoon- l ike vor t ices  in to a  meso-scale  numerical  

weather  predict ion model .   

 

2. Method and data 

The procedure of  Zhu .e t  .a l  (2002)  that  we wil l  adopt f irs t  re t r ieves the 

temperature from the AMSU data  by a  s ta t is t ic  method.  Assuming hydrostat ic  

balance,  the height of  each level  can be obtained by a  vert ical  in tegrat ion.  Using 

the es t imated height a t  each level ,  the s treamfunct ion at  that  level  can be solved 

from a balance equat ion.  The rotat ional  component of  the wind can then be 

calculated from the s treamfunct ion.   In  th is  work,  we use the framework of  Zhu 

et  a l .  (2002) but  adopt the assumption of  Kidder  (2000) that  the height  a t  the 50 
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hPa level  is  uniform (assumed to be the  environmental  value) .  With the  height  

f ie ld at  50 hPa given,  a  downward in tegrat ion with the hydrosta t ic  equat ion and 

the retr ieved temperature  would produce the height  f ie lds a t  a l l  levels .   After  the  

height  of  the 920 hPa level  is  calculated with an assumed surface temperature,  

surface pressure can be calculated through the hydrostat ic  equat ion.  The 50 hPa 

height  for  the area containing a  typhoon is  evaluated from the environmental  data  

(outs ide the typhoon) in  which the surface pressure is  provided by a  numerical  

weather  forecast  system.  When the surface pressure  and temperature  are  specif ied,  

the hydrostat ic  equat ion can be  in tegrated upward to determine the height  a t  the  50 

hPa level .  

    In  the algor i thm of  Zhu et  a l .  (2002),  the d ivergent wind is  calculated in  a  

s imilar  manner  as  Tarbel l  et  a l .  (1981),  i .e . ,  by solving the omega and cont inui ty 

equat ions.  In  the omega equat ion,  the ver t ical  d is t r ibut ion of  la tent  heat  is  re la ted 

to  precipi tat ion rate ,  which can be est imated from the AMSU data  as  descr ibed by 

Grody et  al .  (2000) .  The surface s tress  that  is  needed as  the lower boundary 

condit ion is  presented by a  bulk  aerodynamic formula (Smith,  2002).  

The AMSU data  used in th is  work was col lected per iod of  2004 for  the area in  

the vic ini ty of  Taiwan.  We have se lected  the observat ions  in  which a  tropical  

cyclone is  fu l ly covered by one swath.  The AMSU channels  f rom 6 to  11 are use to  

re tr ieve the temperature  prof i les .  Channels  1 and 2 are used to  es t imate  the 

parameters  of  c loud l iquid water  and the precipi ta t ion ra te.  

 

3. Results 

a.  Analysis of the structures of typhoons  

The first  case to be analyzed is  typhoon MEARI (2004) at  0457 UTC on 

29 September when it  was on track to Japan.   Figures 1 and 2 show the 

retrieved temperature anomaly and wind at  850 and 250 hPa using the 

method described in Sec 2.   Notably, the circulat ion center  of the typhoon 

at  850 hPa does not coincide with that  at  250 hPa (the center t i l ts  sl ightly  
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northeastward with height) ,  l ikely because cold air  coming from the north 

eroded the lower-level thermal structures of the typhoon. At the upper level 

(250 hPa) where the influence of the low-level  inflow of cold air  is  not  

strong,  the circulation center coincides with the center of the temperature 

anomaly.  The circulation at  850 hPa shown in Fig. 1 is  representative of 

those at  other levels  from 950-500 hPa (not shown). In general ,  the 

circulation of the typhoon is not axisymmetric.  The southern branch of the 

vortex is stronger than the northern one.  The influence of the low-level  

northerly inflow of cold air  is  that i t  destroys the axisymmetric thermal 

structure of the typhoon at  the lower levels .   I t  might have also slowed 

down he moving speed of the typhoon,  given that  the direct ion of the cold 

air  stream is opposite to that  of  the track of the typhoon.  

 

The next case is  typhoon MINDULLE (2004) at  0541 UTC on 29 June that  

is  developing over the tropical  ocean in the vicinity of the Phil ippines and 

slowly moving westward.  Figure 3 shows that  the retr ieved temperature 

anomaly and wind at  850 hPa for this typhoon are more axisymmetric than 

the first  case shown in Fig.  1.   Figure 4 shows a vert ical  cross section of 

the tangential  wind field associated with this typhoon.  The center of this 

typhoon is well-defined for al l  levels and it  does not  significantly t i l t  with 

height.  The intensity (measured by the magnitude of the maximum tangential  

velocity) of  the typhoon also does not change significantly through the 

troposphere.  These structures,  derived from the AMSU data,  indicate that 

the tropical  cyclone has developed into the mature stage at  this  t ime.  

Comparing the vert ical  cross section in Fig.  4 to analysis f ield shown in Fig.  

5,  we can find that  the overall  s tructures are similar  between the two but 

some differences remain.   The radius of the typhoon, measured by the 

distance between i ts center and the location of the maximum wind,  is  

smaller  in the circulat ion derived from AMSU in Fig.  4.   In the analysis 

 

International TOVS Study Conference-XIV Proceedings

76



f ield the tangential  velocity decreases more rapidly with height,  such that at  

the upper troposphere the AMSU-derived wind is stronger than that  in the 

analysis.   

  Figure 6 shows the structures at  500 hPa of the same typhoon but for a 

later  t ime at  1812 UTC on 29 June.  A closed circulat ion is  st i l l  well-defined 

for the typhoon, but i ts  shape becomes more el l ipt ical  than circular ( this  is 

true for most of the lower troposphere up to 400 hPa, not shown).  How the 

structures of the typhoon evolve during the 12-hour period from Fig.  3 to 

Fig.  6 remains to be investigated.    

  

b.  A case study of forecast  

The fif th-generation Pennsylvania State Universi ty-National  Center for 

Atmospheric Research Mesoscale Model (MM5) is used to test  the results  of 

typhoon forecast  when the 3-D temperature and circulation fields within the 

typhoon are est imated from AMSU data.   Other ini t ial  fields required for 

the forecast  are generated from the regional  model of  CWB in Taiwan. The 

horizontal  resolution of the mesoscale model is  45Km and 15Km in two 

nests  grid and vertical  resolution is  24 levels.  We simulate typhoon 

MINDULLE with init ial  condit ion at  0600 UTC on 29 June and at  1800 UTC 

on 30 June,  incorporating the AMSU data at  0541 UTC on 29 June and 1801 

UTC on 30 June to provide the retr ieved temperature and circulation 

structure for the typhoon. Fig.7 shows the tracks of the typhoon from the 

best  t rack analysis  and model simulations.  For the simulation,  that  started 

from the init ial  condit ion at  0600 UTC on 29 June (blue l ine in Fig.  7),  the 

init ial  westward and then northwestward movement of  typhoon is reproduced 

by the model.   After 0000 UTC on 1 July the deviation of the simulated 

track from the observation (the “best  track”) becomes significant.  The 

simulation from the init ial  condit ion at  1800 UTC on 30 June (green l ine in 

Fig.  7) captures the landing of typhoon, al though the forecast  is degraded 
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after  landing.  These preliminary results are encouraging and point  to the 

potential  of using the AMSU data for further analyses typhoon parameters.  

 

4 .  Concluding remarks 

In this  work the AMSU data is used to retr ieve the structures of several  

typhoons.  A prel iminary comparison of the AMSU-derived structures of a 

typhoon with those in the analysis  field reveals encouraging similari t ies.  

Our results demonstrate the potential  of using the AMSU data to depict  the 

three-dimensional  temperature and velocity structures of typhoons.   The 

outlook is promising since the AMSU observations provide an excellent  

coverage over the tropical  ocean where conventional  observations are sparse.   

The AMSU data may also be used to derive the values of a set of dynamical  

and thermodynamical  parameters for a typhoon,  defined in the sense of Hart 

(2003) for depict ing the different  stages of a tropical  cyclone.  

In this study we assume that the height  at  50 hPa is constant and 

integrate the hydrostat ic equation from 50 hPa downward to obtain the 

height  f ield at  each pressure level .  This approach is  l ikely simpler than 

integrating the equation from surface upward,  as the lower boundary 

condit ion is strongly inhomogeneous and not tr ivial  to determine.  

Integrating from top to bottom, one needs an accurate est imate of the 

atmospheric state in the upper troposphere to begin with.  In addit ion to 

improving the retrieval  techniques for the upper levels using the AMSU data,  

a good estimate of the atmospheric state at  the upper troposphere may also 

be aided by the uses of the Atmospheric Infrared Sounder (AIRS) data,  s ince 

contamination by cloud is  not  an issue above the cloud top.   
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Fig1.  The retr ieved 850 hPa temperature 
anomaly (color  image)  and hor izontal  wind 
der ived from a balance equat ion (vectors)  for  
typhoon MAERI (2004) at  0457 UTC, 29 
September.  The sol id l ine is  the track of  the 
typhoon that  moves f rom southwest  to  nor theast .  
The magnitude of  the maximum vector  is  
0 .178E+02 m/s  as  indicated at  bot tom. 

 

Fig2.  Same as  Fig.  1 .  but  for  the 250 hPa level .  
The magnitude of  the  maximum vector  is  
0 .201E+02 m/s.  

 
Fig3.  Same as  Fig.  1  but  for  typhoon 
MINDULLE (2004) at  0541 UTC, 29 June.  This  
typhoon is  moving from east  to  west .  Shown is  
i ts  s tructure at  850 hPa.  The magnitude of  the 
maximum vector  is  0 .380E+02 m/s .  

 

Fig4.  A vert ical  cross  sect ion of  the tangent ial  
wind dr iven from the AMSU data for  the same 
typhoon and selected t ime shown in Fig.3.  
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Fig5.  Same as  Fig .  4 .  but  for  analysis  from the 
Region Model of  Centra l  Weather  Bureau in  
Taiwan.  

Fig6.  Same as  Fig 3.  but  for  a  la ter  (af ter  
about 12 hours)  t ime at  1812 UTC, 29 June.  
The magnitude of  the maximum vector  is  
0 .237E+02.  

 

 
Fig7.  The track of  typhoon MINDULLE (2004).  Red l ine represent best  track.  
Green l ine represents the track of init ial  condit ion at  1800 UTC on 30 June. 
Blue l ine represents the track of initial  condit ion at  0600 UTC on 29 June.  
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A retrieval algorithm was developed to estimate stability indices (SI) over the Korean Peninsula using 
Terra/Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) brightness temperature (TB) 
measurements. SI is defined as the stability of the atmosphere in hydrostatic equilibrium with respect 
to vertical displacements and is a critical factor in severe weather development. Atmosphere profiles, 
required for estimating SI, are retrieved from MODIS infrared channel measurements using Regional 
Data Assimilation and Prediction System (RDAPS) data as initial-guess profiles. A fast radiative 
transfer model, RTTOV-7, is utilized to reduce computational burden related to physical relaxation 
method. K index, KO index, lifted index, and maximum buoyancy are obtained. 
 
The estimated TBs based on satellite-derived algorithm are in good agreement with observed MODIS 
TBs. To test usefulness of this method for short-term forecast, the algorithm is applied to several 
cases of rapidly developing convective storms observed over the Korean Peninsula. Compared with SI 
calculated from RDAPS forecast, satellite estimated SI was able to predict instability well over pre-
convective areas. Thus, it is expected that the nowcasting and short-term forecast can be improved by 
the operational SI product from satellite measurements. 
 

International TOVS Study Conference-XIV Proceedings

83



 
 

 
Version 4 AIRS Data Products 

 
Sung-Yung Lee, George Aumann, Eric Fetzer,  

Steve Gaiser, Stephanie Granger, and Evan Manning 
Jet Propulsion Laboratory 

California Institute of Technology 
 

The AIRS science team finished the work on version 4 data processing software. Goddard DAAC is 
processing and releasing AIRS version 4 data products. The reprocessing of past AIRS data since 
September 2002 will be finished later this year. There were only few minor changes to calibration 
software. The improvements include smoothing of calibration coefficients to reduce striping on 
certain channels, geolocation of AIRS footprints and quality control of AIRS radiance products. The 
changes to radiances are very small in this version. This is the second release of level 2 data products, 
or retrieved geophysical parameters. The changes include improvement of retrievals over land 
surfaces, new quality flags for many retrieved parameters, and significant improvement to the cloud 
parameters. This version is the first release of AIRS level 3 data products, or mapped geophysical 
parameters. Many of the AIRS level 2 data products are averaged on a one degree by one degree grid. 
Retrievals from ascending orbits are averaged separately from those from descending orbits. Some 
MW only data products are also gridded. It has been observed that huge data volume of AIRS hinders 
the analysis of AIRS data, as well as data processing at Goddard DAAC. The AIRS data products now 
use the HDF internal data compression. This reduces the data volume by more than half without 
impacting the quality of data or the ease of its usage.  
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Dust size distribution constitutes a key parameter to assess clear-sky shortwave aerosol radiative 
forcing. A large number of in-situ or remote sensing experiments have been developed to retrieve 
information on this key parameter. In this study, we show that the effective radius of dust coarse mode 
can be retrieved from Aqua/Advanced Infrared Sounder (AIRS) observations, with a two step process. 
First, for each AIRS observation, the dust infrared optical depth, the mean altitude of the dust layer 
and an estimate of the temperature and water vapor tropospheric profiles are obtained from 8 
channels, using a Look-Up-Table approach. Second, once these parameters are determined, the 
effective radius is retrieved from an additional AIRS channel, sensitive to dust size and not to ozone 
variations or dust shape (channel 165: 1072.5 cm-1 or 9.32 µm). We present a comparison between 
dust coarse mode effective radius retrieved from AIRS over the Atlantic Ocean for the period April to 
June 2003 and in-situ measurements, General Circulation Model simulations and sun-photometer 
retrievals. We determine from our retrieval that the coarse mode effective radius decreases with 
transport, from 2.4 µm near the African coast to 1.9 µm over the Caribbean islands. 
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Abstract 
 
After simulating the effect of Global Positioning System Radio Occultation (GPS/RO) data on 
infrared (IR) and microwave (MW) measurements and confirming the results with tests on real 
ATOVS and CHAMP (CHAllenging Mini-satellite Payload) data, the focus of this work has turned to 
combining high spectral resolution AIRS measurements with GPS data in regression-based profile 
retrievals. 
 
Atmospheric Infrared Sounder (AIRS) and Advanced Microwave Sounding Unit (AMSU) data from 
the Aqua satellite collocated with radiosondes (for validating retrievals) and GPS measurements from 
the CHAMP and SAC-C satellites were collected from September 2002 to December 2003. 1872 
collocations were found under all weather conditions. After testing various cloud masks, 379 clear sky 
collocations remained.  
 
This paper presents the results after testing two regression algorithms on these data: a linear statistical 
regression algorithm and a principal component regression. A new in-house training dataset was used 
to determine the regression coefficients. Calculated AMSU and AIRS brightness temperatures for a 
fixed number of optimal channels and calculated GPS refractivity profiles were regressed against 
radiosonde temperature and humidity profiles. These regression coefficients were then applied to the 
379 collocations (real data) and the retrievals were validated with radiosonde data. GPS is found to 
provide valuable upper tropospheric information that improves the profile retrieval from AIRS and 
AMSU. 
 
 
Introduction 
 
The motivation to study the combination of the active remote sensed GPS data and the passive high 
spectral resolution infrared radiometric measurements (like AIRS) was to get better quality 
atmospheric temperature and moisture retrievals than the two systems would give alone. This was 
considered likely because the two systems have complementary characteristics (Collard and Healy, 
2003), especially around the tropopause region: the GPS/RO system provides good absolute accuracy 
near the tropopause with very good vertical resolution but poorer horizontal resolution, while the IR 
sounding system has high horizontal but poorer vertical resolution. In additional, an earlier study 
(Borbas et al. 2003) on simulated and real narrow band ATOVS data showed that adding GPS/RO 
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measurements to the retrieval method produced improved atmospheric temperature and humidity 
profiles. 
 
The GPS/RO system is an active limb sounding system. The American GPS consists of 24 satellites, 
which transmit radio signals on two frequencies. The receiver is generally located on a Low Earth 
Orbiting (LEO) satellite. An occultation occurs from the standpoint of a receiver satellite, whenever a 
GPS (transmitter) satellite rises or sets over the Earth and the ray from the transmitter traverses the 
Earth’s atmospheric limb. The ray path through the atmosphere is reflected according to Snell’s law. 
With exact knowledge of the locations of the receiving and transmitting satellites, the refractive index 
(or refractivity) of the atmospheric layer through which the ray passes can be derived. The movement 
of the two satellites produces the vertical profile of refractivity. Currently two GPS LEO satellites are 
in operation and provide atmospheric measurements, the German CHAMP and the Argentinean SAC-
C satellite. 
 
Radiances from AIRS, the high spectral resolution infrared sounder, along with brightness 
temperatures from AMSU were used in this combination study. The AIRS and AMSU instruments 
were launched on the NASA Earth Observing System (EOS) Aqua satellite in May 2002. More 
information about the AIRS instrument and measurements can be found in (http://airs.jpl.nasa.gov/). 
 
 
Input data and method to produce combined AIRS+AMSU+GPS retrievals 
 
AIRS, GPS/RO from both CHAMP and SAC-C satellites, and radiosonde data for validation were 
collected between September 2002 and October 2003. Over 100,000 AIRS-RAOB collocations (from 
the NASA/JPL so called prepqc matchup files) and about 60,000 and 100,000 SAC-C and CHAMP 
occultations were collocated from the NASA/JPL Genesis website for this study. The criteria for 
collocation were time separation of 3-hours or less, and distance separation of 300 km or less. These 
data yielded 1082 AIRS-RAOB collocations with CHAMP data and 790 collocations with SAC-C 
data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Location of “clear sky” AIRS + AMUS + GPS + RAOB collocations. 
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The AIRS-RAOB collocations were made under all weather conditions. After testing various cloud 
masks (Ackerman et al. 1998) 379 clear sky collocations remained (those spectra with 10 or more 
channels with brightness temperatures (BT) differences greater than 7 K with respect to forward 
calculations from the RAOB profile were deemed to be cloudy). Figure 1 shows the location of the 
clear sky collocations and Figure 2 shows the clear sky AIRS observed brightness temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: The observed “clear sky” AIRS brightness temperatures. 
 
 
After collecting a clear sky test dataset containing 379 collocated samples, statistical and principal 
component (PC) statistical regression algorithms were tested further on AIRS-only retrievals using 
various subsets of channels. First a regression algorithm was developed with considerations for 
ecosystem-based emissivities and a new relationship for surface-skin temperatures; the latest version 
of the in-house training dataset of 12208 profiles (Borbas et al. 2005). The calculated AIRS brightness 
temperatures for a fixed number of optimal channels (and GPS refractivity profiles with triple pre-
estimated vertically correlated noises) were regressed against the temperature and moisture profiles. 
The satellite viewing angle, month, and surface pressure were also used in the regression. Then the 
regression coefficients were applied to the real data collocations. Next, a principal component 
regression (Smith and Woolf, 1976, Huang and Antonelli, 2001) was also applied to the same training 
dataset to calculate a second set of regression coefficients. 30 eigenvectors calculated from the 
covariance matrix of radiances simulated from the training dataset were used in this method. The 
Stand-Alone Radiative Transfer Algorithm (SARTA) forward model (Strow et al. 2003) was used to 
calculate AIRS radiances from the training dataset. The retrieval products are the temperature, 
moisture and ozone profiles, total precipitable water vapor (TPW), total ozone, surface skin 
temperature and surface emissivity. The PC regression algorithm using 1688 selected channels gave 
the best quality temperature retrievals around the tropopause region (Fig. 3.), and this was selected for 
the further combined AIRS/AMSU/GPS study.  
 
The AIRS PC algorithm, which is part of the International MODIS/AIRS Processing Package 
(IMAPP), developed by Weisz et al. (2003), was modified to accommodate the addition of AMSU 
and GPS data. GPS profiles between 8 and 26 km with 200 meter vertical resolution were used in this 
comparison. To determine the regression coefficients, GPS/RO refractivity profiles were calculated 
from the training data using the method described by Healy and Eyre (2000) and Kurskinski et al. 
(1997). Only measurements from atmospheric-sensitive AMSU channels were used. The AMSU fast 
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transmittance model is a microwave adaptation of PLOD/PFAAST (Hannon et al., 1996) based on 
line-by-line calculations with the MPM model (Liebe et al. 1993). 
 

 
 

Fig 3: Left: comparison of using statistical regression method (red) and statistical PC 
eigenvector regression method (blue) for AIRS temperature retrievals. Right: the difference 
of the two rms error profiles is shown.  
 
 
 
Results 
 
The regression coefficients, derived as described above, have been applied to the real AIRS, and 
AMSU data (version 3.0.8.0) and GPS refractivity profiles from the CHAMP and SAC-C satellites. 
Root-mean-square (RMS) differences and biases between radiosondes and temperature and humidity 
retrievals with and without GPS data were computed. Figure 4 shows the difference of the RMS 
profiles with and without GPS data. A positive value indicates improvement by adding GPS data in 
the retrieval system. The greatest temperature improvement resulting from the inclusion of GPS 
occurs in the tropopause region: the magnitude of the improvement is about 0.4 K at the 100 hPa and 
280 hPa pressure levels. For moisture some small positive effect can be noticed at the surface, in spite 
of the fact that the GPS data were included only in the layer from 8 km to 26 km.  
 
AIRS+AMSU and AIRS+AMSU+GPS statistical regression retrievals were also compared to the 
operational (official) AIRS level 2 retrievals. The individual retrievals were studied in detail (see Fig. 
5 for temperature and Fig. 6 for moisture). Figure 5 reveals that the AIRS+AMSU+GPS temperature 
retrievals follow the radiosonde profiles quite well around the tropopause.  
 
 
Conclusions 
 
In this paper we have presented a combination of high spectral resolution AIRS infrared 
measurements plus AMSU microwave measurements with GPS data to obtain improved temperature 
and moisture profile retrievals. The AIRS+AMSU+GPS retrievals were validated with collocated 
radiosonde measurements and were compared to the official AIRS L2 products. Looking at the 
individual cases (subjective analysis), it can be concluded that in clear sky conditions AIRS L2 
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(collection 3) temperature retrievals perform better than AIRS+AMSU regression retrievals but worse 
than AIRS+AMSU+GPS temperature retrievals. For moisture, AIRS L2 retrievals are the best, 
followed by AIRS+AMSU+GPS combined retrievals, last are the AIRS+AMSU moisture retrievals 
(without GPS). Based on the radiosonde validation of AIRS+AMSU temperature retrievals with and 
without the GPS data, the largest improvement from the inclusion of GPS occurs in the tropopause 
region: 0.4 K at or near the 100 hPa and 280 hPa pressure levels. In the case of moisture retrievals, 
AIRS L2 profiles are the closest to the radiosonde data, followed by AIRS+AMSU+GPS, and last are 
AIRS+AMSU (without GPS) retrievals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Difference of rms difference profiles between radiosonde and AIRS+AMSU and AIRS 
+ AMSU + GPS moisture retrievals (left panel) and temperature (right panel) retrievals. GPS 
refractivity profiles were added between 8 and 26 km with 200m vertical resolution. 
 
 
Future Plans 
 
Our future research efforts will focus on expanding the AIRS+AMSU+GPS+RAOB collocated 
dataset to enable the generation of regression coefficients from real data (rather than simulated data 
using the training dataset), and to be able to do more precise and detailed validation by decreasing the 
distance and time separations in the collocation. Our aim is to update the comparison with the official 
AIRS L2 retrievals when version 4 becomes available. This study focused on the tropopause region; 
in the future the lower troposphere, where most of the atmospheric moisture is located, will also be 
investigated. 
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Fig. 5: Temperature profile comparison on October 12, 2003, 12 UTC over ocean. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6: Moisture profile comparison over land. 
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ABSTRACT 
The high spectral resolution sounding suite instruments on EOS Aqua are expected 

to provide estimated atmospheric profiles with higher accuracy and better vertical 
resolution. To validate and test it’s performance with it’s orbital measurements, 
temperature profiles at 101 pressure levels, up to 0.005 hPa, with 1km vertical 
resolution at troposphere, were retrieved on different types of terrain with different 
spectral bands in the middle latitude area by using a three-layered feed-forward neural 
networks with back-propagation algorithm. Results show that the Qinghai-Tibet Plateau 
has a measurable impact on the retrieval accuracy which is corresponding to the spectral 
bands used in performing retrievals. A promising approach to the elimination of this 
effect is to apply additional predictors which are non-satellite observed (e.g. surface 
altitude). 
Key words: AIRS, Temperature Profile, Retrieval, Neural Networks 

 
 
1 Introduction 

With the development of numerical weather prediction and four-dimensional data 
assimilation, the accuracy of model-derived atmospheric temperature fields is 
comparable to or better than those obtained from existing operational satellite 
soundings (e.g., HIRS). The retrieval vertical resolution is limited mainly by the 
broadness of the contribution functions (i.e., the weighting function multiplied by the 
Planck function) of current instruments. When the contribution functions are expanded, 
emitted energy reaching the satellite in each channel will have components originating 
from a thick layer of the atmosphere, thereby making the discrimination of fine-scale 
vertical details practically impossible. This problem is exacerbated by the limited 
number of HIRS channels. Furthermore, because of the broad width of the contribution 
functions and the difficulties in eliminating cloud contamination effects, as well as 
effects from the surface emissivity, O3, H2O, and other minor constituents, the RMS 
errors in the retrieved temperature profiles remain high. Until the launch of Aqua in 
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2002, the advanced sounding suite system, especially the advanced hyperspectral IR 
instrument AIRS made this deficiency eliminable (Jun Li 1994). 

AIRS (Atmospheric Infrared Sounder) on the EOS Aqua spacecraft that launched 
on 4 May 2002 from Vandenburg Air Force Base, California, into a 705km altitude 
sun-synchronous orbit, is an infrared spectrometer/radiometer which employs two 
multi-aperture slit and is pupil-imaging, with spectral coverage from 3.74 to 4.61μm, 
from 6.20 to 8.22μm, and from 8.8 to 15.4μm, with nominal spectral resolution 

1200/ =Δλλ . The spectrum is sampled twice per spectral resolution element for a 
total of 2378 spectral samples. These large numbers of channels provide sharpen 
weighting functions, and also permit selection of sounding channels not contaminated 
by water vapor lines or by emission from other active gases. The AIRS as a key facility 
instrument on the EOS Aqua satellite, working together with AMSU (Advanced 
Microwave Sounding Unit) and HSB (Humidity Sounder for Brazil), forms a 
complementary sounding system for NASA’s Earth Observing System (Aumann et al. 
2003). 

The AMSU-A is primarily a temperature sounder co-aligned with the AIRS 
instrument, which measures radiant energy with 15 channels between 23 and 89 GHz 
provides means to independently account for clouds in the AIRS Field of View and 
corrects the infrared measurements for the effects of clouds so as to resulting in more 
accurate temperature and humidity retrievals. The HSB is 4 moist sounding channel 
version of AMSU-B but has footprints of the same spatial resolution as AIRS IR 
footprints. It detects radiances in the range of 150 to 183.31 GHz to provide the 
atmospheric information needed to correct infrared measurements (e.g., from AIRS) 
for the effects of clouds and to determine global humidity profiles in 2-km thick layers 
in the lower atmosphere (troposphere) (Susskind et al. 1998 and Susskind et al. 2003).  

Before and after the AIRS had been launched into its orbit, algorithms and 
monographs for atmospheric profiles retrieval have been published by various 
researchers, such as Motteler et al. 1995, Susskind et al. 1998, Kuligowski and Barros, 
2001, Cabrera-Mercader and Staelin 1995, Goldberg et al. 2003, Susskind et al. 2003, 
Chaohua et al. 2004,and etc. 

Spectral bands were fine-scaled for AIRS instrument to achieve higher accuracy 
and better vertical resolution in estimated profiles. This means larger amount of 
channels data have to be dealt with. In the physical retrieval algorithms, Forward 
Models (FMs) are the physical kernel to invert atmospheric parameters numerically. In 
the data assimilation systems, they are used to connect satellite measurements with 
numerical models. Both numerical inversion and direct assimilation iteratively require 
FMs and their Jacobeans to calculate many times for each satellite measurement. Thus, 
the retrieval process becomes very time consuming, sometimes prohibitively 
expensive for operational applications (Strow et al. 2003). For such applications it is 
essential to have fast and accurate versions of FMs. Neural networks enable us to 
construct such fast and accurate FMs 

Neural networks technique is a very promising mathematical tool for modeling 
complicated nonlinear relationships (Attali et al. 1997, Chen and Chen 1995, Hornik 
1991, Deming et al. 2003) and is also an appropriate and efficient tool for solving 
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forward and inverse problems in remote sensing and for developing fast and accurate 
forward models and accurate and robust retrieval algorithms. (Kuligowski and Barros 
2001, Aires et al. 2002, Cronford et al. 2001, Gottsche and Olesen 2002). Various 
neural inversion techniques have been developed, such as the “iterative inversion” 
(Kindermann and Linden 1990), the “distal learning” (Jordan and Rumelhart 1992), 
and etc. 
 In this paper, a three-layered feed-forward neural network similar to that used by 
H. E. Motteler et al. in 1995, is applied to estimate atmospheric temperature profiles by 
using AQUA/AIRS, AMSU and HSB real data.  
 
2 The neural networks inversion approach 

The neural networks used in the tests as a atmospheric parameters retrieval system 
consists of a three-layered Feed-forward networks with the back-propagation 
algorithm, as is shown in Fig. 1. It can be represented as a vector valued function:  

F (p) = w3F2 (w2F1 (w1p+b1) +b2) +b3, 
where F1 and F2 map vectors to vectors by applying a transfer function to each vector 
component. The mapping Fi (i=1, 2, 3) is referred to as a layer, with the weight 
matrices representing connections between layers. The hyperbolic tangent as a transfer 
functions in the two hidden layers, and a linear function in the output layer. The vector 
p is the input to the network, the wi (i=1, 2, 3) are weight matrices and bi (i=1, 2, 3) are 
bias vectors.  

 
Fig.1 The three-layered feed-forward neural networks employed in the experiments. 

 
The term back-propagation refers to the manner in which the gradient is computed for 
nonlinear multilayer networks. Standard back-propagation is a gradient descent 
algorithm, in which the network weights are moved along the negative of the gradient 
of the performance function. There are a number of variations on the basic algorithm 
that are based on other standard optimization techniques, such as conjugate gradient 
and Newton methods. The neurons in the two hidden layers are nonlinear hyperbolic 
tangent activation functions (the sigmoid function) and the output neurons are linear. 
The input to the network is a vector of PCs (the Principal Components) of the observed 
radiances obtained from the AIRS, AMSU and HSB measurements (Huang 2001). For 
each input vector the system produce estimates of atmospheric temperature at pressure 
levels ranging from 0.005 hPa to 1010 hPa. 
 The procedure of retrieval can be divided into several steps. The first step is to 
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divide the data up into training, validation and test subsets. One fourth of the data were 
taken as the validation set, one fourth as the test set and one half as the training set. The 
sets were picked as equally spaced points throughout the original data. Then the inputs 
and targets of the training set were normalized so that they will have zero mean and 
unity standard deviation. The next step is to perform a principal component analysis - 
PCA. PCA technique has three effects: it orthogonalizes the components of the input 
vectors (so that they are uncorrelated with each other); it orders the resulting 
orthogonal components (principal components) so that those with the largest variation 
come first; and it eliminates those components that contribute the least to the variation 
in the data set. 

PC index  
Fig. 2 PCs on complicated terrain. (a) The percentage of the total variance in the atmospheric temperature 

profile explained by each principal component in explained. (b) The same as (a) but for satellite observed 

brightness temperature. 

 
Fig.3 PCs on flat terrain. (a) and (b) The same as in figure 2, but for flat terrain. 

Figure 2 and Figure 3 indicated the percentage of the total variance in the 
observations explained by each principal component in explained. Those principal 
components have been conservatively retained which account for 99.9998 of the 
variation in the data set. This means that those principal components that contribute 
less than 0.0002% to the total variation in the data set will be eliminated. This 
procedure reduces the size of the input vectors from 2127 to 230 (There are 270 bad 
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channels among 2378 AIRS channels. These bad channels are eliminated. And 15 
AMSU channels and 4 HSB channels are involved in. So we use totally 2127 channels). 
The third step is to create a network and train it. The last step is to perform some 
analysis of the network response. The entire data set were input through the network 
(training, validation and test) and a linear regression was performed between the 
network outputs and the corresponding targets. With all test data set, the root mean 
square errors (RMSE) were also computed between the retrieved profiles and the 
real-time ECMWF analyzing profiles.  
 
3. Training and Retrieving 

Dataset we used in the study include totally 11,658 cloud-free samples were derived from 10 
granules which numbered as 043, 044, 045, 060, 061, 076, 077, 078, 093, 094, at time 04:17.26s, 
04:23.26s, 04:29.26s, 05:59.26s, 06:5.26s, 07:35.26s, 07:41.26s, 07:47.26s, 09:17.26s, 09:23.26s 
(UTC), on 6 September 2002. Each sample was co-located with the real-time ECMWF analysis 
profile at 06 (UTC). These samples and profiles were arbitrarily clustered in two classes: (1) 
on complicated terrain (with Qinghai-Tibet and sea surface involved) located at 
latitude between and ; (2) on plain terrain located at latitude between 

 and . And each class presented to the networks was divided up into two 
subsets for training and test, which were picked as equally spaced points throughout the original 
dataset.  

N°20 N°40
N°40 N°60

Figure 4 shows the spatial distribution of the observations belonging to each class 
with respect to the entire ensemble. And figure 5 shows the surface altitude distribution 
in each sample subset, (a) for the complicated terrain, (b) for the flat terrain. 

 
Fig. 4 Sampling measurements coverage (Ascending orbit) 

 
As it was known, the training for a feed-forward network with back-propagation 

method is a computationally intensive process. Especially for a non-trivial one, it has 
hundreds of neurons inside so as to adapt the input vectors to the target vectors and the 
target vectors also have hundreds of components in each. A conventional process for 
neural networks retrieval system usually has one input component for each selected 
instrument channel and one output component for each pressure level. Inputs are 
brightness temperatures and output is a temperature or humidity profile. 
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Fig. 5 Surface altitude distribution. (a) the complicated terrain, (b) on the flat terrain. 

 
This design is very time-consuming to train in case for high spectral resolution 

satellite data and high vertical resolution profile. A typical training process for 
temperature retrieval is as shown in figure 3. The training process stopped at 5,000 
epochs and the training RMS error goal was not met. Motteler et al. trained for 20,000 
to 100,000 epochs for smaller RMS error (Motteler et al. 1995). Hence, an improved 
design is made in our retrieval system.  
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Fig. 6  A typical conventional training process of neural networks for 

temperature profile retrieval.  

In the training procedures, brightness temperatures (training subset, pretreated by 
using PCA) and one single layer of temperature as target are presented to the net at a 
time. Due to only one component in the target vector, the size of networks could be 
very small. Consequently, the net should cost less training epochs to fit and less time 
for each single epoch as well. In retrieving phase following the training phase, one 
single layer of temperature would be output. When temperature at the first pressure 
level is retrieved, the next layer adjacent to the first layer then begins to perform. At 
this phase, we use the prior weight matrix to initialize the network. Because the 
temperatures at adjacent pressure layers should have less difference on value, the 
weight and bias matrix should need less adjustment and the net should converge to the 
target more quickly. This process somewhat looks like in the physical retrieval 
algorithm with a “good first guess”. In our tests, this method performed very well and 
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saved a great quantity of time. And the retrieved profiles look more smoothly. 
 
4. Results 

Results are summarized in table 1 and in figure 7 ~ 9. 
Spectral coverage sensitivity test: table 1 shows the overall retrieval RMS errors in 

different terrain by using channels within long wave spectral range (L: 8.8 - 15.4μm), 
within middle wave range (M: 6.20 - 8.22μm) and within short wave range (S: 3.74 - 
4.61μm) and their combinations.  

Table 1�Overall RMS errors of spectral coverage 
Spectral coverage 20~40°N 40~60°N 

L 1.0220  0.8122 
M 0.9524 0.7635 
S 1.0406 0.8519 

L+M 0.9650 0.8191 
L+S 0.9864 0.8299 
M+S 0.9829 0.8107 

L+M+S 0.9687 0.8080 
AIRS+AMSU+HSB 0.9795 0.8074 

Adding additional predictors 0.8990  0.7510 

 
The middle wave channels perform best, while the short wave channels do the worst, 
both on the complicated and flat terrain. Using all channels does not yield better result. 
Microwave channels help improvement in temperature retrieval accuracy within the 
flat terrain, but just the reverse on the complicated terrain. By adding the surface 
altitude as an additional predictor, the RMS error decrease. The overall error in the 
region ~  is 0.8990 less than 0.9795, and in ~  is 0.7510 less 
than 0.8074. 

N°20 N°40 N°40 N°60

Figure 7 and figure 8 demonstrate RMS errors of temperature retrieval at latitude 
between and , and between  and  respectively. The dotted 
line represents the retrieved RMS temperature errors by using IR channels only (AIRS) 
and the solid is similar but with microwave channels (AMSU & HSB) merged in.  

N°20 N°40 N°40 N°60

In comparison with figure 7 and figure 8, we see that retrievals performance much 
better at flat terrain than at complicated surface and microwave channels help to 
improve accuracy in temperature retrievals at the near surface pressure levels at 
complicated terrain more obviously than at plain surface.  

To confirm if these differences really arose from the Qinghai-Tibet plateau, we 
eliminated the sample profiles of Qinghai-Tibet from the dataset. The results are 
summarized in figure 9, in which the solid line indicated the RMS error with the 
Plateau eliminated. In the comparison of two RMS lines shows the improvement in 
retrieval accuracy overall non-trivial. In other words, results have posed a major 
challenge to achieve the nominal accuracy of 1K/1km for temperature retrieval in high 
spectral resolution soundings: the Qinghai-Tibet will be a major obstacle. 
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Fig.7 complicated terrain   Fig.8 flat terrain    Fig.9 Qinghai-Tibet eliminated 

 
5. Conclusions  

1) Different spectral bands have a variety of sensitivity to the topography. The short 
wave range spectral band is of the most sensitive, while the medium wave channels are 
of less sensitive. To reduce the impact of terrain, it is necessary to select proper 
channels to be used in retrieval. 

2) Using microwave channels help the improvement of retrieval accuracy at the 
lower troposphere, but do worse at the upper troposphere, as a result, the overall RMS 
errors increase. 

3) Adding additional predictors, such as surface altitude, can largely help in the 
improvement of the retrieval accuracy at the complicated terrain. 

4) Retrieval errors near the tropopause are still too large and no method was found 
to get the situation improved. Using GPS data may be a prospective approach (Borbas et 
al. 2003).  

5) High spectral resolution instruments are capable of providing a way 
prospectively to obtain high vertical resolution retrieved profiles. The greatest 
difference between actual retrievals and simulated retrievals was the RMS errors at the 
tropopause, and at pressure levels near the surface, where large errors stick out 
obviously for actual retrievals.  

6) Training for neural networks is a computationally intensive process, but applying 
a trained net is very fast. Results showed in this paper suggest neural networks are 
capable of providing a way to get a reasonably accurate retrieval system on-line very 
quickly, and might also be useful in providing a good “first guess” for an iterative 
physical retrieval system to obtain better accuracy. The “layer-by-layer” method for 
profile retrieval proposed in this paper provide an efficient way to training a net and to 
retrieving profiles, especially for the retrieval of a high vertical resolution profile with 
fine-scale more than one hundred pressure levels. But some people consider it is not an 
acceptable retrieval strategy. Because retrieving one temperature at a time does not use 
the fact that the profiles have regularities. This means that it has irregular, noisy 
retrieved profiles since no constrains of regularity is used (in the form of covariance 

 

International TOVS Study Conference-XIV Proceedings

100



matrices generally). So, it is not optimal at all. But this method performed very well 
and saved a great quantity of time in our test. I can not tell the reason. 
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The European AQUA Thermodynamic Experiment (EAQUATE) was conducted during September, 
2004 in Italy and the United Kingdom to demonstrate certain ground-based and airborne systems 
useful for validating hyperspectral sounding observations from satellites.  The main focus of the 
EAQUATE was placed on validation of the AIRS instrument on the EOS Aqua satellite.  We report 
on some initial inter-comparisons between thermodynamic products from these ground-, airborne-, 
and satellite-based measurements, and demonstrate the validation capability of the field instruments 
used during the EAQUATE campaign. 
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Abstract 
 
The frequency of occurrence of upper tropospheric clouds have been extracted from NOAA/HIRS 
polar orbiting satellite data from 1979 to 2001.  A consistent 22-year record is available from the 
HIRS-2 sensor flown on nine satellites from TIROS-N through NOAA 14. CO2 slicing is used to 
infer cloud amount and height.  Since 1979, HIRS measurements have found clouds most 
frequently in two locations; (1) the Inter-Tropical Convergence Zone (ITCZ) in the deep tropics 
where trade winds converge and (2) the middle to high latitude storm belts where low pressure 
systems and their fronts occur. In between are latitudes with fewer clouds and rain called sub-
tropical deserts over land and sub-tropical high pressure systems over oceans.  Globally 
averaged frequency of cloud detection (excluding the poles where cloud detection is less certain) 
has stayed relatively constant at 75%; there are seasonal. fluctuations but no general trends. 
High clouds in the upper troposphere (above 6 km) are found in roughly one third of the HIRS 
measurements; a small increasing trend of ~ 2% per decade is evident. The decadal average 
cloud cover has not changed appreciably from the 1980s to the 1990s; high cloud cover has 
changed some with increases of 10% in the western Pacific, Indonesia, and over Northern 
Australia. The most significant feature of these data may be that the globally averaged cloud 
cover has shown little change in spite of dramatic volcanic and El Nino events. During the four El 
Nino events winter clouds moved from the western Pacific to the Central Pacific Ocean, but their 
global average in the tropics did not change. El Chichon and Pinatubo spewed volcanic ash into 
the stratosphere that took 1-2 years to fall out, but cloud cover was not affected significantly. 
 
The HIRS analysis differs from ISCCP which shows decreasing trends in both total cloud cover 
and high clouds during most of this period; HIRS detection of upper tropospheric thin cirrus 
accounts for most of the difference.  GLAS observations of high thin clouds are found to be 
largely in agreement with the HIRS.   
 
1. UW NOAA PATHFINDER HIRS CLOUD ANALYSIS 
 
High resolution Infrared Radiation Sounders (HIRS) have flown on operational satellites from 
1979 to the present, data from these instruments contain important indicators of variability as well 
as trends in temperature, moisture, cloudiness.  The HIRS measurements in the carbon dioxide 
absorption band at 15 microns are used to detect cloud and calculate both cloud top pressure 
and effective emissivity from radiative transfer principles.  The technique and details of its 
application with HIRS data are described in Wylie et al. (1994), Wylie and Menzel (1999), and 
Wylie et al. (2004).  The data included in the re-processing of the UW NOAA Pathfinder HIRS 
data set is summarized in Table 1.  Clear sky radiances are culled using infrared window 
threshold and temporal and spatial variance tests (Jackson and Bates, 2001); a second pass 
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screens thin cirrus with the CO2 channels.  Radiance bias adjustments are calculated for the 
clear fields of view in every 2.5 x 2.5 degree lat-lon grid box so that calculated and measured 
radiances are kept in concert.  CO2 slicing is attempted for every field of view.  The NCEP/NCAR 
Reanalysis is used for the cloud top pressure calculation.  The HIRS data have a higher 
sensitivity to semi-transparent cirrus clouds than visible and infrared window techniques; the 
threshold for detection appears to be at IR optical depths greater than 0.05 (in general visible 
optical depths are twice the IR optical depth).  
 
Since 1978 data has been available from nine different HIRS instruments (version 1, 2, or 2I) that 
were maintained in either a morning (8 am local time) or afternoon (2 pm local time) local 
overpass.  Table 2 indicates the morning and afternoon satellite instruments (prior to NOAA 15 
where the HIRS instrument was upgraded to version 3). 

 
2. UW PATHFINDER HIRS PROCESSING OF 22 YEARS OF CLOUD DETECTION 
 
UW NOAA Pathfinder HIRS cloud statistics for the whole globe (for observations within 18 
degrees of satellite nadir) from 1979 through 2001 are shown in Table 3a.  They are separated by 
cloud type into clear sky (infrared window optical depth τIR < 0.05), thin (τIR < 0.7), thick (τIR > 0.7), 
and opaque (τIR > 3.0) clouds and separated by level in the atmosphere above 440 hPa, between 
440 and 700 hPa, and below 700 hPa.  On the average for summer and winter, HIRS finds thin 
clouds in 20% of all observations, thick clouds in 23%, and opaque clouds in 32%.  These HIRS 
observations imply that clouds are found in 75% of all HIRS observations.  High clouds are 
observed in 33% of the observations.  Table 3b shows the same cloud statistics corrected for the 
fact that HIRS does not observe lower cloud layers where higher cloud layers are found.  This 
random overlap assumption yields more representative of lower cloud coverages. Cloud 
frequency statistics are reported both ways in the literature, with and without correction for high 
cloud blockage.  Accounting for blockage by high clouds, low clouds are inferred to be observed 
in 49% of the observations.  
 
The geographical distribution of clouds in summer and winter seasons is shown in Figure 1.  
Since 1979, HIRS measurements have found clouds most frequently in two locations; (1) the 
Inter-Tropical Convergence Zone (ITCZ) in the deep tropics where trade winds converge and (2) 
the middle to high latitude storm belts where low pressure systems and their fronts occur.  In 
between are latitudes with fewer clouds called sub-tropical deserts over land and sub-tropical 
high pressure systems over oceans.  The outline of the Rocky Mountains, the Himalayas, and the 
Tibetan Plateau also appear in Figure 1; this is a result of difficulties in the cloud retrieval system 
in high altitude mountains. 
 
3. HIRS TROPICAL CLOUD TRENDS 
 
Time trends are studied for three latitude belts, 20 to 60 N, 20 to 60 S, and the tropics from 20 S 
to 20 N.  The time series are derived from the NOAA satellite in the 2 am/pm orbit; the 8 am/pm 
orbit has gaps of several months to 1.5 years in duration.  Cloud frequencies for the two orbits 
(not shown) are found to be similar.  Monthly averages in each latitude belt are subdivided into 
separate time series for land and ocean areas (six cloud trends in all).  However before 
calculating the time trends, corrections for orbit drift, CO2 increase, and anomalous satellites must 
be applied.  
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3a. Corrections for Orbit Drift 
 
The local passage of the 2 am/pm satellites over the lifetime of each satellite drift as much as 3.8 
hours (see Table 4a).  The effects of orbit drift are summarized in Table 4b.  In the 20 to 60 S 
land belt, the frequency of all clouds reported the largest drop by 0.013 per hour of orbit drift; 
other changes in cloud frequency were 0.01 or less per hour of orbit drift.  In general all cloud 
detection decreases over land with orbit drift, while detection increases with orbit drift over 
oceans.  The diurnal cycle of most clouds over land follows the sun and peaks in early afternoon; 
as the satellite orbits drifted in to the later afternoon, they sampled after the diurnal cycle peaks.  
High cloud detection was found to increase with orbit drift significantly over land and much less 
over ocean.  High cloud cover peaks later in the day because of cirrus generated by 
cumulonimbus clouds (Wylie and Woolf, 2002).   
 
These cloud frequency data are from both the daytime (descending) and night (ascending) orbits. 
For high clouds over land, the effect of orbit drift differed between the orbits. High cloud reports 
decreased with orbit drift for the nighttime pass while it increased for the daytime orbit. The 
daytime increase was stronger than the nighttime decrease dominating the average. This 
occurred on all latitude belts. Total cloud cover (all clouds of all altitudes) generally decreased in 
both the day and night orbit passes with orbit drift.  
 
The cloud statistics were adjusted with a linear extrapolation to a 1400 ascending node for all 
satellites. 
 
3b. Corrections for Changing CO2 Concentration 
 
From 1979 to 2001, atmospheric concentrations of CO2 increased from 335 to 375 ppm on the 
global average.  The UW NOAA Pathfinder HIRS analysis assumed the CO2 concentration to be 
constant at 380 ppm to be consistent with NCEP’s radiative transfer code.  The amount of CO2 
affects atmospheric transmission in the sounding channels used in the calculation of cloud 
altitude. To estimate the impact of an assumption of constant CO2 concentrations on our cloud 
trends, one month of HIRS data was reprocessed with transmission functions representative of a 
lower CO2 concentration of 335 ppm.  To adjust the transmission function from high to low 
concentration of CO2, the exponential form of the transmittance function suggests that 
τdry(335,p,ch) = τdry(380,p,ch)**{335/380} where τdry(380,p,ch) is the transmission from 
pressure level (p) to the top of the atmosphere for HIRS channel (ch) considering only dry air with 
CO2.  Total transmission (τ) is the product of dry air transmission (τdry), water vapor transmission 
(τH2O), and ozone transmission (τO3); thus τ(p,ch) = τdry(p,ch)*τH2O(p,ch)*τO3(p,ch). 
 
Lower CO2 concentrations increase atmospheric transmission, so radiation is detected from lower 
altitudes in the atmosphere. For January and June 2001, clouds detected by NOAA-14 in the 
more transparent atmosphere (CO2 at 335 ppm) are found to be lower by 13-50 hPa; this results 
in HIRS reporting in less high clouds than reported with the more opaque atmospheric 
transmission functions (CO2 at 380 ppm).  This implies that the frequency of high cloud detection 
in 1979 and the early 1980s are likely reported to be too large (by using CO2 at 380 ppm) and 
that the trends for increasing high cloud detection are likely larger than shown in the constant 
CO2 analysis.  The effect was larger outside of the tropics; the average increase was 0.028 in 
high cloud frequency poleward of 20° latitude equally in each hemisphere while in the tropics the 
average increase in was only 0.018.    
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Each of the six time series was adjusted to represent a linear increase in CO2 from 335 ppm to 
375 ppm in that latitude belt. 
 
3c. Corrections for Anomalous Satellites 
 
The corrected 22-year trends in the UW NOAA Pathfinder HIRS detection show a dip in high 
cloud frequency from 1982 to 1985 during the flight of NOAA-7.  NOAA-7, in the 2 am/pm orbit, 
shows high cloud frequencies that are lower than NOAA-5 before and NOAA-9 after.  NOAA-8, in 
the 8 am/pm orbit, also shows a similar dip of lesser magnitude during this time along with an 
increase by its successor, NOAA-10.  In the absence of an explanation for this dip, we do not use 
the NOAA-5 and -7 data in calculation of trends.  Thus, UW NOAA Pathfinder HIRS trends are 
reported for 1985 to 2001.  Trends in the ISCCP data were calculated from its beginning of July 
1983 through September 2001. 

 
3d. Corrected Cloud Trends 
 
The orbit drift and CO2 increase corrections to the HIRS data had only minor affects on the 
calculated trends. The corrected 16-year trends in the UW NOAA Pathfinder HIRS detection of 
cloud cover are shown in Table 5. Statistically significant trends, after removing the annual cycle, 
are believed to be only those greater than 0.01 per decade.  Table 5 also shows the trends 
(1985-2001) for the data before applying the orbit drift and CO2 change corrections. The 
corrections increased the high cloud trends slightly in the northern hemisphere by 0.006/decade 
on the average but decreased the trends in the tropics and southern hemisphere up to 
0.008/decade. This occurred because the orbit drift correction was often opposed to the CO2 
correction.  
 
Figure 2 shows the monthly average frequency of clouds and high clouds (above 6 km) from 70 
south to 70 north latitude from 1979 to 2002. 
 
4. COMPARISONS WITH ISCCP AND GLAS 
 
Table 5 also shows the decadel trends found in the International Satellite Cloud Climatology 
Project (ISCCP).  The HIRS indicates no significant trends in total cloud cover but a slight 
increasing trend in high cloud cover of 0.02 (2%) per decade in mid-latitudes. In the tropics a 
trend in high clouds was found only over oceans. The ISCCP shows decreasing trends in total 
cloud cover of 0.03 to 0.04 (3 to 4%) per decade but little high cloud trend except for mid-latitude 
land areas in both hemispheres where the ISCCP reported slight decreasing trends. 
 
Differences between UW HIRS analysis and the ISCCP are primarily (a) ISCCP uses visible 
reflectance measurements with the infrared window thermal radiance measurements, which limits 
transmissive cirrus detection to only day light data; (b) UW HIRS analysis uses only longwave 
infrared data from 11 to 15 µm which is more sensitive to transmissive cirrus clouds, but is 
relatively insensitive to low level marine stratus clouds.  Campbell and VonderHaar (2005) 
suspect that ISCCP may be showing fewer clouds as satellite coverage (and hence more nadir 
viewing coverage) increases in later years.  
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Table 6 summarizes the total cloud and high cloud detection for HIRS (1979 – 2001), ISCCP 
(1983-2001), and GLAS (March 2003).  ISCCP detects 10 % fewer high clouds than HIRS, 
probably because ISCCP uses only visible and infrared window measurements which limit 
transmissive cirrus detection to only day light data.  The Geoscience Laser Altimeter System 
(GLAS) reports nearly the same high cloud frequencies as HIRS.  HIRS reports more clouds over 
land than GLAS, probably because GLAS at 70 meter resolution sees holes in low cumulus that 
HIRS at 20 km resolution does not.  GLAS seems to confirm that high clouds in the upper 
troposphere are common. 
 
5. GEOGRAPHICAL LOCATIONS OF DECADAL CHANGE 
 
The geographical locations of the cloud cover changes are studied using the difference of the 
average of the last 8 years of the HIRS record subtracted from the average of the first 8 years 
(see Figure 3a).  The decadal average cloud cover has not changed appreciably from the 1980s 
to the 1990s. Small increases occurred in the tropics, mainly in the Indonesian Islands. Small 
decreases occurred in the sub-tropics, the eastern Sahara and in the central Pacific Ocean from 
Hawaii westward. The decreasing trend in Antarctica is uncertain because cloud detection itself is 
very difficult in the cold temperatures of Antarctica.   
 
High cloud cover has changed some in the northern hemisphere winter season. Increases of 10% 
in the last decade for clouds above 6 km altitude occurred in the western Pacific, Indonesia, and 
over Northern Australia. Other fairly large increases occurred in western North America, Europe, 
the Caribbean, Western South America, and the Southern Ocean north of Antarctica. Decreases 
in high clouds occurred mainly in the tropical South Pacific, Atlantic and Indian Oceans south of 
the ITCZ. 
 
Figure 3b confirms that most of the cloud changes in high cloud are from high thin cirrus (with 
effective emissivity less than 0.50).  Jet aircraft have been suspected of increasing cirrus cloud 
cover from their contrails, but these data do not reveal much correlation between jet air traffic and 
increases in high thin cirrus.  Increases of high cirrus seem to occur in areas of high air traffic, 
such as central and western North America and Europe, as well as areas of rare air traffic, such 
as the Southern Ocean around Antarctica.  It is likely that high cloud cover changes are mostly 
caused by larger weather systems. 
 
The most significant feature of these data may be that the globally averaged cloud cover has 
shown little change in spite of dramatic volcanic and El Nino events. During the four El Nino 
events winter clouds moved from the western Pacific to the Central Pacific Ocean, but their global 
average in the tropics did not change (see Figure 4).  El Chichon and Pinatubo spewed volcanic 
ash into the stratosphere that took 1-2 years to fall out, but cloud cover was not affected 
significantly. 
 
6. CONCLUSIONS 
 
In summary, the UW NOAA HIRS Pathfinder cloud data reveal the following. (a) Total cloud cover 
remains relatively steady over the 22 years studied with roughly 75% of all HIRS observations 
indicating clouds.  (b) High clouds are observed in one third of the HIRS observations; this is in 
good agreement with GLAS but 10 % more than ISCCP.  High cloud cover shows an annual 
cycle mainly over land with the maximum in the summer of each hemisphere.  In tropical land 
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areas the maximum is from December to February. (c) HIRS trends in all clouds were small and 
not significant while ISCCP found a decrease of about 3 to 4 % per decade; HIRS found a 2 % 
per decade increase in high clouds while ISCCP found no significant change.  (d) Volcanic 
eruptions as well as El Nino Southern Oscillation events in the past twenty years do not seem to 
influence the global HIRS cloud detection trends.   
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Table 1:  UW Pathfinder HIRS Cloud Processing Summary 
 

Record length - 22 years 
Orbits processed - all orbits (ascending and descending) 

View angles considered - 18 deg from nadir 
Coverage - contiguous fovs over whole globe processed 

Cloud mask - based on spatial & temporal variances of IRW plus CO2 screening of thin cirrus 
Clear radiances – based on forward radiance calculation with bias correction interpolated from nearby fovs 

(using NCEP/NCAR Reanalysis) 
 
 
Table 2:  Local overpass times for the NOAA satellites since 1978.  The asterisk indicates NOAA 
11 and 14 drifted from 14 UTC to 18 UTC over 5 years of operation. 

  
morning (8 am LST)   afternoon (2 pm LST) 
NOAA 6 HIRS/2    NOAA 5 HIRS 
NOAA 8 HIRS/2    NOAA 7 HIRS/2 
NOAA 10 HIRS/2   NOAA 9 HIRS/2 
NOAA 12 HIRS/2   NOAA 11 HIRS/2 * 

        NOAA 14 HIRS/2 * 
 
 

Table 3a: The distribution of UW NOAA Pathfinder HIRS cloud reports by cloud height and 
density from 1979-2001. Nε refers to effective emissivity, and σ refers to the corresponding 

visible optical depth. Over 76,000,000 HIRS observations from 9 NOAA satellites are included.  
Percentages of all observations are reported. 

  Cloud Density   
 Thin Thick Opaque  
 
Cloud Level 

Nε < 0.5 
σvis< 1.4

0.5 <Nε< 0.95 
1.4 <σvis < 6

Nε > 0.95 
σvis > 6

All 
Densities 

High (<440 hPa) 15 % 15 % 3 % 33 % 
Middle (440-700 hPa) 5 % 7 % 6 % 18 % 
Low (>700 hPa)  1 % 23 % 24 % 
Total 20 % 23 % 32 % 75 % 
 

Table 3b: Table 3a statistics which have been corrected for the number of times the middle 
and low layers were actually observed by HIRS using the random overlap assumption. 

  Cloud Density   
 Thin Thick Opaque  
 
Cloud Level 

Nε < 0.5 
σvis< 1.4

0.5 <Nε< 0.95 
1.4 <σvis < 6

Nε > 0.95 
σvis > 6

All 
Densities 

High (<440 hPa) 15 % 15 % 3 % 33 % 
Middle (440-700 hPa) 7 % 10 % 9 % 26 % 
Low (>700 hPa)  2 % 47 % 49 % 
Total 20 % 23 % 32 % 75 % 
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Table 4a: The local time of the ascending node equator crossing at the beginning and ending of the flights 

of each NOAA satellite in the 2 am/pm orbit. 
 

Satellite First Month Time (hrs)  Last Month Time (hrs) 
NOAA 5 Jan. 1979 15.32 Jan. 1981 15.88 
NOAA 7 Jul. 1981 14.51 Jan. 1985 15.93 
NOAA 9 Jan. 1985 14.37 Oct. 1988 16.12 
NOAA 11 Nov. 1988 13.71 Dec. 1994 17.28 
NOAA 14 Jan. 1995 13.73 Dec. 2001 17.53 

 
Table 4b: The associated change in cloud frequency per hour of orbit drift. 

 Orbit drift corrections.  
 All Clouds High Clouds 
  Land Sea Land Sea
20-60 N -0.004 0.002 0.007 0.004
Tropics 20 S - 20 N -0.010 0.006 0.010 0.004
20-60 S -0.013 0.003 0.006 0.000
Units are cloud fraction/hour. 

 
 

Table 5: The statistically significant trends in cloud frequency change per decade from 1985-2001. 
 

   20 to 60 N  20 N to 20 S  20 to 60 S 
 Ocean Land  Ocean Land  Ocean Land 
 

 HIRS uncorrected 
High Clouds 0.013 0.014  none 0.017  0.014 0.021 
All Clouds none none  0.018 none  none none 

 
 HIRS corrected 

High Clouds 0.023 0.021  none 0.017  0.027 0.029 
All Clouds none none  0.014 none  none none 

 
 ISCCP 

High Clouds none -0.015  none none  none -0.020 
All Clouds -0.042 -0.031  -0.037 -0.021 - 0.017 -0.010 

 
 

Table 6: HIRS, ISCCP, and GLAS Global Cloud Detection 
    
   All Clouds   High Clouds 
   Ocean Land   Ocean  Land 
 

HIRS (1979-2001)  77 71   32 34 
ISCCP (1983-2001)  70 56   20 25 
GLAS (Mar 2003)  80 66   31 34 
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Figure 1:  The frequency of all clouds and high clouds above 440 hPa from 1979 to 2001 found in HIRS 

data during winter (D, J, F) and summer (J, J, A). 
 

 
 
Figure 2: The monthly average frequency of clouds and high clouds (above 6 km) from 70 south to 

70 north latitude from 1979 to 2002. 
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Figure 3a: (Top) Frequency of all clouds found in HIRS data since 1979. (Middle) Change in cloud 
frequency from the 1980s to the 1990s. (Bottom) Change in high cloud (above 6 km) frequency during 
northern hemisphere winters (December, January, and February) from the 1980s to the 1990s. 
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Figure 3b: (Top) Change in thin high cirrus frequency from the 1980s to the 1990s. (Bottom) Change in 

dense high cirrus frequency from the 1980s to the 1990s 
 

 
 
Figure 4: High cloud (above 6 km) frequency of occurrence during El Nino years (top) compared with all 
the other years (bottom) during northern hemisphere winters (December, January, and February) in the 
1980s and 1990s. 
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Abstract                             
 
The TOVS Path-B data set provides atmospheric temperature and water vapor profiles as well as 
cloud properties over the globe, from 1987 to 1995. Their relatively high spectral resolution 
yields reliable cirrus properties, day and night. First, we present average cirrus properties and 
their seasonal and diurnal variations. A reanalysis which will extend the present data set back to 
1979 and up to now is at present in preparation. 
Upper tropospheric relative humidity with respect to ice has been computed from specific 
humidity over an atmospheric layer between 300 and 100 hPa by using the retrieved temperature 
profiles. Upper tropospheric relative humidity distributions of clear sky are slightly narrower than 
those of thin cirrus, but few clear sky scenes are also ice saturated in agreement with other 
observations.  
An example of an analysis combining information on upper tropospheric relative humidity and 
cirrus coverage is given in the investigation of the impact of air traffic on cirrus formation. 
Contrails form when the hot and humid exhaust gases from the combustion of fuels by an aircraft 
mix with the ambient, cold atmosphere. Their persistence depends on upper tropospheric relative 
humidity. Trends of seasonal mean effective high cloud amount have been analyzed in regions 
with high and low air traffic density. In regions with especially high air traffic density, a 
significantly stronger increase of effective high cloud amount is found for situations with 
sufficiently cold and humid air masses favorable for contrails than for all situations in general.  
  
Data 
 
The TOVS Path-B data set (Scott et al. 1999) provides atmospheric temperature and water vapor 
profiles as well as cloud and surface properties at a spatial resolution of 1° latitude x 1° longitude, 
from 1987 to 1995. Their relatively high spectral resolution yields reliable cirrus properties, day 
and night (Stubenrauch et al. 1999a). For large-scale semi-transparent cirrus (visible optical 
thickness between 0.7 and 3.8), bulk microphysical properties have been retrieved, using spectral 
cirrus emissivity differences between 11 and 8 μm (Rädel et al. 2003, Stubenrauch et al. 2004a). 
The inversion algorithm (Chédin et al. 1985) which converts the measured radiances into physical 
properties of the atmosphere and surface is based on a fast line-by-line radiative transfer model 
(4A, Scott and Chédin 1981, http://www.ara.lmd.polytechnique.fr) and a climatological data set 
for the initial guess of the atmospheric temperature profile retrieval (Chevallier et al. 1998). This 
Thermodynamic Initial Guess Retrieval (TIGR) data set has been generated from a huge 
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collection of radiosonde measurements of temperature, humidity and pressure that are grouped by 
atmospheric conditions, relating clear sky HIRS radiances to these atmospheric profiles. 
Systematic biases due to the radiative transfer model, instrument calibration and unexpected 
events (such as the Mt Pinatubo eruption) are removed by applying corrections to the measured 
HIRS brightness temperatures. These bias adjustment corrections were obtained from a collocated 
radiosonde-satellite data set, provided by the National Satellite Data and Information Service 
(NESDIS) of NOAA for the period between 1987 and 1995.  
To extend the TOVS Path-B data set, a similar collocated data set has been created from the 
complete radiosonde collection of the European Centre for Medium Range Weather Forecasts 
(ECMWF) and TOVS data. A complex quality control procedure followed by a clear sky 
identification algorithm has been developed, and the channel biases have been determined and are 
in the process of being evaluated.  
After a multi-spectral cloud detection (Stubenrauch et al. 2004b), the HIRS radiances are 
averaged separately over clear pixels and over cloudy pixels within 100 km x 100 km regions. 
The average cloud-top pressure pcld and the average effective cloud emissivity εcld over cloudy 
pixels are obtained from four radiances in the 15 μm CO2-absorption band (with peak responses 
from 400 to 900 hPa levels in the atmosphere) and one in the 11 μm IR atmospheric window by 
minimizing a weighted χ2 (Stubenrauch et al. 1999b). Empirical weights reflect the effect of the 
brightness temperature uncertainty within a TIGR air mass class on these radiances at the various 
cloud levels. Cloud height of the revised TOVS Path-B data set has been evaluated (Stubenrauch 
et al. 2005) by using vertical profiles of backscattered radiation from quasi-simultaneous Lidar In 
Space Technology Experiment (LITE). The cloud height determined by TOVS corresponds in 
general well to the height of the ‘apparent middle’ of the cloud system. 
In the case of clear sky and thin clouds, the vertical distribution of specific humidity is obtained 
by using a neural network approach on channels most sensible to water vapour absorption 
combined with those sensitive to tropospheric temperature (Chaboureau et al. 1998). Due to the 
relatively coarse resolution of the channels sensitive to water vapour, the TOVS instruments only 
provide water vapor integrated over relatively large height intervals. Upper tropospheric relative 
humidity with respect to ice, Uice, is therefore computed from the specific humidity integrated 
over atmospheric layers between 300 and 100 hPa (or between 500 and 300 hPa), W, and using 
the retrieved temperature in pressure steps of about 25 hPa, T(p): 
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with gravity g, density ρ and saturated partial water vapor pressure esat

ice with respect to ice 
(Sonntag 1990), which is determined from the temperature profile within the height interval.  
 
High Cloud properties 
 
Table 1 gives an overview of total and high cloud amount over the globe and selected regions, 
averaged from 1987 to 1995, as obtained from TOVS Path-B and ISCCP (Rossow and Schiffer 
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1999). ISCCP D2 data provide monthly averages and cloud type statistics over 2.5 ° latitude x 
2.5° longitude, from 3-hourly observations of imagers aboard geostationary and polar satellite 
imagers. The TOVS Path-B averages shown in Table 1 are from NOAA-10/12 data, with local 
observation time at 7h30 am and 7h30 pm. High clouds are defined by pcld<440 hPa, and are 
divided into three types, according to effective cloud amount Nεcld (> 0.95, 0.95-0.5 and < 0.5) by 
TOVS and visible optical thickness, τcld, (> 23, 3.6–23 and < 3.6) by ISCCP, as deep convection 
(cumulonimbus), cirrus and thin cirrus. About 70% of the Earth’s surface is covered by clouds, 
with about 10% more cloudiness over ocean than over land. The cover of high clouds is about 
30%, with a maximum of about 47% in the tropics. Due to their relatively high spectral 
resolution, IR vertical sounders are more sensitive to cirrus than imagers; therefore TOVS Path-B 
indicates 8% more cirrus over the globe and up to 20% more cirrus in the tropics than ISCCP. 
 
Table 1. Eight-year average cloud type amounts from TOVS Path-B and ISCCP (italic), 
over the globe, NH midlatitudes (30°N-60°N ), tropics (20°N-20°S) and SH midlatitudes 
(30°S-60°S).  
Cloud type amounts (%) global ocean land 
all 73        67 74        71 69         58 
Deep convection   2.4      2.8   1.9     2.8   3.5       2.7 
Cirrus + thin cirrus 27.3    19.1 26.9    18.0 27.8     21.7 
    
Cloud type amounts (%) NH midlatitudes tropics SH midlatitudes 
Deep convection   3.0       3.3   3.5     2.5   2.4       3.0 
Cirrus + thin cirrus 27.7     20.3 44.8    24.9 21.8     16.5 
 
 
Figures 1 present time-series of frequencies of occurrence (weighted by the fraction covering the 
1° x 1° grids) of cumulonimbus, cirrus and thin cirrus as obtained from TOVS Path-B, for NH 
midlatitudes, tropics and SH midlatitudes. Data are averaged from NOAA10 and NOAA12 
satellites from 1987 to 1995 for observation times 7:30 and 19:30 LUT. In the tropics there are 
slightly more thin cirrus (24%) than cirrus (21%). The midlatitudes are covered by about 15% 
cirrus, but the amount of thin cirrus is higher in the NH (10% compared to 7.5% in the SH). In the 
NH midlatitudes thin cirrus have a pronounced seasonal cycle whereas cirrus do not have a 
seasonal cycle. However, in the SH midlatitudes cirrus have a pronounced seasonal cycle and 
thin cirrus have no seasonal cycle. During the period of eight years, these high cloud amounts are 
quite stable. 
The seasonal cycle of effective high cloud amount is stronger over land than over ocean. It is 
strongest in the subtropics due to the moving of the InterTropical Convergence Zone towards the 
summer hemisphere. Over tropical land the diurnal variability is stronger than the seasonal 
variability.  
Figures 2 present the diurnal cycles of frequency of occurrence of the three high cloud types 
shown in Figures 1, separately in the tropics, subtropics and midlatitudes. In each figure the 
diurnal cycle is shown for land and for ocean, in January and in July. For subtropics and 
midlatitudes NH and SH values are shown in green and blue respectively.  The drifting of the 
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NOAA11 satellite made it possible to use four observation times: 2:00 and 14:00 LUT from 1989 
to 1990 and 4:30 and 16:30 LUT from 1993 to 1994. From these figures we conclude that  

o in general diurnal cycles are strongest over land in the tropics and in summer, 
o the maximum of convection occurrence is in the evening,  
o maximum cirrus occurrence happens during night and decreases during the day, 
o maximum of thin cirrus occurrence is in the early afternoon. 
 

 
 
Fig. 1: Time series of frequency of occurrence of different high cloud types over the 
eight-year period of TOVS Path-B, separately in NH midlatitudes, tropics and SH 
midlatitudes. 
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Fig. 2: Diurnal cycles of frequency of occurrence of different high cloud types, separately 
in tropics, subtropics and midlatitudes. For subtropics and midlatitudes NH and SH 
values are shown in green and blue, respectively. In each figure the diurnal cycle is 
shown for land (triangles) and for ocean (points), in January (open) and in July (filled). 
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Fig. 3: Upper tropospheric relative humidity distributions for situations with clear sky and 
with thin cirrus: over the North Atlantic (30°N-60°N and 0°-60°W) in winter (left) and over 
the South Atlantic (30°S-60°S and 0°-60°W) in winter (right).  
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Figures 3 present frequency distributions (normalized to the same integral) of upper tropospheric 
relative humidity integrated over an atmospheric layer between 300 and 100 hPa, separately for 
situations with clear sky and with thin cirrus. North Atlantic and South Atlantic, both during the 
winter season, are compared. Clear sky distributions are slightly narrower than those of thin 
cirrus, but few clear sky scenes are also ice saturated, in agreement with other observations 
(Gierens et al. 1999). The shapes of the distributions of both regions are similar. 
 
Impact of air traffic on cirrus  
 
The increase in anthropogenic aerosols and in air traffic has led to theoretical and observational 
investigations of their impact on the formation of cirrus clouds. Contrails form when the hot and 
humid exhaust gases from the combustion of fuels by an aircraft mix with the ambient, cold 
atmosphere (Schumann 1996). Their persistence depends on upper tropospheric humidity and 
temperature (Sausen et al. 1998).  
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Fig. 4: Time series of seasonal effective high cloud amount over North Atlantic and over 
South Atlantic with linear fits taking into account statistical errors (which are small) a) for 
all situations (clear sky and thin cirrus) and b) for situations favorable to contrail 
formation. 
 
Cirrus evolve when the upper tropospheric relative humidity with respect to ice exceeds the 
saturation humidity over ice, while contrails form already when the relative humidity is below 

International TOVS Study Conference-XIV Proceedings

120



this value but exceeds a critical value, U*, depending on temperature and a parameter depending 
on the fuel used by the aircraft (Schumann 1996). For Kerosene and at a pressure of 230 hPa, the 
maximum temperature for contrail formation is about 233 K. Upper tropospheric relative 
humidity from TOVS is used to distinguish situations labeled: 
1) with cirrus (Uice(Δp)>0.7),  
2) with possible contrail occurrence (Uice(Δp)<0.7 and Uliq(Δp)>0.4 U*(Δp)) and  
3) with clear sky (Uice(Δp)<0.7 and Uliq(Δp)<0.4 U*(Δp)).  
The scaling factors 0.7 and 0.4, which take into account that the height interval Δp is much larger 
than the geometrical thickness of cirrus and contrails, have been obtained iteratively by 
considering the occurrence frequency and the effective high cloud amount of these three scene 
types. 
As shown in Figs. 3, the upper tropospheric relative humidity distributions of North Atlantic 
(NA) and South Atlantic (SA) look quite similar, and therefore we use these two regions to 
contrast cirrus behavior under high air traffic density (NA) and low air traffic density (SA).We 
compare in Figures 4 the time series of seasonal averages of effective amount of high clouds over 
the North Atlantic and over the South Atlantic for all situations (1,2 and 3) and only for situation 
2. Linear fits taking into account statistical errors are also shown. Whereas the effective high 
cloud amount increases at about the same rate (0.34 % and 0.30 % per year, respectively) over the 
NA compared to the SA, a slightly stronger increase is observed over the NA than over the SA 
when isolating situations favorable to contrail formation: 0.39 % per year compared to 0.25 % per 
year, for the eight-year period. 

 
Fig. 5: Time series of seasonal effective high cloud amount (above) and residuals from 
eight-year seasonal averages (below) over Europe. Linear fits take into account 
statistical errors for all situations (clear sky and thin cirrus) and for situations favorable to 
contrail formation. 
 
As an example of a region with very high air traffic density we consider Europe (40°N-60°N and 
0°-40°E) for which Fig. 5 compares time series of seasonal effective high cloud amount as well as 
the residuals between these values and the eight-year seasonal averages for all situations and for 
situations with potential contrails. Linear tendencies show no trend for all situations and an 
increase of effective high cloud amount of about 0.37 % per year in situations favorable to 
contrail formation. Within the statistical errors, the confidence levels of the fits are larger than 
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99%. The difference in trends of effective high cloud amount between potential contrail situations 
and cirrus or between potential contrail situations and all situations could be used as an indicator 
of cirrus increase due to air traffic increase. Over Europe, this difference amounts to 2.8% or 
3.5% per decade, respectively.  
However, situations of potential contrails only occur in about 5 to 10 % of all situations. 
Weighted by frequency of potential contrail occurrence, the overall increase amounts to at least 
0.20 % - 0.25 % per decade over regions with very high air traffic. A detailed analysis and results 
will be published in (Stubenrauch and Schumann 2005). 
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INTRODUCTION 
 
Due to the crucial role of clouds, the knowledge of the horizontal and vertical distribution and the 
optical properties of globally distributed clouds is of fundamental importance to the understanding of 
the Earth  radiation and heat balance, and of weather and climate of the atmosphere. Measurements of 
radiation from space play a fundamental role in helping us to understand how radiation depends on 
cloud properties. They can also help us to identify which are the most critical cloud properties to 
measure. The advantage of satellite-based measurements is that they offer the only practical way of 
making cloud measurements over the entire globe. The improvement of spatial resolution and spectral 
characterisations of satellite sensors allows us to apply sophisticated retrieval procedures and to derive 
new cloud products with enhanced accuracy. Since clouds are practically opaque in the infrared 
frequencies and since the majority of the clouds are transparent in the microwave regions, it appears 
that a proper combination of infrared and microwave measurements may be useful to determine the 
cloud coverage and the vertical cloud structure  and composition.  
First  of all the paper explores the performance of a cloud detection scheme applied to Atmospheric 
Infrared Sounder (AIRS) data, then it explores the errors in CO2-slicing cloud top height retrievals due 
to the presence of multilayered clouds, and finally the improvements in retrieving cloud parameters 
using a combination of microwave and AIRS data 
 
 
AIRS CLOUD DETECTION VALIDATION 
 
Cloud detection depends on the contrast between cloudy and cloud free pixels. The contrast depends 
on wavelength, thus a multispectral approach gives more reliable results. Cloud free and fully cloudy 
pixels considerably differ in their spectral properties and allow simple threshold  techniques. Partially 
cloudy pixels always require a decision about their cloud coverage. In the microwave region thin 
clouds have a negligible effect on the radiances. For this reason using information from AMSU data 
can be useful to improve cloud detection algorithm. The threshold tests  based on AIRS/AMSU inter-
channel regressions allows us to detect all the overcast FOVs. Thin clouds, cirrus and partially cloudy 
FOVs are detected using IR threshold tests(windows channel tests, AIRS inter-channel regression 
tests,  polar regions  tests,  horizontal coherency tests). 
Using RTTOV (J. Eyre , 1991)  and RT3 (Amorati et al, 2002 ) forward models, spectral clear 
radiances and spectral cloudy radiances are calculated for different cloud types in order to compute the 
dynamic thresholds.  The  dynamic thresholds are a function of observing geometry and they are 
selected on the basis of AMSU brightness temperature, of liquid water path derived from AMSU, and 
the highest AIRS brightness temperature values in the AIRS granule. In order to validate the AIRS 
cloud detection, the MODIS (Moderate-Resolution Imaging Spectroradiometer) cloud mask is 
collocated within the AIRS footprint. MODIS measures Earth radiances in two visible bands at 250 m 
resolution, in five other visible bands at 500 m  resolution and the remaining bands at 1 km resolution. 
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The cloud detection is performed at 1 km resolution for all scenes and also at 250 m in daytime only 
(Ackerman et al, 1998). AIRS cloud mask have been compared with those derived from MODIS data. 
The AIRS FOVs is declared clear if a fixed percentage (70%, 90% and 100%) of  MODIS pixels 
within AIRS IR FOV has been determined to be confidently clear or probably clear.  The three 
different cloud mask obtained in this way have been compared with the cloud mask derived from 
AIRS cloud detection algorithm. Table 1 lists briefly the data set used for the exercise, encompassing 
different areas and months and Table 2 shows the results of the comparison.  
 
 
Tab.1  Data set used: 1500 AIRS and MODIS granules collocated on SEVIRI data set. 

SEVIRI   DATA  SET 
28 OCT    2004       DAY/NIGHT 
20 NOV   2004       DAY 
10 DEC    2004       DAY/NIGHT 
15  JAN    2005       NIGHT 
15  FEB    2005       DAY 
20  MAR  2005       DAY/NIGHT 
15  APR   2005        NIGHT 
01  MAY  2005        DAY/NIGHT 
 

 
When MODIS is used to validate an AIRS cloud detection scheme, it is very important to take into 
consideration the different spatial resolutions of  the sensors. The MODIS cloud-tests generates a 
cloud mask on the MODIS grid, and then it must be convoluted into the AIRS grid; only the clear (i.e 
detected as clear) MODIS FOVs contribute to determine the percentage clear on AIRS grid. When 
there are many partially cloudy MODIS FOVs, AIRS FOV results have an high fraction of cloud 
coverage even if this does not necessarily imply that the AIRS radiances are strongly affected by these 
clouds. MODIS often overestimates cloud fraction on AIRS grid and the percentages reported in Table 
2 overestimate the number of failures.  
In the same way the SEVIRI cloud mask (SAF/NWC) is collocated within the AIRS footprint. AIRS 
cloud mask have been compared with those derived from SEVIRI data. The AIRS FOVs is declared 
clear if a fixed percentage (70%, 90% and 100%) of  SEVIRI pixels within AIRS FOV have been 
determined to be clear and the three different cloud mask have been compared with the cloud mask 
derived from AIRS cloud detection algorithm. Table 3 shows the comparison for the whole data set.   
 
Tab.2  Comparison between AIRS and MODIS cloud masks at AIRS resolution. 
 

ab. 3  Comparison between AIRS and SEVIRI cloud masks at AIRS resolution. 

MODIS CLEAR FOVS 
PERCENTAGE 

FOVS DETECTED 
EXACTLY 

70 % 84.1 % 
90 % 96.3 % 
100 % 90.7 % 

 
 
 
T
 

SEVIRI CLEAR FOVS FOVS DETECTED 
PERCENTAGE EXACTLY 

70 % 86.3 % 
90 % 96.7 % 
100 % 93.7 % 
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Finally a comparison between MODIS and SEVIRI cloud mask has been carried out for the complete 
data set at SEVIRI resolution and the overall result is that the FOVS detected in the same way by 
MODIS and SEVIRI represent the 95.4% of the total number of SEVIRI FOVS. Detailed examination 
of the results has shown that the differences between MODIS and SEVIRI cloud mask are due to 
incorrect detection of clouds over snow-covered surface. The AIRS algorithm detects low stratiform 
clouds better than MODIS and SEVIRI.  
 
 
MULTILAYERED CLOUD DETECTION  
 
Current satellite cloud retrievals are usually based on the assumption that all clouds consist of an 
homogenous single layer despite the frequent occurrence of cloud overlap. As such, cloud overlap 
usually cause large errors in the retrievals of many cloud properties. In this study, we investigate the 
errors in CO2-slicing (Wylie and Menzel, 1989, 1991) AIRS cloud top pressure retrievals due to the 
presence of multilayered clouds. When many layers are present, CO2 slicing produces cloud top 
pressures located somewhere between the upper and lower cloud layers. Different methods have been 
proposed to detect multilayered clouds using passive remote sensing data and for this study we have 
used two. The first is based on MODIS data (Baum et al. 1995) and identifies MODIS pixels that 
contain thin cirrus overlying lower-level water clouds. We use the 2.13 µm band reflectance (for 
daytime), the 8.5 and 11 µm band brightness temperatures and the MODIS retrieved CO2 slicing as a 
function of observed 11-μm BT. The second method is based on AIRS and AMSU data and multi-
layered clouds are identified as those cloudy FOVs that have significant differences between the IR 
and MW cloud top temperature. CO2 slicing  has been used to retrieve cloud top pressure from AIRS 
infrared data. Based on radiative transfer principles, this technique is independent  of intrinsic cloud 
properties and knowledge of the fraction of cloud cover is not required. It also allows both the 
calculation of cloud top altitude and cloud emissivity from a temperature profile and the profiles of 
atmospheric transmittance for two spectral channels sufficiently close. In this study ECMWF 
temperature and humidity profiles have been used. The cleared AIRS brightness temperature have 
been estimated using the Kriging cloud scheme (Cuomo et al. 1999). In order to improve the number 
of AIRS FOVs cleared, MODIS data have been introduced  in the scheme. The root mean square error 
of the Kriging clear brightness temperatures estimates is well below 0.5 °K for any AIRS channels and 
the bias is about  ±0.1 °K.  In order to retrieve microwave cloud top height a lookup table for clear and 
cloudy AMSU/B brightness temperature was produced. To estimate LWP, Cloud water content 
(CWC, liquid or ice),  and microwave cloud top T(MW), the infrared cloud top T(IR) is used to select 
a value of T(MW) and LWP from the lookup table to start AMSU simulation. If the difference 
between the observed and the estimated reaches a minimum, the retrieval process finishes, otherwise 
the cloud top is displaced downward  and the steps are repeated. If the minimum is not reached the 
other parameters (CWC, LWP) are also changed. Figure 1 shows the infrared cloud top temperature as 
a function of microwave cloud top temperature. Where large differences are found between the two 
cloud top temperatures  (microwave and infrared) correspond to multilayered clouds, as detected from 
collocated MODIS data.   
 
 
AIRS CLOUD TOP HEIGHT RETRIEVAL  
 
The cloud top height has been estimated using a new approach for all the FOVs where multilayered 
clouds are detected. A modified RT3 code searches for the best solution, simulated brightness 
temperatures are compared to the observed for a selected set of 300 AIRS channels. Cloud top 
estimated using CO2 slicing is used to start the simulation. If the difference between the observed and 
the estimated reaches a minimum, the retrieval process finishes, otherwise the cloud top is moved up. 
The 300 AIRS channels have been selected on windows and CO2 absorbing regions. Figure 2 is a 
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scatter plot of cloud top height estimated from cloud radar and using CO2 slicing (red dots) and this 
new approach (green dots).  
 
 

 
 
 
Fig.1  Infrared Cloud top as function of microwave cloud top  
 
 
 
 
 

Multilayer   
Single-layer  (CO2 slicing)            

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2    Comparison between the cloud top pressure estimate by CO2 slicing (red) and using 
this new approach (green). 
 
 
 
The new technique shows a better agreement with the ground-based radar estimates of cloud top 
height.  
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In case of multi-level cloud the technique described in preceding section can be used to find the best 
solution for the second level cloud parameters using observed and simulated (by running the modified 
RT3 code) brightness temperatures at AMSU/B frequencies. At the present time a detailed comparison 
of retrieved multi-level cloud parameters, as explained in the previous paragraphs, against the values 
retrieved from ground based radar and microwave radiometer data (MW) is being done. The first 
results are very encouraging and Figure 3 and Table 4 provides an example. 
 

 
 
Fig.3    a) MODIS image (note the red dot inside a yellow ellipse denoting the 
Chilbolton site;  b) AIRS spectrum over Chilbolton (measured at 13.25 UT of 
08/07/2003);  c) cloud radar time-height cross section for same day. 
 
 
Tab. 4  Preliminary comparison between cloud parameters retrieved from satellite 
and ground- based instrumentation at the Chilbolton site and ECMWF fields. 
  
 

Variable Radar MW AIRS AMSU/B ECMWF
Top cloud layer: cloud top height (km) 9.35 9.50  
Top cloud layer: cloud thickness (km) 4.20 4.30  
Lower cloud layer: cloud top height (km) 1.30 1.00 
Lower cloud layer: cloud thickness (km) 1.10 0.80 
Liquid Water Path (LWP  kg/m2) 0.09 0.12 0.11
Integrated Water Content (IWC kg/m2) 31.9 30.5 29.7
Ice Content of top cloud layer (ICW kg/m3) 0.026 0.019 0.030
      

 
 

CONCLUSION AND FUTURE WORK 
 
A proper combination of infrared and microwave measurements can be usefully exploited to 
determine the cloud coverage and the vertical cloud structure. AIRS cloud mask has been validated 
using MODIS and SEVIRI collocated data. In this study the errors in CO2-slicing cloud top height 
retrievals due to the presence of multilayered clouds have been investigated. Since the CO2-slicing 
technique assumes a single cloud layer, when two cloud layers are present the result is a cloud top 
height located somewhere between the upper and the lower cloud layer. The new approach, based on 
the comparison between measured and simulated data for 300 AIRS selected channels, gives 
preliminary results that agree reasonably well with values derived from ground-based radar and 
microwave and is being extended to a large data set. 
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Abstract 

The algorithm which produces cloud top property products (MOD06/MYD06) from 
MODIS (MODerate-Resolution Imaging Spectroradiometer) on EOS Terra and Aqua has 
been developed at University of Wisconsin-Madison.  The CO2 slicing algorithm is used to 
infer cloud top pressure and effective cloud amount.  The accuracy of the cloud retrieval 
depends critically on the knowledge of instrument spectral response functions (SRF) used in a 
fast radiative transfer model.  Intercalibration with AIRS (Atmospheric Infrared Sounder) has 
suggested possible SRF shifts between actual and reported values of 1.0 /cm, 0.8/cm, and 
0.8/cm for CO2 band 36 (14.2 μm), 35 (13.9 μm), and 34 (13.6 μm), respectively.  These 
shifted SRFs have been used in Aqua/MODIS granules; early results have shown high thin 
clouds are very sensitive to the spectral adjustment, introducing a significant improvement of 
cloud top properties retrieval.  Comparisons of cloud top properties between AIRS and 
MODIS are studied to demonstrate the advantages of the spectral adjustment. 
 
1. Introduction 
The CO2 slicing algorithm (Smith et al. 1974; Menzel et al. 1983; and Zhang and Menzel 2002) has been 

generally accepted as a useful algorithm for determining cloud top pressure (CTP) and effective cloud 

amount (ECA) for tropospheric clouds above 600 hPa.  The accuracy of the retrievals depends critically on 

the knowledge of the spectral response function (SRF) used in a fast radiative transfer model.  Recently, we 

found that there are biases between MODIS (MODerate resolution Imaging Spectroradiometer) and AIRS 

(Atmospheric Infrared Sounder) measurements in certain long wave infrared CO2 absorption bands that are 

possibly due to shifts in the MODIS SRF.  In this paper, we investigate the sensitivity of MODIS cloud top 

properties to CO2 channel spectral response functions.  Section 2 shows comparisons of infrared radiances 

between MODIS and AIRS.  The advantages of AIRS high spectral resolution and  MODIS  high spatial  
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resolution were used in the intercalibration of MODIS and AIRS.  Section 3 shows several case studies of 

Aqua/MODIS granules in tropical and middle latitude areas where retrieval results from original SRF and 

shifted SRF are discussed.  Results are summarized in Section 4.   

 
2. Comparison of MODIS and AIRS Infrared Radiances 

AIRS and MODIS on the EOS Aqua spacecraft measure the upwelling infrared radiance 
for numerous remote sensing and climate related applications.  MODIS (King et al. 2003) 
provides global observations of Earth’s land, ocean, and atmosphere in 36 spectral bands.  
These include visible (VIS), near infrared (NIR) and infrared (IR) of the spectrum from 0.4 to 
14.5 μm, the infrared footprints are 1km in diameter at nadir.  AIRS (Auman et al. 2003) is a 
high spectral resolution infrared sounder which measures the thermal infrared spectrum with 
2378 spectral channels covering 3.75 to 15.4 μm with footprints approximately 13.5km in 
diameter at nadir.  Comparisons of AIRS and MODIS observations (Tobin et al., 2005) 
illustrate the utility of using high spectral resolution observations to create highly accurate 
comparisons with a broadband sensor.  The high spectral resolution AIRS spectra are reduced 
to MODIS spectral resolution and the high spatial resolution MODIS data are reduced to 
match AIRS spatial resolution.  Figure 1 shows MODIS brightness temperatures (left panels) 
and AIRS minus MODIS brightness temperature differences (right panels) for band 30 through 
36.  An example of MODIS band 35 (13.9 μm) brightness temperature differences using 

original and shifted SRF (shifted +0.8 cm -1) is shown in Figure 2.  Red lines in these two 

figures represent the use of shifted SRFs.  AIRS and MODIS differences are much closer to 0 
with the use of shifted SRFs.  The temperature dependence is also greatly reduced.  The 

right panel shows histograms of the differences.  Shifted SRF values (1 cm -1 for band 36, 0.8 

cm -1 for both bands 35 and 34, and −0.15 cm -1 for band 33) were used in our study to 

ascertain the impact on cloud top property retrievals.  Figure 3 shows the sensitivity of 
MODIS from band 34 to band 36 weighting functions to the SRF shifts using the USA standard 
atmosphere profile.  Band 36 is sensitive to high clouds while bands 34 and 35 are sensitive to 
middle and low clouds, though any of these bands may be used to retrieve transmissive cloud 
top properties. 
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Figure 1: Images of 6 Sep 2002 descending MODIS brightness temperatures (left panels) and 

AIRS minus MODIS brightness temperature differences (right panels) for bands 36 thru 30. 

(Tobin et. al, 2005)

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2: An example of MODIS band 35 (13.9 mm) brightness temperature differences using 

original SRF (black) and using MODIS SRF shifted +0.8 cm -1 (red). (Tobin et. al, 2005) 
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Figure 3:  Weighting Function for MODIS from band 34 to 36 with original SRF and shifted 

SRF using the USA standard atmospheric profile. 

 
3. Results and Discussion 
3.1    Study Case 1 – Middle Lat. Area 

A MODIS/Aqua granule from middle latitudes is presented for study.  The 11 μm image 
in Figure 4 shows lots of high clouds and thin cirrus.  Also shown are high clouds (CTP < 
400 hPa in color) retrieved using original and shifted SRFs.  There are more high clouds, and 
especially high thin clouds, retrieved with the use of the shifted SRFs (right).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Aqua/MODIS 1500 UTC on day 2004336: (left) Band 31 (11μm);  

(middle) Hi CTP retrieved from original SRF; (right) Hi CTP retrieved from shifted SRF. 
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 Calculated and observed clear sky radiances using the two SRF sets are analyzed.  The 
upper panel in Figure 5 shows scatterplots of observed vs. calculated clear-sky radiances using 
original SRFs; the bottom panel is the same but using shifted SRFs.  Band 36 shows the most 
sensitivity to SRF changes.  Calculated radiances using the original SRF are smaller than 
observed values, meaning that the calculated clear is colder than the observed.  After 
applying the shifted SRF, calculated radiances agree well with observed clear radiances.  For 
other bands, there are less dramatic changes. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5: Scatterplots of Calculated Clear Radiance vs. Observed Clear Radiance in Mid-Lat. 

for band 33, 34, 35, and 36.  Upper: using original Spectral Response Function,  

Bottom: using Tobin’s shifted Spectral Response Function. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: ECA on Aqua/MODIS 1500UTC on day 2004336. Left is from original SRF and 

the right from shifted SRF. 
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Figure 6 shows effective cloud amounts (ECA); brighter areas mean larger ECA.  The 
pink circles show thick cloud edges that are not realistic; after the shifted SRFs were applied in 
the cloud retrieval, the thick cloud edges disappeared.  Also, more cirrus CTPs were 
successfully retrieved using the ratio of band 36/35, which is theoretically more sensitive to 
high clouds than either the 35/34 or 34/33 ratios.  This preliminary result shows the shifted 
SRFs improve high cloud retrieval in middle latitudes. 
 
3.2 Study Case 2 – Tropical Area 

A tropical granule is also studied; Figure 7 shows the Aqua/MODIS 11μm image (left, 
most clouds have very high tops), high CTP retrieved using original SRF (middle) and shifted 
SRF (right).  After applying the shifted SRFs, more high clouds are identified.  However 
some cloud tops are placed too high and some cirrus clouds are missing.  Scatterplots of 
calculated vs. observed clear radiance for this case is shown in Figure 8.  With the SRF shift 
applied, calculated clear radiances in bands 35 and 36 get much larger than observed values 
and may have significant errors.  

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Aqua/MODIS 0320UTC on day 2004336: (left) Band 31 (11μm)(Black spots are 

due to McIDAS set the limit of temperature less than 200K); (middle) Hi CTP retrieved from 

original SRF; (right) Hi CTP retrieved from shifted SRF. 
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Figu 

 

Figure 8: Scatterplots of Calculated Clear Radiance vs. Observed Clear Radiance in Tropical 

area for Band 33, 34, 35, and 36.  Upper: using original Spectral Response Function,  

Bottom: using Tobin’s shifted Spectral Response Function. 

 
From an analysis of ratios selected in producing cloud top pressure retrievals for this 

granule, some cloud pressures were too high because the calculated clear radiances in bands 
35 and 36 were adjusted too much.  Some cirrus clouds in this granule are missing due to the 
IR window method being used instead of the CO2 slicing algorithm.  This occurs when no 
valid retrieval is possible using any of the CO2 band ratios.  More study is needed to 
understand this over-correction in tropical atmospheres. 

 
4.   Summary 
    In this study, comparisons of AIRS and MODIS radiance observations are reported and an 
adjustment to MODIS calculated clear-sky radiances are evaluated for Aqua MODIS cloud 
property retrievals.  Radiance differences in MODIS bands 33 through 36 display clear and 
significant dependencies on scene temperature.  Shifted SRF values are tested in MODIS 
cloud top properties retrievals, MODIS band 36 shows the most sensitivity to the SRF changes.  
Detection of high thin cirrus is found to be sensitive to changes in CO2 channel SRFs.  In the 
mid-latitudes, MODIS CTP retrievals are improved but in the tropics, results are mixed.  
More study is required to understand the nature of the AIRS/MODIS measurement differences, 
including a possible MODIS SRF shift. 
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Introduction 

Remote sensing of the Earth’s atmosphere and surface properties using observations 
from operational satellites has yielded significant advances in both weather prediction and, 
more recently, climate studies.  In order for observations from operational satellites to be 
useful in climate studies, considerable attention must be paid to minimizing any systematic 
errors in the time series of observations from multiple satellites.  Systematic errors can arise 
from several different causes: the intercalibration of one satellite to another in order to ‘stitch 
together’ a long time series, instrument and satellite health issues, and in the inversion of the 
radiative transfer equation.  There has been considerable discussion of the first two causes, 
relatively little attention has been paid to the latter and it is thus, the focus of this discussion. 

 
The MSU measurements from NOAA’s polar orbiter sense broad atmospheric layer 

and have a long period of record (since 1979). For this reason, there have been several global 
change studies based on MSU channel measurement to infer tropospheric temperature change 
and trends. Unfortunately, many studies incorporate empirical vertical weighting functions 
and their combinations to retrieve lower tropospheric temperature trends. The use of an 
empirical weighting function lacks understanding of radiative properties in the atmosphere, 
hence we propose to use a radiative transfer model (RTM) used in numerical weather 
prediction data assimilation (e.g., RTTOV-v.8).   Using a rigorous analytical approach, we 
test the hypothesis of combinations of MSU channel to correlate with mid-tropospheric 
temperature change and evaluate the systematic error that arises form this type of retrieval. 
Using the radiative transfer model, we can simulate MSU channel radiance (or brightness 
temperature) given profiles in a physically-consistent way.  

 
Analytical Derivation 

Following the work Eyre (1987), we view the direct inversion solution to the radiative 
transfer equation as fundamentally ill-conditioned and, instead, seek to optimally solve an 
alternative problem.  Consider a measurement system, in this case a satellite observing 
system, that provides observation information (with error) constrained with prior information 
(also with error).  We then seek to find the optimal combination of the two via: 
 

}){(ˆ 00 xyyWxx cm −•=−       (1) 

 
where, 

x̂  is the vector of retrieved atmospheric parameters 

0x  is the first-guess value of the vector 

my  is the vector of multi-channel radiance measurements 
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}{ 0xyc  is the corresponding vector appropriate to the first guess 

W  is the ‘inverse matrix’ 
 

The ‘inverse matrix’ W  is an operator that projects increment of measured radiances 
(differences of measured minus simulated) onto temperature increment from the first guess. In 

linear regression formulation, W  is a minimum variance solution under the assumption of 
normal errors of both measurement and prior information.  We follow an approach adopted in 
data assimilation whose solution for linear problem as such; 
 

1)()( −+••••= EKCKCKW TT
    (2) 

 
where, 

C  is the error covariance of the first guess,  0x
E  is the error covariance of the measurements,  my
K  contains the partial derivatives of the measurements with respect to the profile evaluated 

at , superscripts T and –1 denote matrix transpose and inverse 0x
 
 
The linear approximation to the forward radiative transfer problem is: 
 

mTcm xxKxyy ε+−•=− )(}{ 00      (3) 

 
where, 

Tx  is the vector of true geophysical parameters 

mε  is the vector of measurement errors, assumed to be random, Gaussian, unbiased and 

includes unbiased errors in the forward radiative transfer model. 
 
Combining the forward and inverse radiative transfer equations and rewriting it in terms of 
the retrieval, first-guess and measurement errors yields, 
 

mTT WxxRIxx ε•+−•−=− )()(ˆ 0     (4) 

 

where I is the identity matrix and KWR •=  
 
Application to MSU Tropospheric Temperature Trends 

We use reference temperature profile of tropics (Fig.1) from the dataset in RTTOV 
package, and standard deviations (Fig. 2) are from sampled profiles of ERA-40 analysis 
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(Chevallier, 2002).  In the tropics, the tropopause is near 100 hPa and the standard deviations 
of the reference profiles are large near the surface, at the tropopause and at the stratopause. 
 
 

 
Figure1 (left). Reference temperature profile used in simulations, xT of Eq. 4. 
 
Figure 2 (right). Temperature error standard deviations used in the computation of 
retrieval, that is diagonal component of matrix C. 
 

 
Figure 3 (left). Perturbed temperature, that is, xo-xT of Eq. 4, and increment of 
retrieved temperature profiles, that is x^-xT of Eq. 4. This example is at the 3 K 
cooling at the 100 hPa, and the retrieval anomaly is the result of applying (I - R) 
matrix in Eq. (4) 
 
Figure 4 (right). K matrices (Jacobian), whose elements are partial derivatives of 
MSU radiances with respect to state vectors.  
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We have perturbed temperature profiles at 100 hPa level by adding an increment of 

0.2 K varying between +3 K and -3 K.  Figure 3 is an example of -3 K cooling perturbation 
with no random error component.  There are real world analogies to the perturbations; 
positive perturbations of stratospheric temperature have occurred in response to volcanic 
aerosol following eruptions, long-term stratospheric cooling has been observed in response to 
ozone loss.  Jacobians (K matrices) are computed for three MSU channels (Fig.4).  It is 
important to note that the Jacobians are not the same as the vertical weighting functions or 
empirical weighting functions used by other MSU researchers.  The Jacobians are, however, 
more useful when considering incremental changes in the sensitivity of the MSU channels to 
perturbations in temperature. 

 
We computed retrieval anomalies, Eq. (4) by explicitly computing matrices W in Eq. 

(2). Figure 5 shows the vertical distributions of W for three MSU channels.  The structure of 
W is complex since it is a function of the background error, Jacobian, and measurement error.  
Figure 6 shows relationship between simulated radiance anomaly (difference from the no-
perturbation) and amplitudes of perturbations. They are linear since we used a linear system.  
As expected, MSU channel 4 is most sensitive to the imposed perturbation since we imposed 
the perturbation in the stratosphere  
 
 

 
 
Figure 5. W matrices corresponding to perturbed profile in Fig.3. The W matrix is 
function of background matrix C, Jacobian K, and measurement error E as seen in 
Eq. (2). 
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Figure 6. Anomaly of three MSU simulated radiances (brightness temperatures) from 
the base state with respect to temperature perturbations. Numbers stand for MSU 
channels. Channels 3 and 4 have higher sensitivities than channel 2 as perturbation 
is made at the stratosphere. 
 

In regression solutions to the radiative transfer equation, the minimization technique 
forces all the systematic error to be reflected in the coefficients of the regression.  As noted by 
Eyre, we would like the R matrix to approach the identity matrix which, in the case of 
regression, means all coefficients close to 1.  Implicitly, regression solutions contain 
assumptions about the radiative properties of the atmosphere and channels being used.  Such 
approaches can be accurate solutions to the radiative transfer equation and are 
computationally easy to apply to large amounts of data.  Unfortunately, lack of careful 
application of systematic error analysis to the assumptions implicit in regression algorithms 
can lead to the propagation of systematic errors larger than the climate phenomena under 
study.  This behavior is not well appreciated by the climate community. 
 
In contrast to the simple impact of the stratospheric perturbation upon brightness temperature, 
the impact on the retrieved temperature is not straightforward because of vertical structure of 
errors (Fig. 2).  Because of such vertical variability, the defining vertical layer for climate 
trend analysis becomes very important. We follow definition of Fu and Johanson (2005) in 
deep layer; 
 
TTLT = a23 T2 + (1 – a23) T3,  (5a) 
TTT = a24 T2 + (1 – a24) T4,  (5b) 
 
where a23 = 1.69, a24 = 1.61 and T2 ,T3 , T4 are simulated MSU radiances. 

 
Figure 3 clearly shows that stratospheric perturbation spreads throughout the 

atmosphere.  For example , when MSU channel 2 has 0.175 K cooling, channel 3 with 0.703 
K cooling, and channel 4 with 1.109 K cooling from the base state of tropical atmosphere, the 
temperature must give rise two maxima (at 35.5 hPa, 286.6 hPa) and two minima (at 122.04 
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hPa, 702.7hPa).  Thus, the amplification of systematic error by the first guess information 
arising from the mean of the profiles used in the derivation of the regression coefficients can 
lead to an anomaly in layer-mean temperature substantially different from the actual known 
imposed and known perturbation. 
 

 
Figure 7 (left).  Empirically retrieved layer temperatures according to Equations 5a 
and 5b.  
 
Figure  8 (right). Layer mean temperature anomalies for layer of 100/SFC and 
250/SFC with respect to stratospheric perturbations. The layer of 250 hPa – SFC is 
an equivalent parameter to compare with Fu and Johanson’s parameter TTLT. 
 
 

While TTLT in Figure 7 supports Fu and Johanson’s motivation to account for 
stratospheric contamination in the MSU channel 2, the actual layer mean of retrieved 
temperature in 250/sfc (Figure 8) is opposite to TTLT and much smaller sensitivity. The change 
of TTLT is -0.3825 K while retrieved mean layer changed +0.0055 K, which imply that the 
trend estimated by TTLT is 87 times the actual retrieval in the physically consistent dataset. 
 
Conclusion 
 

All sources of systematic error must be rigorously evaluated when evaluating long-
term trends.  Analytical analysis of the radiative transfer equation using typical values for the 
background error covariance shows that amplification of systematic errors is to be expected.  
This method should be applied to all methods for retrieval of geophysical parameters for trend 
analysis.  Then, by assuming a reasonable value for the value of the systematic error 
perturbation, one can make an estimate of the value of the systematic error. 
 
In the case of this example, the long-term trend in stratospheric brightness temperature of 
MSU 4 can be used as an estimate.  Estimates of this trend range from -0.323 K/decade to -
0.446 K/decade over the last 25 years.  To compare to the Fu and Johanson trend for the 16 
year period for TTLT using the lower MSU 4 trend value, we have -0.3825*-0.5168=0.1976 
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K/decade.  Using equation 5a we get a trend of 0.19 K/decade.  The magnitude of the 
systematic error is found to be on the same order of the computed trend.  This trend is thus 
not accurate but simply is due to the imposition of first guess information through the 
regression coefficients and the negative trend in MSU 4. 
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Climate monitoring of the free atmosphere:  
past mistakes and future plans 

 
Peter Thorne 

Hadley Centre, Met Office 
(also chair of GCOS Atmospheric Observation Panel for  

Climate Working Group on Temperature Trends) 
 
Recent efforts to reconcile observed free-atmosphere climate variations with those observed at the 
surface will be discussed. This will draw heavily on work undertaken for the first U.S. Climate 
Change Science Program report. The major advance in interpreting apparently disparate temperature 
trend estimates since the last IPCC report has been a more thorough understanding of the large 
uncertainty in historical changes aloft. From a climate monitoring perspective we are searching for 
temperature trends of order 0.1K/decade, requiring an accuracy of the order 0.01K on these timescales 
in our reconstructions. This has not been achieved historically from either ground-based radiosonde or 
satellite-based MSU/AMSU observing platforms nor from current climate reanalyses products which 
aim to optimally combine these and other data. Hence for climate monitoring purposes it is essential 
that we instigate an observing system or system of systems that enables us to provide more rigorous 
constraints upon future long-term changes if the expensive efforts underway to monitor our global 
environment are to prove optimal. This includes both ground-based and satellite based monitoring and 
the development of a reference network which can provide strong constraints on time-varying biases. 
Work in progress by the WMO Global Climate Observing System, NOAA and other agencies to 
provide this architecture will be summarised. This is planned to result in a proposal by the end of 
2005 and the setting up of a reference upper air network by 2009. This has been accorded the highest 
priority in the GCOS Implementation Plan, available at 
http://www.wmo.int/web/gcos/gcoshome.html. Any reference network will also have clear benefits 
for users outside the direct climate community. Finally, GCOS climate monitoring principles for 
satellites will be outlined. Feedback will be welcomed. 
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Satellite Coincident Reference Upper Air Network 
Tony Reale 

NOAA/NESDIS 
Washington DC 

(tony.reale@noaa.gov) 
 

1. INTRODUCTION 
During the past 25 years of NOAA operational polar satellites, it has become evident that a growing problem concerning 
their utilization in Climate and also Numerical Weather Prediction (NWP) applications are the systematic errors and 
uncertainties inherent in the satellite measurements.  Similar arguments can be made for global radiosonde observations.  
These uncertainties are often larger than the sensitive signals and processes that satellite and radiosonde measurements 
are designed to reveal, particularly in the realm of climate.  Possible strategies to quantify and compensate for these 
problems include the analysis of satellite overlap data and/or available collocations of satellite, radiosonde and numerical 
weather prediction (NWP) observations.  However, overlap observations are typically not available except in extreme 
polar regions, and current strategies for analyzing collocated radiosonde and satellite (and NWP) observations are 
insufficient, further compounding the inherent uncertainties in these respective data platforms.   
 
An upper air network is proposed to provide reference radiosonde launches coincident with an operational polar 
satellite(s) overpass.  The proposed Reference network consist of 42 global radiosonde stations sub-sampled from the 
Global Upper Air Network (GUAN) (Daan and DeBilt 2003) and Atmospheric Radiation Measurement (ARM) 
Programs and is designed to provide a robust and reliable sample of collocated global radiosonde and satellite 
observations conducive to the monitoring and validation of satellite and radiosonde observations.  The routine operation 
of such a network in conjunction with operational polar satellites would provide a long-term record of performance for 
these critical observations, of particular importance for climate.  
 
The integration and impact of this Reference network with respect to global retrieval algorithms for deriving atmospheric 
products, particularly products for climate is also important.  Such products require that systematic errors and 
uncertainties in the measurements be compensated for prior to deriving products.  The lack of such a program has 
resulted in a poor historical record of data uncertainty parameters and degraded product value for climate.    
 
2. WHY  A  REFERENCE  NETWORK ? 
Operational polar satellite measurements and derived products utilize collocations of satellite data and radiosondes for 
validation and product tuning (Tilley et al., 2000).  Troubling degrees of inconsistency among the global distributions of 
collocations per satellite and the need to broaden the time windows to achieve sufficient sample sizes and coverage raises 
questions concerning their suitability for these purposes.  Typical global distributions of collocations for NOAA-15 (top) 
and NOAA-16 (middle) polar satellites are shown in the two panels of Figure 1.  NOAA-16 and 15 have local ascending 
overpass times of 1330 and 1930, respectively, and when combined with the synoptic release times of radiosondes and 
time windows of less than 6- hours the observed sampling patterns emerge.  The two panels of Figures 2 show 
corresponding mean and standard deviations differences for derived satellite and radiosonde temperature profiles for the 
30N to 30S land regions.  As can be seen the accuracy curves for bias are significantly different, however this difference 
is primarily sample driven. 
 
The problem of global radiosonde measurement errors is an underlying issue since they are often a cornerstone of global 
scientific applications and/or validation.  Such errors typically occur as either systematic, for example, due to a specific 
radiosonde type or correction procedure, or in a less predictable random manner due to the need for better measurement 
technologies.  A component of this problem can also be traced to bookkeeping type errors, for example, uncertainties 
concerning the radiosonde types flown, launching protocols, corrections applied and other deficiencies concerning 
available meta-data records from long-term archive centers.  
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    Figure 1: Collocated radiosonde and satellite observation samples compiled by NESDIS for NOAA-16 

(upper) and NOAA-15 (lower) over a 3-day period using 3-hour (land) and 5-hour (sea) time 
windows; Blue are sea, Green are over land, Orange are coastal, Gray are sea-ice, Light blue are 
snow, and Red are ships.  

 

 
       Figure 2: Vertical accuracy statistics of mean (left) and standard deviation (right) satellite minus 

radiosonde differences for NOAA-16 (top) and NOAA-15 (bottom) over a 7-day period for land 
data from 30N to 30S with sample distributions as illustrated in Figure 1. 
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The deployment of a Reference network would provide a “manageable” program for monitoring radiosondes, not 
only Reference radiosondes but potentially the greater radiosonde network as well, and provide a very good network 
in support of radiosonde instrument testing, new technology research and development.  For example, Reference 
sites located in the vicinity of existing synoptic sites would offer ample opportunities for a variety of studies ranging 
from straightforward inter-comparisons of the radiosonde measurements to the modeling of localized effects such as 
frontal passage, local weather features, terrain, and balloon drift.  Appropriately planned multi-instrument launches 
at REFERENCE sites would provide attractive locations for long-term studies of instrument performance, data 
corrections, new technologies (i.e., drift-sondes) and integrated ground based spectral measurements.  Finally, 
analysis of Reference data could ultimately provide information for determining absolute radiosonde accuracy, for 
example, through the use of Radiative Transfer (RT) models and collocated satellite observations as a transfer 
standard for inter-sonde validation (McMillin et.al. 1988). 
 
RT models represent a scientific area shared among the satellite, climate and NWP communities and a critical 
process for determining absolute accuracy.  Unfortunately, unresolved errors in the satellite and radiosonde data 
used as the basis for developing and validating RT models make absolute validation difficult.  However, a carefully 
designed Reference data-set which minimizes collocation errors in the spectral and meteorological (radiosonde) data 
would provide the caliber of information needed to segregate real error components in the measurements.  This is a 
critical element for developing and maintaining the highly accurate RT models needed to optimize the scientific 
impacts of the current suite of observations and hastening the deployment of planned next generation satellite and 
in-situ data platforms.   
 
The problem of detecting global climate change from operational satellites and radiosonde observations has been 
addressed by a number of researchers with often conflicting results or a conclusion that the data available may not 
be suitable for detecting climate signals (Klein et al. 2004).  Attempts to utilize the 20+ years of historical TOVS-
MSU data and radiosondes to detect climate changes in many cases have resulted in little overlap, with recent 
constructions of  climate data-sets nominally serving  to increase the uncertainty in the true multi-decadal trends 
(Seidel et.al. 2004).  Without a reliable transfer standard., one cannot unambiguously conclude how to remove non-
climatic effects in an absolute sense, even if they all can be identified; as a result large uncertainties remain.  A 
potentially significant portion of such uncertainty could disappear in the presence of a sufficiently robust and 
consistent transfer standard, most critical for example for free-troposphere variables such as those observed by the 
radiosondes and satellites.  The potential of using the REFERENCE in this context is quite high.   
 
The deployment of planned next generation data platforms (i.e., METOP and NPOESS) would benefit from having 
a REFERENCE NETWORK in place prior to their scheduled implementation, particularly users trying to integrate  
existing and new data in ongoing applications.  Reference sites would provide attractive locations in support of 
ongoing validation (CALVAL) activities currently underway in support of the next generation advanced instruments 
(Aumann et.al. 2003), accelerating their operational deployment and facilitating a smooth transition in the long-term 
record, for example from AMSU to AMTS and MHS, HIRS to IASI and CRIS, and AVHRR to MODIS to VIRS.  
 
3. REFERENCE SITE  SELECTION 
The recent WMO-Atmospheric Observations Panel for Climate (AOPC) held in Geneva, April, 2004, recommended 
that Reference sites be selected as a subset of existing GUAN (Daan and Bilt 2003) sites, comprising a network of 
“super-stations” that would provide additional reports on a daily basis coincident with polar satellite overpass and 
serve as focal points for the deployment of standardized, advanced ground station measurements technologies 
(similar to ARM sites) and research.  
 
Therefore, the strategy for selecting candidate Reference sites was to choose a subset of GUAN stations with 
demonstrated good performance and robust global distribution.
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   Figure 3:   Global distribution of radiosonde sites (identification numbers) for proposed 
                      Reference Upper Air Network Radiosonde stations.    
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Figure 3 shows a global plot of the candidate Reference sites, color coded based on performance analysis conducted 
by NESDIS and the UKMO, for which: 

• Green;  UKMO 5-year performance at least 70% successful with NESDIS observing at least 10 good 
reports in a 14-day test period,  

• Blue;  UKMO and NESDIS analysis disagreed on performance,  
• Red; UKMO 5-year performance less than 70% successful with NESDIS observing less than 10 good 

reports over 14-day test. 
• Black; ARM sites. 

 
As can be seen in Figure 3, only six (6) of the forty-two (42) candidate Reference sites showed less than successful 
performance   Overall, the global distribution is good, comprised of 19 predominantly inland, 19 maritime and 4 
sea-ice locations.  If each  site was to provide one launch per day in support of  two-polar satellites, the result would 
be over 7000 “standardized” collocations per year per satellite.   
 
The candidate Reference sites shown in Figure 3 do not include possible ship candidates, also considered an 
important part of the program.  Other factors including the availability of additional ground measurement 
capabilities and available resources will ultimately determine the final network.   
 
4. ENDORSEMENTS 
Recommendations toward a reference network are available:: 

• NOAA Council on Long-Term Climate Monitoring, January 2003 (Karl, 2003), 
• Workshop to Improve Usefulness of Radiosondes,  (Durre et.al. 2004), 
• White Paper: Creating Climate Data Records from NOAA Operational Satellites (Goldberg et.al 2003),  
• International ATOVS Study Conference (ITSC-13), November, 2003 (Saunders and Achtor  2004), and 
• WMO Atmospheric Observations Panel for Climate (AOPC), April, 2004, 
• NOAA/GCOS Workshop on Upper Air Observations Requirements for Climate, February, 2005. 

 
The proposed Reference network is scheduled for presentations at follow-up NOAA/GCOS Upper Air 
Observations Requirements Workshops later in 2005. 
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Using HIRS Observations to Construct Long-Term Global 
Temperature and Water Vapor Profile Time Series 

 
Lei Shi and John J. Bates 

National Climatic Data Center, National Oceanic and Atmospheric Administration 
Asheville, North Carolina, USA 

 
Introduction 

 
The HIRS instrument has been flown onboard the NOAA polar satellite series since 1978. 

The long-term measurement provides a valuable source for assessing global climatic change in 
the past decades. In this study, twelve channels in the longwave spectrum regime (channels 1-12) 
of the HIRS instrument are used to derive long-term temperature and water vapor in the 
troposphere. 

 
Previous work has generated a time series of cloud-cleared dataset at the HIRS original swath 

resolution (Jackson and Bates, 2001). Using an inter-satellite calibrated version of the dataset, 
Bates and Jackson (2001) and Bates et al. (2001) examined the variability of upper tropospheric 
humidity. These studies showed that while the inter-annual variability of spatial fields was 
dominated by the major El Niño events, the upper tropospheric humidity exhibited more 
prominent seasonal variation. 

 
The current study uses a neural network technique to derive temperature and water vapor 

profiles at different levels of the atmosphere. A neural network algorithm was discussed in Shi 
(2001), in which neural networks were applied to regional direct acquisition and global recorded 
NOAA-15 Advanced Microwave Sounding Unit measurements. The study showed significantly 
smaller root mean square values from neural network retrieval compared to a linear regression 
method. 

 
Neural network retrieval 
 

Backpropagation neural networks similar to those applied by Shi (2001) are used in 
developing the retrieval scheme. The neural network training dataset is based on a diverse sample 
of profiles simulated by the European Center for Medium-Range Weather Forecasts (ECMWF) 
system (Chevallier, 2001). The model profiles are generated by the ERA-40 assimilation system 
with the 3-dimensional variational scheme described by Courtier et al. (1998). The profiles are 
selected from the first and the 15th of each month between January 1992 and December 1993. The 
profiles are divided into seven groups differing by the total precipitable water vapor content of 
the profiles. About the same number of samples is extracted from each group, except for the 
group with the lowest precipitable water vapor content (0 to 0.5 kg.m-2). For this group, twice as 
many profiles are extracted in consideration of the higher temperature variability from all types of 
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situations. The corresponding HIRS channel brightness temperatures are simulated by a radiative 
transfer model, RTTOV-8. The RTTOV is a broadband model in which the integration over the 
channel response is simulated directly. A description of the RTTOV can be found in Saunders et 
al. (1999). The RTTOV was one of the participating models in an intercomparison of HIRS and 
AMSU channel radiance computation (Garand et al., 2001). Among the seven selected HIRS 
channels (channels 2, 5, 9, 10, 11, 12, and 15) examined, the standard deviations of RTTOV 
simulated radiances are within 0.25 K for the five non-water vapor channels, and within 0.55 K 
for the two water vapor channels. 

 
The HIRS channels 1-8 are located in the CO2 absorption band which is temperature sensitive. 

The measurement assumes constant CO2 concentration in the atmosphere. However, through the 
25 years of the HIRS data series, the CO2 concentration increased from 330 ppmv to more than 
370 ppmv. To quantify the effect of CO2 increase on the HIRS channel measurements, we use 
RTTOV-8 to compute the channel brightness temperatures of the sample set of the atmospheric 
profiles at CO2 values of 330 and 370 ppmv. The differences in channel brightness temperatures 
are displayed in Fig. 1. The figure shows that the CO2 increase has a significant impact on many 
of the sounding channels, most remarkably at channels 4-7, which sense the atmospheric 
temperature from 900 to 150 hPa. When no change is made in the atmospheric profiles, the 
increase of CO2 alone from 330 to 370 ppmv can cause about 1 K decrease of brightness 
temperatures in channels 4, 5, and 6. The same amount of CO2 change can increase the brightness 
temperature in channels 1 and 2 by approximately 0.4 K. To account for the impact from the CO2 
increase, the HIRS channel radiances for the neural network training datasets are computed by 
RTTOV-8 at a CO2 increment of 10 ppmv. The simulated HIRS brightness temperatures are 
collocated with the input profiles and placed in the training dataset. 

 
A five-layer backpropagation network, with one input layer, three hidden layers, and one 

output layer, is applied for the retrieval. Different transfer functions are examined for temperature 
and water vapor retrieval performance. The best performance is obtained by a selection of the 
hyperbolic tangent, Gaussian, and logistic functions. The definitions of these functions are, 
respectively, 

f(x) = tanh(x),         (1) 
f(x) = exp(-x2), and         (2) 

f(x) = 
)exp(1

1
x−+

.         (3) 

The numbers of neurons in the hidden layers are adjusted to optimize the performance. The 
input set includes the twelve HIRS longwave channels and the CO2 concentration. The retrieval 
temperatures are obtained at 18 pressure levels from 1005 hPa to 50 hPa, and the water vapor 
mixing ratios are obtained at 13 levels from 1005 hPa to 300 hPa. Because the neural network 
training dataset requires values at each pressure level, the training profiles with the surface 
pressure value less than 975 hPa are excluded. This builds a total of 9978 collocated patterns. 
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Among these patterns, 20% (1955 patterns) are randomly extracted to construct a testing set, and 
another 20% are randomly extracted and set aside as a validation set for later statistical studies. 
As a result, there are 5988 patterns remaining and they are kept in the learning set. A 
backpropagation network is trained by “supervised learning”. The network is presented with a 
series of pattern pairs, each consisting of an input pattern and an output pattern, in random order 
until predetermined convergence criteria are met. At this time the network presents the input 
elements in the testing set and retrieves the output elements. Then the retrieved output elements 
are compared with the output elements in the testing set, and the averaged root mean square error 
(RMSE) of all the output elements is computed. The network parameters are saved if the 
averaged RMSE is less than that computed previously. This process is repeated until no 
improvement is found for a specified number of test trials. 
 

HIRS Differences between 370 and 330 ppmv of CO2, Derived by RTTOV-8
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Fig. 1. Differences in HIRS channel brightness temperatures when carbon dioxide increases from 
330 to 370 ppmv. 
 

 
For both temperature and water vapor retrievals, one neural network function is developed for 

each of the satellites from TIROS-N, NOAA-6, to NOAA-14 based on the individual HIRS 
simulation of RTTOV-8. The RMSE of each function is computed using the output pattern in the 
validation data set as truth data. The RMSEs for different satellites are slightly different. In 
general, for temperature retrieval, the RMSEs are about 2ºC at near-surface levels, 1.1-1.2ºC in 
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the mid-troposphere, and about 2ºC around the tropopause and in the lower stratosphere. For 
water vapor, the RMSEs are about 2 g/kg at the surface level. They steadily decrease to around 1 
g/kg at 700 hPa and less than 0.5 g/kg above 500 hPa. 

 
Temperature and water vapor time series 

puted using the neural 
netw

latitude 

 
For each satellite, the temperature and water vapor profiles are com
ork retrieval functions at each of the clear-sky pixels. The values are then averaged at each 

2.5x2.5 latitude/longitude grids at every 3 hour interval. An eastern Pacific area bounded by 20ºS-
20ºN and 160ºW-100ºW has been selected to facilitate inter-satellite calibration. As an example 
of the temperature variability, Fig. 2 shows a time series of monthly mean temperature for 0-3 
UTC at 479 hPa for the tropical zone between 30ºS and 30ºN. Each filled circle represents the 
monthly mean, and each square is a 13-point running average. The time series starts at January 
1980 and extends through December 2004. For the tropical region, the monthly mean values 
depict the annual cycle of the temperature change. The 13-point running averages smooth out the 
annual variation and reveal the variation in a longer time scale. The smoothed plots capture the 
major events in the time series. For example, the plots show the increased temperatures in the 
1986-1987 and 1997 El Niño episodes. The La Niña events in 1988-1989 and in 1998-1999 are 
also shown as decreased temperatures. There is a trend of increasing temperature though the 25 
year time series. 

 

 
Fig. 2. Plots of monthly mean temperature (filled dots) for 0-3 UTC at 479 hPa for the 
zone between 30S and 30N. The 13-point averages are plotted as squares. 
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The tropical monthly mean mixing ratio time series for 0-3 UTC at 397 hPa is plotted in Fig. 
3. The major El Niño and La Niña events are also reflected in the time series. Comparing the 
mix

ummary 
 

l scheme based on neural network technique is developed to derive temperature and 
vapor profiles. The training dataset is constructed with a diverse sample of atmospheric profiles 
from

ing ratio with the time series of sea surface temperature (SST) anomalies in the equatorial 
Pacific regions as shown in Bates et al. (2001), there appears to be an association of peak values 
between the two time series. The peak values in the mixing ratio time series in 1982-1983 and 
1997-1998 are observed during the extreme El Niño events in the SST anomaly time series. 
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Fig. 3. Same as Fig. 2 except for water vapor (g/kg) at 397 hPa. 
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A retrieva

 ECMWF reanalysis data and simulated HIRS brightness temperatures by the latest version 
of the broad band radiative transfer model, RTTOV-8. Considering that the majority of HIRS 
channels are located in the carbon dioxide absorption band, the impact of carbon dioxide increase 
on the long-term HIRS measurement is examined in this study. Based on radiative transfer model 
simulation, it is found that when carbon dioxide concentration increases from 330 ppmv to 370 
ppmv, the impact to the HIRS channel measurement can be as large as 1 K. The largest impact is 
on HIRS channels 4, 5, and 6. To account for the effect from carbon dioxide increase, the 
variation of carbon dioxide concentration is included as one of the input variables in the retrieval 
scheme. 
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A 25-year time series of temperature and water vapor at selected latitude zones is constructed. 
In addition to monthly mean values which display annual cycles of temperature and water vapor, 
a 1

cknowledgment.  Darren Jackson provided the HIRS clear-sky data from 1978 to 2001 and 
odes for processing data from 2002 to 2004. 
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Jackson

3-point moving average plot shows variations in a longer time scale. The time series for the 
tropical zone captions the major events such as El Niño and La Niña episodes. The water vapor 
shows more inter-annual variability than the temperature time series. Both temperature and water 
vapor plots show an increasing trend in the 25-year time series. The significance of the 
temperature and water vapor increase needs further evaluation. In order to obtain an accurate 
measure of temperature and water vapor trend, a good inter-satellite calibration scheme is 
required. The next steps of the study will include applying a better inter-satellite calibration 
algorithm and validation of the retrievals using other independent data sources. 
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Overview and Status of the NPOESS System: Providing Improved 
Real-Time Data To Meet Future Needs 

 
Hal J. Bloom 

NPOESS Integrated Program Office 
 

 
The tri-agency Integrated Program Office (IPO) manages the development of the National Polar-
orbiting Operational Environmental Satellite System (NPOESS). NPOESS will replace the Defense 
Meteorological Satellite Program (DMSP) and Polar-orbiting Operational Environmental Satellites 
(POES) that have provided global data for weather forecasting and environmental monitoring for over 
40 years. Beginning in late 2009, NPOESS spacecraft will be launched into three orbital planes to 
provide significantly improved operational capabilities and benefits to satisfy critical civil and 
national security requirements for space-based, remotely sensed environmental data. NPOESS will 
observe more phenomena simultaneously from space than its operational predecessors and deliver a 
data volume significantly greater than the POES and DMSP systems with substantially improved 
delivery of data to users. Higher (spatial, temporal, and spectral) resolution and more accurate 
imaging and sounding data will enable improvements in short- to medium-range weather forecasts. 
NPOESS will support the operational needs of meteorological, oceanographic, environmental, 
climatic, and space environmental remote-sensing programs and provide continuity of data for climate 
researchers. With the development of NPOESS, we are evolving operational “weather” satellites into 
integrated global environmental observing systems by expanding our capabilities to observe, assess, 
and predict the total Earth system - atmosphere, ocean, land, and the space environment.  The paper 
will provide a discussion on the aspects of the NPOESS system and status of key satellite and ground 
systems development. 
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The National Polar-Orbiting Operational Environmental Satellite 

System (NPOESS) and NPOESS Preparatory Project (NPP) Access 
to Data 

 
Peter A. Wilczynski and John W. Overton 
NPOESS Integrated Program Office (IPO) 

 
During the last decade, the two U.S. civilian and military systems, POES and DMSP, have evolved to 
use a somewhat similar spacecraft bus, but have different instrument suites. Many government studies 
had been conducted to assess the value of converging the two systems into a single system. Most 
studies recommended retaining the separate systems. A 1993 tri-agency study by DoD, NOAA, and 
NASA recommended that a single converged system should replace the current separate systems.  
 
 A Presidential Decision Directive (PDD), signed in May of 1994, directed the convergence of the 
polar orbiting weather satellites systems into a single national system. The Integrated Program Office 
(IPO) within NOAA was established in October 1994 as a result of the signing of a tri-agency 
Memorandum of Agreement (MOA) in May 1994. The new converged system was identified as the 
National Polar-orbiting Operational Environmental Satellite System (NPOESS).  The IPO is staffed 
with representatives of NOAA, Department of Defense and NASA.  This unique tri-agency office has 
the mission to provide a converged polar-orbiting operational, environmental satellite system that 
meets user community requirements.  Accessibility to data is a key feature of the NPOESS mission. 
 
The NPP is a joint-agency mission intending to serve the National Polar-orbiting Operational 
Environmental Satellite System (NPOESS) Integrated Program Office (IPO) and the National 
Aeronautics and Space Administration (NASA) and their user communities.  The NPP provides the 
Earth science community with data continuity and also provides the IPO and its users a risk reduction 
demonstration of capabilities for critical NPOESS instruments.  Current NPP status and the NPP 
architecture will be discussed as part of this presentation. 
 
All NPOESS satellites will operate at a nominal 833 km altitude orbit with an inclination of 98.7 
degrees (sun-synchronous) and have nodal crossing times to minimize critical revisit times.  NPP will 
operate at a nominal 824 km altitude orbit at a 1030 descending node time.  NPP and NPOESS have 
undertaken a far-reaching program of sensor development and satellite transition to provide complete 
coverage of meteorological conditions for civil, military, and scientific purposes while cutting 
operational costs dramatically. The program will adapt existing technology and develop new sensors. 
 
To accomplish its mission, NPOESS satellites in three orbital planes will replace the two-satellite 
DMSP and POES constellations.  The data will be processed into Raw Data Records (RDRs), Sensor 
Data Records (SDRs), and Environmental Data Records (EDRs) for use by a number of operational 
communities. 
 
NPOESS delivers data to a variety of users. National and international weather, climate, hydrological, 
and space weather analysis and prediction centers serve the needs of billions of people worldwide. 
International services such as Search and Rescue Satellite-Aided Tracking (SARSAT) and ARGOS 
are part of the NPOESS mission.  
 
NPOESS will provide regional data to all users in two direct broadcasts, global data within 90 minutes 
of observation to US Weather Centers, and global data to NOAA NESDIS’s Archive System for 
worldwide subscription service.  High Rate Data (HRD) will be broadcast using CCSDS packets at 15 
Mbps at 7812 MHz and 20 Mbps at 7834 MHz.  HRD will contain full resolution imagery and 
radiometric from all manifested environmental sensors.  Low Rate Data (LRD) will be broadcast 
using CCSDS packets at 3.88 Mbps at 1707 MHz.  LRD will contain information to produce imagery, 
cloud base height, and Sea Surface Temperature.  LRD is only available on NPOESS satellites. 
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Stored Mission Data (SMD) will be transmitted to strategically placed receiving antennas necessary to 
achieve a 90 minute data latency.  SMD data will be transmitted using CCSDS packets at 8212.5 
MHz,  or 26700.0 MHz.  International users will have access to SMD via the NOAA NESDIS 
Archive.   
 
Software to produce NPOESS XDRs will be made available to users through commercial vendors by 
the NPOESS Integrated Program Office.  NPOESS will provide a continuing improvement in the 
accuracy of weather and climate forecasts for many years to come.   
 
The paper will discuss the NPP and NPOESS SMD, HRD & LRD concept of operations, ground 
system requirements and development status.  The paper will also discuss user involvement in the 
design and fielding of NPP and NPOESS. 
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The Optimal Spectral Sampling (OSS) Method: Current Research 
and New Prospects 

 
Jean-Luc Moncet, Gennadi Uymin and Karen Cady-Pereira 

 
Atmospheric and Environmental Research, Inc. 

Lexington, MA, USA 
 
 
 
Introduction 
 
The Optimal Spectral Sampling (OSS) method (e.g. Moncet et al., 2004) is a fast and accurate 
transmittance parameterization technique. The OSS method offers a simple and practical solution to 
the problem of extending the Exponential Sum Fitting of Transmittances (ESFT) (Wiscombe, 1977) 
and k-distribution techniques (e.g. Goody et al, 1989) to vertically inhomogeneous atmospheres with 
overlapping absorbing species. The multi-dimensional search for absorption coefficients (k’s) in a 
multi-layered atmosphere attempted by several authors (e.g. Armbruster and Fischer, 1996) is greatly 
simplified by operating in the one-dimensional frequency domain. In the OSS concept, the 
parameterization process reduces to searching for a set of wavenumbers (nodes) and associated 
weights such that spectrally integrated radiances are well approximated by a linear combination of 
monochromatic radiances computed at the selected nodes, 
 

( ) ( ) ( )i i
i

R R d w R
ν

φ ν ν ν ν
Δ

= =∑∫                        (1) 

 
In the first phase of development, we have concentrated on trading and optimizing techniques for 
selecting the nodes and weights for a single channel, in non-scattering atmospheres (e.g. Moncet and 
Uymin, 2003). Microwave and infrared models produced in this first phase already offer significant 
speed and accuracy advantages over current operational radiative transfer (RT) models (Weng et al., 
2005). OSS models are currently used in the NPOESS/CrIS and CMIS EDR algorithms (Moncet et al., 
2004, 2001) and have been integrated in the Joint Center for Satellite Data Assimilation (JCSDA) 
Community RT Model (CRTM) model (Van Delst et al., 2005.), a joint NOAA/AER effort. These 
models are currently being considered for operational use in the National Center for Environmental 
Prediction (NCEP) assimilation process. In parallel, some research has focused on extending the 
current training to scattering atmospheres and on training models for high spectral resolution 
instruments by considering all the channels simultaneously (generalized training). Some key results of 
this research are presented below. 
 
 
OSS Validation in scattering atmospheres 
 
The OSS method is by construction amenable to the treatment of radiative transfer in scattering 
atmospheres. However, one has yet to devise an approach for performing the training in such 
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conditions. Two aspects have to be considered separately. The first question is how one should train 
the OSS model for a single narrow channel, when cloud/aerosol optical properties do not vary 
spectrally within the channel, and the second issue relates to the handling of the spectral variations of 
cloud properties across a wide band channel (or, for generalized training – see section 4, across 
multiple channels). Only the first question is addressed in this section. Our effort has initially focused 
on the thermal regime. 
 

 

  
 

  

Fig. 1: OSS modeling errors for UMBC profile #1 (Nadir viewing) with low (top pressure = 
800mb) and high (top pressure = 150mb) clouds. The results shown in this figure correspond 
to cloud optical depths of 10 (left) and 100 (right) and single scatter albedos ranging from 0.9 
to 1. Clear-sky training was used.  
 
The effect of introducing scatterers is to increase the photons path lengths within the atmospheric 
layers below the cloud top. As long as cloud properties do not vary across the channel, there is a 
priori no need to use a scattering model in order to perform the training. Clear scenes constructed by 
using a wide enough range of path lengths within appropriately selected layers should be adequate.  
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The first step has been to validate an OSS model trained with our current clear-sky training data set 
(without any perturbation in the layer air masses) over the full range of cloud/aerosol optical depths 
and single scatter albedos. The particular model used in this study was trained for 1 cm-1 boxcar 
functions with a nominal accuracy of 0.05 K. The reference calculations were produced using 
LBLRTM (Clough et al., 1992) combined with the CHARTS (Moncet and Clough, 1997) adding-
doubling RT model. Figure 1 shows examples of errors obtained with low and high single layer 
clouds. It is apparent from this figure that the current model behaves very well in the thermal regime. 
For single scatter albedos up to 0.95, the cloudy performance is similar to the clear-sky performance 
and radiance errors are within the tolerance of the model. There is a sudden increase in the error when 
the cloud single scatter albedos approaches 1, which becomes apparent only at high optical depths (50 
or greater). Even in this case, the error relative to line-by-line calculations is within ~0.2K. These 
preliminary results are quite encouraging. Some ongoing effort is aimed at improving the performance 
in highly reflective situations and modifying the training to accommodate the solar regime. 
 
 
Generalized OSS training 
 
In the first phase of development of OSS we have focused on single channel (localized) training. This 
form of training leads to an optimal (in terms of the number of nodes used to achieve a prescribed 
accuracy) node selection for the individual channels. When the RT model operates on the same set of 
channels, it is advantageous to consider all the channels at once in the training. In the generalized 
“multi-channel” training one exploits the correlations in the spectrum in an attempt to maximize the 
number of nodes that are common to several channels and thereby reduce the total number of nodes 
used to describe the channel set. 
 
Fig. 2 shows the correlation matrix for the 645-2690 cm-1 domain (AIRS instrument bandwidth).  
 
Two methods are currently being used for the multi-channel training. The first method is a direct 
extension of the single channel selection approach in which one keeps on adding nodes until the rms 
difference between exact and approximate radiances fall below a given threshold for all individual 
channels within a set of N (not necessarily contiguous) channels. The second method is a clustering 
type technique. Starting from the complete set of candidate nodes for the group of channels, this 
method successively reduces the number of nodes by merging together nodes containing highly 
correlated information. The correlation radius is a function of the desired accuracy. The latter 
approach is faster than the first method and may handle much wider spectral domains. However more 
work is required to make its selection optimal. 
 
Examples of application of generalized clear-sky training are shown in Table 1. For 1cm-1 wide 
boxcar functions, the gains in speed (and memory requirements) over the single channel approach are 
as large as 10-20 (for AIRS our current gain estimate is ~7, which brings the average number of nodes 
per channel to ~0.3). In cloudy skies, spectral variations in cloud/aerosols optical properties tend to 
reduce the large-scale correlations and the anticipated gain in performance is smaller. 
 
Note that there is no attempt to deal with correlations at the channel level. This aspect is implicitly 
addressed in the OSS multi-channel training. For instance, if two channels are “perfectly” (i.e. within 
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model accuracy) correlated, they will be attributed the same nodes and the time spent performing the 
computation for the two channels will be half that required for performing the same computation with 
our original approach. There is little to be gained by training the model on spectra compressed using 
PCA or other linear radiance transformation. However, if desired, such transformations can be 
performed in the model (with no penalty on the computational efficiency) by simply modifying the 
OSS weights. 
 

 
 
Fig. 2: Inter-nodal correlation for the 645-2690 cm-1 domain. The figure shows the spectral 
position of the nodes which are within a correlation radius of 0.01 of any given node in the 
spectral domain. 
 
 
Table 1: Average number of selected nodes per channel for 1 cm-1 wide boxcars, with single 
and multi-channel training. 
 

Interval 
(cm-1) 

Interval width 
(cm-1) 

# nodes 
(single channel approach) 

Gain  
(multi-channel approach) 

645-675 30 286 9 

780-820 40 141 6 

645-745 100 1047 20 

780-880 100 248 10 

780-980 200 478 16 
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Generalized cloudy training 
 
The main challenge with the generalized training is coming up with the proper methodology for 
handling of the slowly varying spectral functions (cloud and/or surface optical properties) across wide 
intervals. In this case, one cannot simply extend the data set to include a mixture of clear and cloudy 
scenes and train the model as it is done for clear-sky applications. Because of the large magnitude of 
their impact on the radiance, clouds tend to drive the selection at the beginning of the process. The 
presence of clouds tends to smear the spectral features in the TOA radiances and makes the radiance 
spectra easier to fit, which results in a degraded clear-sky performance. This problem may be partially 
circumvented by separating clear and cloudy scenes and minimizing the rms errors separately for the 
two sets. However, it is our experience that the solution remains overly sensitive to the range of cloud 
optical depths used to in the training scenes, an indication that appropriate physical constraints are 
lacking. 
 
The preferred training approach (used as a benchmark in our future work) follows a two step 
procedure. In the first step, we apply the generalized clear-sky training described in the previous 
section. In the second step, the same selection algorithm operates on an initial set of nodes obtained 
by redistributing the nodes selected in the first step at regular frequency intervals within the specified 
domain. In this operation, the original wavenumber information associated with each node is lost. The 
monochromatic radiances at the newly assigned νj‘s (corresponding to the new frequency grid) are 
used to predict the impact of the slowly varying functions across the entire domain.  
 
The physical basis of the approach is illustrated in Fig. 3.  In OSS, the same node i represents a 
number of “micro-intervals” (denoted by the index ik) with same absorption properties. The OSS 
weights can be interpreted as the sum of the widths Δνik of these micro-intervals divided by the total 
width of the domain. In the absence of clouds/aerosols, the radiances in the micro-intervals associated 
with the same index i are identical. In the example shown in Fig.3, the contribution of the cloud to the 
radiance is linear in wavenumber. In this case, the cloudy radiances in the micro-intervals ik can be 
predicted from the radiance values computed at two arbitrarily selected wavenumbers ν1 and ν2 within 
the domain. The expression for the average radiance in any channel within the domain is simply 
obtained by summing up the contributions of all the micro-intervals for all nodes, 
 

( ) ( ) ( )( ) ( ) ( )1 2 1 1 21ik
i ik i ik i i i i i

i k ii

R w a R a R w R w R 2
ν ν ν ν
ν

Δ ′ ′= + − =
Δ∑ ∑ ∑ ν+                                   (2) 

 
The only difference between Equations (2) and (1) (aside from the fact that some nodes have been 
duplicated through the cloudy training process) is the introduction in (2) of an extra frequency index 
for the monochromatic radiance calculations. The selection scheme does not duplicate a node if 1) the 
molecular absorption is so strong that clouds do not affect the radiances or 2) the impact of spectral 
variations in cloud properties over the domain spanned by the micro-regions it represents is negligible.  
 
The above method has the advantage that it is robust and stable with respect to the choice of training 
scenes. It also guarantees by construction that the initial clear-sky solution remains intact. Note that 
for the selection process to converge, it is important to impose the following constraint on the weights, 
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ij i
j

w w′ =∑ .  

 
The applicability of the method is not limited to the linear case. For more complex functions, some 
nodes may be tripled, quadrupled…etc, depending on the degree of the polynomial that fits the cloudy 
radiances over wider intervals. 
 
Fig. 4 shows an example of application of the generalized cloudy training to AIRS. Only the first 
1262 channels were considered. In this case, cloud/aerosols optical properties were modeled by 
starting with randomly generated piecewise linear functions (20 cm-1 segments) and by fitting a 
polynomial through the hinge points to smooth the functions. The loose constraints on the spectral 
slope and change of slope at the hinge points were derived from realistic cloud/aerosol absorption 
spectra and correspond to a worst case scenario. This particular training set was designed to 
accommodate a broad range of ground-based and airborne applications. Note that in Fig. 4 there is a 
tendency for the performance to improve as clouds become more opaque, a desirable property of the 
approach. For this case, the average number of nodes per channel is 0.82 (0.59 for clear-sky selection) 
compared 1.98 with the current single channel training, which represents a gain of 2.4 (3.4) in model 
speed. An AIRS model is currently being trained using more realistic water/ice cloud properties. In 
this case, higher computational gains may be expected. 
 
 

                    
k = 1 2 3 4 5 

ν (cm-1) 
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Fig. 3: Example of clear-sky (1st step) node selection (dashed lines) for an arbitrary spectral 
domain encompassing a single broadband channel or multiple high-resolution channels. The 
4 other spectral sub-intervals represented by the node i=2 are indicated by the solid vertical 
lines. Clear sky radiances are the same in all the 5 sub-intervals. The impact of clouds on 
the radiances for this node (linear case) is indicated by the upper dashed line. 
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Fig. 4: OSS model accuracy in multi-layer cloudy (purely absorbing case) atmospheres. The 
upper left plot represent the rms errors in the clear-sky based on 48 profiles from the UMBC 
standard data set. The remaining plots correspond to different ranges of cloud optical depth 
in 3 atmospheric layers (low, medium, high). The range of optical depth (OD) corresponding 
to each layer is indicated by the 3 indices at the top of each plot, the lower layer being 
represented by the 1st index. The code used is: 0 = clear, 1= OD < 0.5, 2= OD <1, 3= OD < 2, 
and 4= OD > 2. 
 
 
Summary 
 
The current development of OSS addresses applications to scattering atmospheres and generalized 
multi-channel training. We have shown that models produced with the current clear-sky training 
should provide satisfactory results in cloudy skies in the thermal regime (both microwave and 
infrared). Until the cloudy training is refined, some caution should be exercised when using those 
models in highly reflective clouds and at large viewing angles. A second important development is the 
generalization of the training to multiple channels. Speed gains over the current approach of up to 10-
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20 (depending on the instrument) may be anticipated when training OSS to simultaneously fit 
radiances/transmittances over the entire set or a subset of high resolution channels. The effect of 
clouds/aerosols is to reduce the large scale correlations. For cloudy radiances the minimum gain (i.e. 
worst case) is around 2-3 for AIRS. As part of this effort we also introduced a new approach for 
handling spectral variations in cloud/surface optical properties in the training. This approach clearly 
distinguishes between the application of the OSS formalism for modeling the gaseous transmittance 
and its extension to radiance modeling for capturing the slowly varying spectral functions across wide 
spectral domains. The robustness of the training is key requirement for providing unsupervised 
training capabilities and for minimizing model validation work. Future work includes refining the 
OSS training in scattering atmospheres, both in the thermal and solar regimes, and improving the 
generalized multi-channel training. A first stable version of an AIRS model trained with this latter 
scheme should be available in the fall of 2005. 
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Radiative transfer models for global data assimilation purposes have to fulfill stringent requirements 
in terms of computation speed, memory usage, and accuracy.  In a project supported by the Joint 
Center for Satellite Data Assimilation (JCSDA) we developed a new, fast forward and adjoint 
radiative transfer model. This so-called successive order of interaction (SOI) model combines the 
successive order of scattering and doubling techniques to efficiently solve the scattering radiative 
transfer equation. The work aims at preparing for the assimilation of observed radiances of current 
and future passive microwave satellite sensors into NCEPs Global Data Analysis System (GDAS) 
under cloudy and precipitating conditions. Especially in precipitating situations scattering by rain 
droplets and precipitation-sized ice particles becomes important and has to be considered adequately 
in the radiative transfer. We will give an outline on the accuracy and speed of the SOI model and 
show application examples. The model has recently been extended to also work in the infrared 
spectral range and to account for scattering of cloud droplets. We will present first simulations of high 
resolution AIRS spectra.  
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To effectively assimilating data observed from modern sensors with thousands of channels, rapid and 
accurate radiative transfer models are needed. Principal Component-based Radiative Transfer Model 
(PCRTM) is a rapid algorithm developed to meet this need. The PCRTM does its radiative transfer 
modeling in principal component domain instead of normal channel domain. The model has been 
successfully developed for various sensors. The current talk will present results of applying the 
PCRTM to AIRS and NAST-I radiance spectra. 
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Abstract 
 
The passive infrared and microwave nadir sounders such as (A)TOVS observe the atmosphere from a 
polar orbit by directing their scan pointed at the ground up to about 49 degrees from nadir. Except for 
the pixels located right on the satellite ground track, the radiance measurements collected by these 
instruments characterize atmospheric emission paths which are slanted with respect to the zenith 
direction at the ground.  At the outer swath edges, the deviations from nadir reach about 60 degrees in 
terms of Satellite Zenith Angle (SZA). The radiative transfer codes used to assimilate these data for 
operational Numerical Weather Prediction applications make the appropriate corrections to account for 
the extra path induced by the non-zero SZA.  However, no corrections are made to account for the fact 
that the atmospheric profiles along the slanted line-of-sight (LOS) are different from the vertical 
because of horizontal gradients in the atmosphere.  Using actual AIRS satellite orbits, zenith and 
azimuth angles, as well as three-dimensional fields of temperature, water vapour, and ozone produced 
by the European Centre for Medium-Range Weather Forecasts, we extracted both vertical and slanted 
atmospheric profiles. We present here the results of our study comparing the brightness temperatures 
calculated along slanted and vertical LOS with AIRS observations. We provide a discussion of our 
results in the light of results obtained earlier using three-dimensional fields from the NASA Global 
Modeling and Assimilation Office. 
 
 
Introduction 
 
Although it is common to consider passive sounders measurement’s as vertical soundings,  the 
(A)TOVS soundings sense the atmosphere along non-vertical but slanted line-of-sights (LOS), except 
for those footprints right on the satellite ground track. Radiative transfer codes in use in the Numerical 
Weather Prediction (NWP) centers account for the longer path travelled in the atmosphere when the 
Satellite Zenith Angle (SZA) is non-zero. However, the atmospheric profiles of temperature and 
constituent information used in input of those radiative transfer codes are usually extracted at the 
vertical of the footprint. In this work, we simulate AIRS radiances from three-dimensional (3D) fields 
provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) six-hour forecasts, 
accounting for the slanted LOS. The methodology is presented first, followed by a discussion of the 
results obtained by comparison with vertical calculations. We then discuss our results in light of those 
obtained earlier using 3D fields from the NASA Global Modeling and Assimilation Office (GMAO) 
and present our conclusions and perspectives for future work. 
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Methodology 
 
We used as 3D (background) fields the ECMWF 6-hour forecast products, available on 60 levels and 
with a regular grid with fixed latitude and longitude spacing (0.5ox0.5o). For the AIRS observations, 
we used the same AIRS observations as those selected by the Meteo France screening procedure 
between 20050125 21 UTC and 20050126 03 UTC. As shown later in this document, the channels 
selected by the Meteo France AIRS screening procedure do not include middle- or upper-stratospheric 
channels. Only 133 channels with a weighting function peaking in the troposphere or the lower 
stratosphere were selected. The screening procedure also aims at screening out those observations that 
could be contaminated by clouds. 
 
The satellite zenith angles are of common use in NWP and do not need further introduction. The 
satellite azimuth angles indicate the bearing (from the North, positive toward the East), between the 
footprints and the satellite. The Fig. 1 shows that these angles remain about the same for all the pixels 
located on the same side of the satellite, for a given ascending (or descending) orbit. The inclination of 
the EOS Aqua platform is 98o, so that one could expect satellite azimuth angles of either 270o or 90o 
for an ascending orbit, depending whether the footprint is located on the eastern or the western side of 
the swath. However, because the instrument scans three footprints along the orbit at a time, the scan of 
the AIRS instrument is not exactly perpendicular to the orbit, so that the azimuth angles are neither 
exactly identical to those values, nor do they remain constant for the same field-of-view number. 
 

Fig. 1: Left: Map of satellite zenith angles. Right: Map of satellite azimuth angles. 
 
For each AIRS footprint of the dataset, we extracted from the 3D fields the vertical profile of 
temperature (specific humidity, ozone). We then applied the RTTOV-8_5 radiative transfer code (Eyre 
1991; Matricardi et al. 2001) and obtained the brightness temperatures Tb

vertical for those channels 
whose data were selected by the screening procedure. We then extracted the slanted profile of 
temperature (specific humidity, ozone constituent) along a LOS whose orientation was given by the 
AIRS zenith and azimuth angles and applied RTTOV-8_5 to obtain a second set of brightness 
temperatures Tb

slanted.  
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Results and Discussion 
 
The Fig. 2 (left) shows the standard deviation of the differences (Tb

slanted - Tb
vertical). The figure also 

shows (overlaid with stars) the AIRS noise detector in terms of noise equivalent at the average 
temperature (NEDT) of all the scenes (calculated from NEDT250, AIRS Instrument Team 2002). 
Differences much smaller than the detector noise indicate that there is very little benefit (on average) 
in trying to account for the slanted LOS, since the improvement in the fit to the observations would 
remain well below the total error budget of the data. However, differences on the order of (or 
exceeding) the detector noise suggest that the fit to the observations might be improved in proportions 
that would affect the information content of the data when used in data assimilation. Indeed, assuming 
non-biased and Gaussian background and measurement errors, reducing the observation minus 
background differences reduces the error in the subsequent analysis. Given the geometry of the 
problem at stake, and regardless of the NEDT of the AIRS instrument, one expects larger differences 
in (Tb

slanted - Tb
vertical) for (a) the very high peaking channels (since the offset in distance between the 

slanted and vertical LOS is larger at higher altitude), and (b) observing phenomena which present 
higher horizontal variability, such as tropospheric water vapour or, for the stratospheric temperatures, 
the mid-latitude regions rather than the tropics. 
 

Fig. 2: Left: Crosses show standard deviation of the differences (Tb
slanted - Tb

vertical). The colour 
of the cross indicates peaking pressure level. Stars show NEDT@ average scene 
temperature. Right: 100.*[stdev(To - Tb

vertical) – stdev (To - Tb
slanted)] / NEDT . Positive values 

indicate improvement by using slanted LOS radiative transfer. 
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Fig. 3: Maps of the differences (Tb
slanted - Tb

vertical) for two selected channels: Left: 693 cm-1, 
temperature channel peaking around the 122 hPa pressure level. Right: 1437 cm-1, water 
vapour channel peaking around the 560 hPa pressure level (shows only the pixels where the 
differences exceed +/-0.1K). 
 
The Fig. 2 (left) shows that the differences between slanted and vertical calculations remain inferior to 
the detector noise in the 15um band and for the window channels between 800 – 950 cm-1. However, 
the differences (Tb

slanted - Tb
vertical) are close to the detector noise for the tropospheric water vapour 

channels around 1400 cm-1. This suggests that there might be some benefit in trying to account for the 
slanted LOS in the radiative transfer calculations for those channels. 
 
The Fig. 3 (left) shows a map of the differences (Tb

slanted - Tb
vertical) for a lower-stratospheric 

temperature channel peaking around 122 hPa. As expected, the largest differences occur in the mid-
latitudes, owing to the fact that the lower stratospheric temperature gradients are coarser in the tropics. 
The Fig. 3 (right) shows a map of the differences but for a mid-tropospheric water vapour channel. 
Only those pixels with differences larger than 0.1K are shown. The plot indicates that the largest 
differences are observed in the more moist regions, as expected: i.e. tropics and southern (summer) 
hemisphere. 
 
The Fig. 2 (right) shows 100.*[stdev (To - Tb

vertical) – stdev (To - Tb
slanted)]/NEDT, where To refers to the 

observed AIRS brightness temperature. Positive values indicate that slanted LOS radiative transfer 
calculations yield a better fit to the AIRS observations than assuming a vertical LOS. On the contrary, 
negative values indicate that the slanted LOS does not help fit the AIRS observations. The magnitude 
of the improvements and degradations is expressed in percents of the NEDT. The figure indicates 
overall larger improvements than degradations. Improvements of about 1% are observed for the mid-
tropospheric temperature channels around 710 cm-1. The largest improvements are obtained for the 
mid- to upper-tropospheric water vapour channels, and reach about 8% of the NEDT. These results are 
consistent with expectations, i.e. the largest impacts are obtained for channels where we expect to see 
the highest horizontal variabilities: namely, rather high-peaking channels observing fields subject to 
substantial horizontal variations. 
 
When compared to results obtained earlier (Joiner and Poli 2005) conducting the same calculations but 
using a different background (GMAO analyses instead of ECMWF 6-hour forecasts) and a different 
radiative transfer code (SARTA (Strow et al. 2003) instead of RTTOV-8_5), three main features are 
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obvious. First, we find in both studies that the effects of neglecting slanted LOS versus vertical LOS 
are comparable to the detector noise for some channels in the 6.7 μm water vapour band. Second, the 
resulted presented here are consistent with the previous results showing that taking into account the 
slanted LOS improves the fit to the observations for the upper-tropospheric temperature channels. 
Third, the results shown here suggest that the ECMWF background contains horizontal gradients in 
mid- and upper-tropospheric humidity which enable to improve the fit to the AIRS observations when 
the slanted LOS is taken into account. We cannot conclude however on the quality of the horizontal 
gradients in the ozone field since we did not retain any AIRS ozone channel in the present study. 
 
Conclusions and Future Work 
 
This paper is a follow-up to a study conducted earlier attempting to identify the importance of 
accounting for horizontal gradients as regards nadir-viewing infrared instruments. The present results 
confirm the results obtained earlier with a different background. The major findings of this study 
indicate that accounting for the slanted LOS when carrying out radiative transfer calculations helps 
improve the fit to the AIRS observations up to about 8% of the AIRS detector noise for mid- and 
upper-tropospheric water vapour channels. However, those channels with the largest differences 
induced by slanted versus vertical calculations are usually upper-tropospheric channels for which the 
direct impact on NWP may be small. 
 
The problem of accounting for horizontal gradients will become more acute with future sounders 
which will feature a finer horizontal resolution, both from polar and from geostationary orbit. We also 
note that this problem will require an answer in data assimilation terms as the horizontal resolution of 
NWP models increases. 
 
 
References 
 
AIRS Instrument Team, 2002. AIRS channel properties. 

http://airs.jpl.nasa.gov/data/level2/DOCS/chan_prop.2002.08.30.v6.6.2.pdf
Eyre, J. 1991. A fast radiative transfer model for satellite sounding systems. ECMWF Research Dept. 

Tech. Memo. 176. 
Joiner, J. and Poli, P. 2005. Note on the effects of horizontal gradients for nadir-viewing microwave 

and infrared sounders. Quart. J. Roy. Meteorol. Soc., 131, 1783—1792. 
Matricardi, M., Chevallier, F. and Tjemkes, S. 2001. An improved general fast radiative transfer 

model for the assimilation of radiance observations. ECMWF Research Dept. Tech. Memo. 
345.  

Strow, L. L., Hannon, S. E., De Souza-Machado, S., Motteler, H. E., and Tobin, D. 2003. An overview 
of the AIRS radiative transfer model. IEEE Trans. Geosci. Remote Sensing, 41, 303—313. 

 

International TOVS Study Conference-XIV Proceedings

183

http://airs.jpl.nasa.gov/data/level2/DOCS/chan_prop.2002.08.30.v6.6.2.pdf


Assessing Spectroscopic Parameter Archives for the Second 
Generation Vertical Sounders Radiance Simulation: Illustration 

through the GEISA/IASI Database 
 

Nicole Jacquinet, N.A. Scott, A. Chédin, R. Armante, K. Garceran, Th. Langlois 
Laboratoire de Météorologie Dynamique, Ecole Polytechnique, 91128 Palaiseau, 

France 
 (http://ara.lmd.polytechnique.fr) 

 
Introduction 
 
Line-by-line compilations of spectroscopic parameters are used for a vast array of applications and 
especially for terrestrial atmospheric remote sensing. Related with the radiance simulation for actual or 
near future atmospheric sounders, reviews of the current state and recent developments of public 
spectroscopic databases, such as GEISA-03 (Jacquinet-Husson et al. 2003, 2005b), HITRAN-04 
(Rothman et al. 2005), MIPAS (Flaud et al. 2003), etc…., are continually made. 
Actually, the performance of instruments like AIRS (http://www.airs.jpl.nasa.gov), in the USA, and 
IASI (http://earth-sciences.cnes.fr/IASI/) in Europe, which have a better vertical resolution and 
accuracy, compared to the presently existing satellite infrared vertical sounders, is directly related to 
the quality of the spectroscopic parameters of the optically active gases, since these are essential input 
in the forward models used to simulate recorded radiance spectra. Consequently, a strong demand 
exists for a highly comprehensive, well validated, efficiently operational, and desirably interactive 
computer-based spectroscopic database. In order to meet demands such as these, the ARA group at 
LMD (Chédin et al. 1982, Husson et al. 1992; 1994, Jacquinet-Husson et al. 1999) has been engaged 
during the past three decades in the development of the GEISA database. 

The purpose of this paper is to present selected results of a critical assessment, in terms of 
spectroscopic line parameters archive, of GEISA and HITRAN, in the context of comparisons between 
recorded and calculated experimental spectra. 
 
GEISA-03 and GEISA/IASI-03 Overview 
 

GEISA, a computer-accessible spectroscopic database, was designed to facilitate accurate and 
fast forward, calculations of atmospheric radiative transfer using a line-by-line and (atmospheric) 
layer-by-layer approach. This effort has proven to be beneficial to the atmospheric scientific 
community participating in direct and inverse radiative transfer studies. In its 2003 edition, GEISA-03 
is comprised of the following three independent sub-databases devoted, respectively, to: 

• infrared spectral line parameters, related with 42 molecules (98 isotopic species), 
corresponding to 1,668,371 entries in the spectral range from 10-6 to 35,877 cm-1. A summary 
of GEISA-03 line parameters sub-database content is given in Table 1 (portioned in two 
parts), where the archived molecular species are listed in the first columns with the number of 
associated line transitions in the second columns. 
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Table 1: GEISA-03 line transition parameters sub-database content summary 
 
 

MOLECULE               # TRANSITIONS 
 

MOLECULE          # TRANSITIONS 
 

H2O                58726 
CO2                76826 
O3              319248 
N2O                 26681 
CO                  13515 
CH4              216196 
O2                      6290 
NO                  99123 
SO2                  38853 
NO2              104224 
NH3                  29082 
PH3                               11740 
HNO3              171504 
OH                  42866 

HF                     107 
HCl                     533 
HBr                 1294 
HI               806 
ClO                7230 
OCS             24922 
H2CO                2701 
C2H6                           14981 
CH3D             35518 
C2H2                 3115 
C2H4             12978 
GeH4                     824 
HCN                 2550 
C3H8                 8983 

 
42 MOLECULES      96 ISOTOPIC SPECIES 

SPECTRAL RANGE: 0 – 35,877 CM-1                    TOTAL # TRANSITIONS : 1,668,371 
 

 
 

• absorption cross-sections, in the spectral range of the infrared (32 molecular species, mainly 
CFC’s) and of the UV/Visible (11 molecular species). A summary of the GEISA-03 database 
on UV/Visible absorption cross-sections is given in Table 2. The molecular species names are 
listed in columns 1. In the three following columns are the experimental conditions associated 
with the data files, i.e.: the spectral coverage (nm), in column 2; the overall temperature range 
(K), in column 3; the total pressure range (hPa), in column 4. For each file, the number of 
associated temperature-pressure sets is in column 5 and the related references and number of 
entries, in columns 6 and 7, respectively. 

• microphysical and optical properties of basic atmospheric aerosols. 
 
 The GEISA/IASI database was derived from GEISA, as described in Jacquinet-Husson et al. 
(1998). It has been created for the purpose of assessing the capability of IASI, within the ISSWG, in 
the framework of the EPS preparation of CNES/EUMETSAT. The assessment will be done by 
simulating either high-resolution radiance spectra or experimental data, or both, as the situation 
demands. In order to bring about an improvement in our knowledge of spectroscopic parameters and 
to ensure the continuous upgrade and maintenance of GEISA/IASI during the fifteen years of 
operation of the IASI instrument, EUMETSAT and CNES have created the GIDSC. EUMETSAT is 
planning to implement GEISA/IASI into the ground segment of EPS. There have been three versions 
of GEISA/IASI since its creation. GEISA/IASI, in its current edition GEISA/IASI-03 (Jacquinet-
Husson et al. 2005a), is both an extract, which has been devised to suit the needs of IASI or AIRS 
within the 599-3001 cm-1 spectral range from a more extensive GEISA database and a continuing 
update of GEISA-03, with a similar structure, including three sub-databases related with: 
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Table2: GEISA-03 UV/VIS cross-sections sub-database Overview 
 
 
 Molecule Spectral Temperature Pressure # T,P sets References # entries

range (nm) range (K) range (hPa)
231 - 794 202 - 293 undef 5 16,500

 
 O3

NO2

BrO
OClO

OBrO
SO2

H2CO

O2

O2 + N2
O4

CS2

230 - 830 203 - 293 100 - 1000 10 200,000
230 - 1070 203 - 293 50 – 900 5 BU 21,000
231 - 794 221 - 293 undef 4 13,600
230 - 830 223 - 293 100 - 1000 10 1,358,000
230 - 900 203 - 293 100 - 150 5 16,800

238 - 1000 294 0 1 13,500
238 - 1000 220 - 294 0 – 1.33 13 BIRA/IASB 225,000
385 - 725 220 - 294 0 - 1013.23 27 9,855,000
300- 385 203 - 298 undef 5 25,000
325 - 425 213 - 293 undef 10 132,500
290 - 460 293 900 1 BU 1,200
385 - 616 298 undef 1 40,500
240 - 395 203 - 293 100 5 7,000
250 - 330 294 undef 2 BIRA/IASB 9,600
250 - 400 293 4.10 1 BU 1,400
235 - 800 203 - 293 900 - 945 6 5,990

627 - 1290 223 - 290 100 - 1000 24 RAL/MSF 390,360
246 - 266 296 200 5 517,495
240 - 330 287 - 289 undef 2 BIRA/IASB 15,560

1000 - 1333 132 - 295 668 - 1009 12 RAL/MSF 50,800
333 - 666 294 undef 1 BIRA/IASB 12,200
454 - 667 223 - 294 1000 8 RAL/MSF 29,040
290 - 350 294 undef 1 BIRA/IASB 908

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
BU: Bremen University  Molecular Spectroscopy and Chemical Kinetics Group     J. Orphal 
BIRA/IASB: Belgium Institute for Space Aeronomy     A.C. Vandaele   
RAL/MSF: Rutherford Appleton Laboratory Molecular Spectroscopy Facility Spectroscopy Group 
K.M. Smith  
 
= = = = = = = = = = = = = = = = = 
 
 

• infrared spectral line parameters, of 14 molecules (53 isotopic species): H2O, CO2, O3, 
N2O, CO, CH4, O2, NO, SO2, NO2, HNO3, OCS, C2H2, N2. A summary of GEISA/IASI-03 
line parameters sub-database content is given in Table 3. The items listed for each molecular 
species given in column 1, are: the molecule and its various isotopes identification codes 
(defined for the GEISA management software), in columns 2 and 3 respectively, and the 
number of associated line transitions, in column 4 (702,550 lines in total).  

• IR absorption cross-sections (mainly CFC’s) for 6 molecular species: CFC-11, CFC-12, 
CFC-14, CCl4, N2O5, HCFC-22 

• microphysical and optical properties of basic atmospheric aerosol components (similar with 
the GEISA-03 archive) 
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Table 3: GEISA/IASI-03 line transition parameters sub-database content summary 
 
MOLECULE   CODE  ISOTOPES                                                                                   # 
TRANSITIONS 
H2O         1             161-162-171-181-182                   13278 
CO2         2             626-627-628-636-637-638-728-828-838                    50840 
O3         3             666-668-686-667-676                  195102 
N2O         4             446-447-448-456-546                    18966 
CO         5             26- 36- 28- 27- 38- 37                      3674 
CH4         6             211-311-212 (ch3d)                                 121281 
O2         7             66- 67- 68                                                      435 
NO         8             46- 48- 56                                     29608 
SO2         9             626-646                                                        22301 
NO2       10             646                                     71687 
HNO3       13             146                                     152586 
OCS       20             622-624-632-623-822-634-722                                   19768 
C2H2       24             221-231                                     2904 
N2       33             44                                       120 
 

14 MOLECULES      51 ISOTOPIC SPECIES 
SPECTRAL RANGE:   599 – 3001 CM-1          TOTAL # TRANSITIONS:    702,550 

 

 
= = = = = = = = = = = = = = = = = 
 
The parameters of each spectral line or molecular vibrational-rotational transition are stored in the new 
“format field standard” of GEISA and GEISA/IASI, with an extended number (from 16 to 30) of the 
selected line parameters, with the associated error estimation, as described in Jacquinet-Husson et al. 
2005a. The spectroscopic parameters of importance for radiative transfer modeling, and used in the 
GEISA general management associated software are listed in Table 4, representing a part of the total 
file structure (9 format fields). These parameters, are: the wavenumber (A field; cm-1) of the line 
associated with the rovibrational transition; the intensity of the line (B field; cm molecule-1 at 296K); 
the Lorentzian collision halfwidth (C field; cm-1atm-1 at 296K); the energy of the lower level of the 
transition (D field; cm-1); the transition quantum identifications for the lower and upper levels of the 
transition(E field); the temperature dependent coefficient n of the halfwidth (F field). Identification 
codes for isotope, molecule and GEISA data identification are in fields G-J, respectively. 
Default values have been chosen for missing data values, i.e.: -1.0 cm-1 for the energy of the lower 
transition level, -0.9999 cm-1atm-1 at 296K for the Lorentzian collision half-width and 0.75 for n 
coefficient. 
All the archived data of GEISA and GEISA/IASI can be handled through a user friendly associated 
management software, which is posted on the ARA/LMD group web site at 
http://ara.lmd.polytechnique.fr
= = = = = = = = = = = = = = = = = 
 
Table 4: Nine first fields of the format for the line transition parameters in GEISA-03 (30 format fields 
in all) 
 
Fortran format 

descriptor 
F12.6 D11.4 F6.4 F10.4 A36 F4.2 I3 I3 A3 

Field name A B C D E F G I J 
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GEISA-03 and GEISA/IASI-03 line transition parameters update assessment 
 

Updated molecules and related spectral intervals for the 2003 edition of GEISA and 
GEISA/IASI are presented in Tables 5a) (portioned in two parts) and 5b) respectively, where the 
archived molecular species are listed in the first columns with the corresponding spectral intervals in 
the second columns. 
= = = = = = = = = = = = = = = = = 
 
Table 5a): Updated molecules and spectral intervals in GEISA-03 
 
Molecule Updated spectral intervals (cm-1) Molecule Updated spectral intervals (cm-1)

H2O 500 – 2819 
9603 – 11399 

13184 – 25232 

OH 29808 - 35877 

CO2 436 - 2826 HBr 17 – 396 
2124 - 2790 

O3 600 – 3391 HI 13 – 320 
1951 - 2403 

N2O 872 – 1243 C2H6 2975 - 2978 
CH4 0 – 6184 CH3D 0 – 6184 
O2 7665 – 8064 

11484 - 15928 
C2H2 605 - 3374 

NO 1487 - 3799 HOCl 1179 - 1320 
NO2 2719 – 3074 CH3Cl 1261 - 1646 
NH3 0 - 5294 COF2 1857 - 2001 
PH3 18 - 2479 HO2 0 - 908 

 
Table 5b): Updated molecules and spectral intervals in GEISA/IASI-03 
 

Molecule Updated spectral intervals (cm-1)
H2O(Toth) 599.681 - 2819.848 
H2O (RAL) 700.032 - 1299.980 

CO2 599.007 - 2826.650 
O3 600.179 - 3000.971 

N2O 872.399 - 1243.755 
CH4 855.753 - 3000.997 
NO 1487.366 - 2188.447 

NO2 2719.056 - 2992.323 
C2H2 604.774 - 2254.963 

= = = = = = = = = = = = = = = = = 
 

Three updated molecules (H2O, O3 and CH4) have been selected, in the following, giving 
examples on how critical evaluations of the impact of newly archived spectroscopic parameters on 
IASI direct sounding modeling, may be made. The simulation, in the spectral range 645-2760 cm-1, of 
an IASI spectrum (brightness temperature (K), in green) is shown on figures1a), 1b), 1c), where H2O 
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(1a)), O3 (1b)) and CH4 (1c)) are highlighted in red. The computation has been processed with the 
current 4A-2000 version of the ARA/LMD 4A fast line-by-line model (Scott and Chédin 1981; 
Tournier et al. 1995), an advanced version of the nominal line-by-line code STRANSAC (Scott 1974), 
relying on GEISA/IASI-03. A non apodized IASI apparatus function (Phulpin/CNES 2003) has been 
used, with a spectral resolution of 0.25 cm-1. 
 

• H2O GEISA/IASI-03 update assessment 
 
Two different series of updated spectroscopic parameters of H2O are catalogued. They stem 

from the measurements by Toth (2000) and from the EUMETSAT/RAL archive (Stewart 2003). 
Toth’s data enter into the entire database, while the EUMETSAT/RAL data appear in a supplemental 
list. A choice cannot been made as to a final selection until the results of validation campaigns are 
used to study the respective accuracies in a detailed manner 

Fig. 2 details the H2O line coverage of the updated GEISA/IASI-2003 content. There are two panels, 
one a) corresponding to Toth’s data and the other one b) to EUMETSAT/RAL data. It has to be 
noticed that the spectral coverage of Toth’s updated data is larger than the EUMETSAT/RAL one. On 
each panel, the Logarithms of the intensities of the updated or added lines, averaged over 10 cm-1 
intervals, are plotted versus the total GEISA/IASI spectral range (from 599 to 3001 cm-1). 
Illustrations of the differences, in spectroscopic parameter values, resulting from the Toth’s (TOT) or 
EUMETSAT/RAL (RAL) choice for H2O update in GEISA/IASI-2003 (GS) are presented in Fig.3a) 
to Fig.3c): 

o Fig 3a) is split in two panels, i. e.: the left hand panel is related to the line air collision half-
widths (HW) differences (HWdif) and the right one to the line intensities (I) differences (Idif). 
These differences, in percent, using GEISA/IASI-03 archived data value (GS+TOT) as 
reference, have been evaluated with the formulas: 
HWdif (%) = HW(RAL)-HW(GS+TOT)/HW(GS+TOT) 
Idif (%) = I(RAL)-I(GS+TOT)/I(GS+TOT) 
For each parameter, the % differences (Y axis) are expanded from 700 to 1300 cm-1 (X-axis) 
It is clear from this figure that important differences exist between the two available sources of 
data: up to 200% for the HW and over 100% for the absorption line intensities. 
 

The objective of figures 3b) and 3c) series is to illustrate the impact of differences in H2O 
spectroscopic data on forward modeling computations. Simulations of IASI spectrum are obtained 
with 4A-2000, using, either Toth’s (in green) or RAL (in red) H2O spectroscopic parameters, in 
GEISA/IASI-03. 

o Fig. 3b) presents comparisons of IASI spectrum simulations with upwelling spectral 
measurements made by the HIS (Smith et al. 1983) instrument (similarity in viewing geometry 
with IASI) during the CAMEX-1 (Griffin et al. 1994) field campaign, on 29 September 1993, 
from an altitude of approximately 20 km, on board of the ER-2 aircraft. The data were 
prepared and distributed by CIMSS (Knuteson et al. 2000). 
On the same left hand graphic, are plotted, the two HIS brightness temperatures as simulated 
by 4A-2000, in the spectral interval 850-900 cm-1 (part of IASI band-1). The right hand 
graphic shows the brightness temperature differences between the HIS measurements and 4A-
2000 modeling, using the same color codes, as previously, to identify the origin of H2O data. 
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These differences are expanding from -1.2K to 0.6 K. The largest discrepancies appear 
around, 850, 855, 871 and 887 cm-1 and present some more important spikes in the case of 
RAL data (especially at 887 cm-1)  

o Fig. 3c) shows the differences obtained in IASI brightness temperatures, for a US Standard 
Atmosphere tropical situation (1976) 4A-2000 modeling. Similar different H2O alternative 
data, as in Fig. 3b), have been used with similar colors in the simulation plots of the left hand 
figure. On the right hand figure is the graphic (in red color) of the brightness temperature 
differences related with the use of Toth’s or RAL data in the spectroscopic database. In this 
figure, important difference spikes appear in the 1300 cm-1 and in the 1700-2000 cm-1 spectral 
regions. These differences may be as large as nearly 2K.
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a) 

 
b)          c) 

Fig. 1: IASI resolution 4A-2000 simulation 
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a)  H2O (Toth’s data)       b) H2O (EUMETSAT/RAL’s data) 

-19.

-20.

-21.

-22.

-23.

-24.

-25.

-26.

600 1000 1500 2000 2500 3000    

-21.

-22.

-23.

-24.

600 1000 1500 2000 2500 3000 
Wavenumber in cm-1         Wavenumber in cm-1

 

L
og

 in
te

ns
ity

 in
 c

m
.m

ol
ec

ul
e-1

 

L
og

 in
te

ns
ity

 in
 c

m
.m

ol
ec

ul
e-1

 

 

 
 

Fig. 2: H2O GEISA/IASI-03 update and alternative archive 
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Fig. 3a): Impacts of differences in choices for H2O update in GEISA/IASI-03: left hand figure half-width differences (in %); right hand figure, intensity 
differences (in %) 
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Fig. 3b): CAMEX(HIS) 29/09/93 campaign. Differences (ΔTB K) in 4A-2000 simulations using RAL or Toth’s H2O spectroscopy in GEISA/IASI-03 
              

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3c): Tropical U.S. Standard Atmosphere 1976. Differences (ΔTB K) in 4A-2000 simulations using RAL or Toth’s H2O spectroscopy in GEISA/IASI-03 
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• O3 GEISA/IASI-03 update assessment 
 

An example of the impact of differences in O3 spectroscopic parameters, on IMG total column retrieval, is 
presented in Fig. 4 (Coheur et al. 2005). Four different databases, i.e.: GEISA-97 (Jacquinet-Husson et al. 
1999), GEISA-03, MIPAS, HITRAN-2000 (Rothman et al. 2003), have been used in the evaluation of the 
errors between the observations and the theoretical calculations (obs.-calc., on the Y-axis) in the spectral 
range (980-1100 cm-1, on the X-axis). Depending on the database, the RMS value varies from 1.34 10-7 to 
5.45 10-8, and the ozone total column value from 306.3 Dobson to 312.0 Dobson.  
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Fig.4: Spectroscopy impact on IMG O3 total column retrieval (Courtesy of P.F. Coheur –ULB) 

 
 
Differences between GEISA-03 and HITRAN-04: Examples of impacts evaluation  
 

The two last editions of GEISA and HITRAN, described extensively in Jacquinet-Husson et al. 
(2003, 2005b) and in Rothman et al. (2005) exhibit differences related with the choices made for new or 
updated spectroscopic parameters (see related database descriptions for details). IASI sounding simulations 
have been made to evaluate impacts of differences between both database archives. Two molecular species, 
i.e.: H2O (mainly intensities and air broadened halfwidths differences) and CH4, have been retained. 
Computations were made using 4A-2000 in the case of a mean tropical atmospheric profile from the 
Thermodynamic Initial Guess Retrieval (TIGR) dataset (Chédin et al. (1985), Achard (1991), Chevallier et 
al. 1998), in its latest version (TIGR-2000). 
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Illustrations of the impact of these differences in IASI sounding modeling are presented in the following 
figures: 

o Figs. 5 a) shows an IASI simulation (brightness temperatures (K)) as a function of the wavenumber 
(IASI spectral range) using the GEISA/IASI-03 database, where the H2O archive has been replaced 
by the HITRAN-04 one. Previous Fig.1a) shows a similar simulation with the original GEISA/IASI-
03 H2O content. Related brightness temperature differences are on Fig. 5 b), showing spikes 
between nearly -1.2 and 0.8 K. 

a) 

b) 
 

Fig. 5: GEISA/IASI-03 and HITRAN-04 H2O archive differences and impact on H2O 4A-2000 IASI 
simulations 
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Figs. 6 a) and 6 b) present IASI 4A-2000 simulations brightness temperature differences (K), for two case 
studies related with the evaluation of the impacts of differences in spectroscopic databases archive, for H2O 
and CH4. The red curve corresponds to the differences corresponding, either to the choice of RAL (GEISA-
03(RAL) id) or to the choice of Toth’s H2O data (GEISA-03 id), in GEISA/IASI -03. The green curve 
corresponds to the differences in using either HITRAN-04 or GEISA-03 in 4A-2000 computation. 
Associated with these two curves are two IASI noise curves for two temperatures: the first one (in violet) 
corresponds to a temperature of 280K (CNES definition, Phulpin 2003) and the second one (in blue) to the 
noise converted to the real temperature of the scene. Along the X-axis, the spectral interval is 1100-1400 
 cm-1, in both figures. Fig. 6 a) corresponds to a TIGR-2000 mean latitude-2 atmospheric situation and  
Fig. 6 b) to a tropical one. 

o Fig. 7 shows similar comparisons when, either HITRAN-04 or GEISA-03 are used in 4A-2000 IASI 
resolution simulations, in the 2000-2180 cm-1 spectral region. 

 
From these illustrations of IASI simulation comparisons for different archived spectroscopic parameters, it 
appears that the HITRAN-04 archive is significantly different from the RAL and from the Toth’s/GEISA-03 
one, for H2O, especially in the 1100 – 1400 cm-1 spectral region. Considering the actual values of IASI 
theoretical noise, we are confident that, when IASI real sounding data will be available, they will allow a 
validation in the choice of the spectroscopic parameters. For example, in the 1290 cm-1 spectral region, the 
differences between simulations, using either GEISA-03 with RAL H2O data or GEISA-03 with Toth’s H2O 
data, show discrepancies, in brightness temperature values, of almost four times the IASI noise value. 
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a) 

b) 
Figs. 6a) b): IASI 4A-2000 Simulations using TIGR-2000 atmospheric mean latitude 2 a) and tropical b) 

profiles (1100-1400 cm-1 spectral region) 
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Fig. 7: IASI 4A-2000 Simulation using TIGR-2000 atmospheric tropical profiles (2000-2180 cm-1spectral 
region) 
 
GEISA and GEISA/IASI management software and database availability 
 

The GEISA management software facilities are interfaced on the ARA/LMD group web site at: 
http://ara.lmd.polytechnique.fr. They are also accessible at the GEISA restricted free access ftp 
site:http://ara.lmd.polytechnique.fr/ftpgeisa. Previously, the potential user required a login and a password, 
at the ARA/LMD web site. 
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 List of Acronyms: 
 
AIRS: Advanced InfraRed Sounder; ARA: Atmospheric Radiation Analysis; 4 A: Automatized 
Atmospheric Absorption Atlas; CAMEX-1: first Convection And Moisture Experiment campaign; CIMSS: 
Cooperative Institute for Meteorological Satellite Studies; CNES: Centre National d'Etudes Spatiales, 
France; EPS: European Polar System; EUMETSAT: EUropean organization for the exploitation of 
METeorological SATellites; GEISA: Gestion et Etude des Informations Spectroscopiques Atmosphériques: 
Management and Study of Atmospheric Spectroscopic Information; GIDSC: GEISA/IASI Database 
Scientific Committee; HIS: High-resolution Interferometer Sounder; HITRAN: HIgh resolution 
TRANsmission spectroscopic database; IASI: Infrared Atmospheric Sounder Interferometer; IMG: 
Interferometric Monitor for Greenhouse gases; ISSWG: IASI Sounding Science Working Group; LMD: 
Laboratoire de Météorologie Dynamique ;METOP: METeorological OPerational Satellite ; MIPAS: 
Michelson Interferometer for Passive Atmospheric Sounding;RAL: Rutherford Appleton Laboratory;RMS: 
Root-Mean Square; TIGR: Thermodynamic Initial Guess Retrieval ; ULB: Université Libre de Bruxelles 
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Abstract 
 
The Microwave Humidity Sounder (MHS) has similar scan characteristics to the Advanced 
Microwave Sounding Unit-B (AMSU-B).  However, the radiometric characteristics  are 
somewhat different, particularly for two channels.  Both of these channels will sense 
somewhat deeper into the atmosphere for the MHS than the AMSU-B.  The MHS also has 
higher  information content than the AMSU-B due to its improved noise characteristics. 
 
 
1. Introduction 
 
The Advanced Microwave Sounding Unit – B (AMSU-B ) is a five channel microwave 
sounder which has been flown on NOAA-15, 16 and 17.  It is used to retrieve water vapour 
profiles by NOAA/NESDIS, and its radiances are assimilated into the analyses of major 
numerical weather prediction centres in the U.S. and elsewhere. With the launch of NOAA-
N, this instrument will be replaced by the Microwave Humidity Sounder (MHS). The MHS 
will also fly on the METOP series of satellites.  Although the scanning characteristics of the 
two instruments are the same, there are significant differences in their radiometric 
characteristics. This may be noted by comparing the frequencies and bandpasses of the MHS 
for NOAA-N and the AMSU-B for NOAA-K/15, which are given in Table 1.  The major 
differences are the change of channel 2 from 150 GHz to 157 GHz, and the change of channel 
5 from a double sideband symmetric about the 183.31 GHz water vapour line to a single 
bandpass at 191.31 GHz.  The other channels are very similar for the two sensors.  Figure 1 
gives a visual representation of the bandpasses for these two instruments.  Based on these 
differences it is expected that channels 2 and 5 will produce somewhat different brightness 
temperatures for the MHS, but that channels 1, 3 and 4 should be essentially the same as the 
AMSU-B. This paper is in two sections:  The first presents the differences in the brightness 
temperatures and Jacobians that are to be expected with the change to the MHS and the 
second gives an estimate of the information content difference between the two instruments. 
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2.  Radiance and Jacobian Comparison 
 
2a. Radiative Transfer 
 
The radiative transfer model used in this study is the NESDIS/NCEP Community Radiative 
Transfer Model (Kleespies et al., 2004).  This model is based upon the Optical Path 
Transmittance (OPTRAN) model (McMillin et al., 1995).  OPTRAN was chosen for this 
work because it performs very well for the water vapour channels.  The atmospheres used for 
the simulation are the University of Maryland, Baltimore County (UMBC) Atmospheric 
InfraRed Sounder (AIRS) 48 profile set (Strow et al., 2003).  This set has 100 layers for 
temperature, water vapour and ozone mixing ratio.  Ozone was neglected for this study, as it 
is known that the strength of the ozone lines near 183 GHz is many orders of magnitude less 
than that of the water vapour line. These profiles were also used as the training set for 
OPTRAN. Calculations were made for a nadir-viewing angle with a surface emissivity of 0.6.  
Cloud liquid water scattering and absorption were not included in the simulation. 
 
The methods described in Garand et al. (2001) were applied to verify the results from the 
Jacobian code.  The ‘brute force’ Jacobians were computed from the forward model by 
centred finite differencing.  The input temperature profile was perturbed layer by layer first 
by +0.5K then by –0.5K, and the results differenced.  Similarly the water vapour profile was 
perturbed each layer in turn first by +5% then –5% mixing ratio and the results differenced.  
The results were tabulated and examined, and found to be exactly the same as that from the 
Jacobian model to within the last one or two significant digits.  
 
2b. Radiance and Jacobian Results 
 
Figure 2 presents the brightness temperatures computed for the MHS versus those for the 
AMSU-B.  As might be expected from Table 1, channels 1, 3 and 4 are essentially identical 
in these plots.  The major differences are in channel 2, where the change from 150 to 157 
GHz is quite evident in the MHS measuring consistently warmer brightness temperatures 
than the AMSU-B.  The differences in brightness temperatures for channel 5 are less 
apparent, but again, the MHS brightness temperatures are warmer than the AMSU-B.  Table 
2 gives the mean and the standard deviation of the differences.  The most significant 
differences are for channel 2, where the MHS is on the average 6.6K warmer than the 
AMSU-B.  The large standard deviation of 4.8K for this channel is the result of it sensing 
deeper into the atmosphere, where the water vapour has greater variance. 
 
Figure 3 shows the jacobians for the US Standard Atmosphere, a hot and moist atmosphere, 
and a cold and dry atmosphere.  The temperature jacobians are almost identical, except for 
channel 2 in the hot and moist atmosphere.  Similarly, the water vapour jacobians are also 
very much alike except for channel 2. 
 
The mean and standard deviation of the difference of the AMSU-B and MHS jacobians are 
given in Fig. 4.  Again it is seen that the greatest standard difference is in channel 2, with 
channel 5 displaying the second greatest standard difference.  In both cases the maximum 
standard difference occurs near the surface, where the water vapour is most variable (Fig. 5).   
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3. Information Content 
 
The one dimensional variational retrieval (Eyre, 1989) utilizes a cost function  
defined as  
 
                         ( ) ( ) ( ) ( )( ) ( ) ( )( )xyyFOxyyxxBxxxJ −+−+−−= −− o1Tob1Tb (1) 
 
where xb is a background estimate of the model state vector usually given by a short term 
forecast, x is the desired solution, yo is the vector of observations, y(x) is an operator which 
transforms the model state vector into the same form as the observations, and B, O and F are 
the background, observational and forward modelling error covariance matrices respectively.  
For this purpose, y(x) is the radiative transfer operator.  Neglecting the possibility of multiple 
minima, the most probable solution is where the gradient of J(x) is zero: 
 

( ) ( ) ( ) ( ) ( )( ) 0o1Tb1 =−+−−=∇ −− xyyFOxKxxBxJ         (2) 
 
where K(x) is the matrix of partial derivatives of y(x) with respect to the elements of x, or the 
jacobian. The information content can be estimated from the covariance matrix which is the 
Hessian of (1) (Rodgers, 1976) 
 

( ) ( ) ( )( ){ } 2
111T1 −−− +−= xKFOxKBS       (3) 

 
The background covariance matrix was provided by Tony McNally of ECMWF (personal 
communication).    This matrix was computed from an ensemble of data assimilation 
experiments where the members differed because of random perturbations to the 
observations.  The use of the ECMWF background covariance was purely a matter of 
convenience as it was readily available at the time this work was performed.   The instrument 
errors are the Noise Equivalent Delta Temperatures (NEDT) provided by Tsan Mo of 
NOAA/NESDIS (personal communication).  The NEDT used were those which were 
measured on-orbit for the AMSU-B on NOAA-15, and the measured pre-launch values for 
the MHS on NOAA-N (Table 3).  The forward radiative transfer errors were set to 0.2 K as in 
Fourrié and Thépaut (2003) and were assumed to be constant with channel.  The 
observational and forward modelling error covariance matrices are considered diagonal for 
lack of better information. 
 
3a. Information Content Results 
 
The upper panels in Fig. 6 shows the improvement of the AMSU-B and MHS temperature 
and moisture information over the ECMWF covariances for the US standard atmosphere and 
the same hot and moist atmosphere and cold and dry atmosphere used above.  The MHS 
demonstrates a small improvement of about 0. 1K in temperature information in the mid-
troposphere, and about a 0.1g/Kg improvement in moisture information below about 700 hPa 
for the US standard atmosphere.  The MHS also showed a small improvement over the 
AMSU-B of about 0.1 K from about 700 hPa to 200 hPa for the hot and moist atmosphere, 
but no improvement in the moisture information.  The MHS shows no improvement over the 
AMSU-B for the temperature information, and a small improvement of about 0.1 g/Kg in the 
moisture information between about 800 to 700 hPa for the cold and dry atmosphere. 
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The question remains as to whether the small improvement in information content of the 
MHS over the AMSU-B is due to the changes in the jacobians, or in the improved noise 
performance of the MHS.  The lower panels in Fig. 6 show the information improvement 
over the ECMWF covariances with the NEDT of both instruments set to the same pre-launch 
MHS values.  In this case the improvement in information content is essentially the same for 
both instruments, demonstrating that the additional information is due to the better NEDT 
performance of the MHS. 
 
4. Summary 
 
It can be expected that the MHS will demonstrate a slight improvement in information 
content as compared to the AMSU-B due to the better NEDT performance of the MHS.  This 
improvement will be airmass dependent.   Experience has shown that on-orbit measured 
NEDT is somewhat better than that measured pre-launch, so the information content 
estimates presented here may be an underestimate.  
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Table 1: MEASURED RADIOMETRIC CHARACTERISTICS OF THE NOAA-17 
AMSU-B AND THE NOAA-N MHS.   

 
Note however that the MHS central frequencies are the nominal values. 

Central Frequency (GHz) Lower IF -3 dB 
Frequency (GHz)

Upper IF -3 dB 
Frequency (GHz) 

# Bandpasses 

Chan AMSU-B MHS AMSU-B MHS AMSU-B MHS AMSU-B MHS 
1 89.002 89 0.399 0.111 1.406 1.207 1 1 
2 149.984 157 0.398 0.111 1.402 1.207 1 1 
3 183.299 183.311 0.751 0.752 1.248 1.210 2 2 
4 183.299 183.311 2.511 2.524 3.267 3.434 2 2 
5 183.299 190.311 6.016 0.113 7.971 1.079 2 1 

  
 
 

Table 2. MHS - AMSU-B BRIGHTNESS 
TEMPERATURE DIFFERENCE FOR THE UMBC AIRS 

48 PROFILES 
Channel Mean difference (K) Standard Deviation 

of the difference (K) 
1 -0.0123 0.0035 
2 6.6553 4.7687 
3 -0.0992 0.1091 
4 0.0903 0.4982 
5 0.7148 1.3365 

 
 

Table 3. MHS AND AMSU-B NOISE EQUIVALENT DELTA TEMPERATURES (K). 
 

AMSU-B is measured on-orbit for NOAA-17 and MHS is pre-launch for NOAA-N 

Channel AMSU-B MHS 
1 0.33 0.22 
2 0.54 0.35 
3 0.92 0.45 
4 0.63 0.35 
5 0.77 0.40 
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Figure 1: Bandpasses for the MHS for NOAA-N (black) and the AMSU-B for NOAA-M (red).  
The angular notch at the central frequency of the single band channels represents the 
stopband.  The height of the bandpasses in this figure has no meaning.  The height is set 
greater for the MHS to distinguish it from the AMSU-B where the bandpasses are similar. 
The vertical line for channels 3, 4 and 5 represents the central frequency. 
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Figure 2.  Brightness temperatures computed by the NESDIS/NCEP community model for 
the MHS and AMSU-B using the UMBC AIRS 48 profile set.  These are for nadir view with 
emissivity set to 0.6 . 
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Figure 3a: Temperature and water vapour jacobians (top) for the US Standard Atmosphere.  
Temperature and water vapour profile (bottom).  The atmosphere number refers to the 
number in the UMBC profile set.  The figures are colour coded such that black = channel 1, 
red = channel 2, green = channel 3, blue = channel 4 and cyan (light blue) = channel 5.  
AMSU-B is solid line and the MHS is the dotted line.   
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Figure 3b: Temperature and water vapour jacobians for a hot and moist atmosphere.
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Figure 3c: Temperature and water vapour jacobians for a cold and dry atmosphere.
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Figure 4. Mean and standard deviation of the difference between the MHS and AMSU-B 
jacobians for the 48 UMBC atmospheres. The figures are colour coded such that black = 
channel 1, red = channel 2, green = channel 3, blue = channel 4 and cyan (light blue) = 
channel 5. 
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Figure 5.  Mean and standard deviation of the 48 UMBC AIRS Profiles.  
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Figure 6a): Improvement of AMSU-B and MHS temperature and moisture information over 
ECMWF covariances for the US Standard Atmosphere.   Solid line is ECMWF covariance.  x 
is the AMSU-B,  + is the MHS.   Top panels are for instrument unique NEDT.  Bottom panels 
are for both instruments using the MHS pre-launch NEDT.  See text for details.  
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Figure 6b): Improvement of AMSU-B and MHS information over ECMWF covariances for a 
hot and moist atmosphere. 

International TOVS Study Conference-XIV Proceedings

215



 
 
 

 
Figure 6c: Improvement of AMSU-B and MHS information over ECMWF covariances for a 
cold and dry atmosphere. 
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Abstract – The US Joint Center for Satellite Data Assimilation (JCSDA) has developed its beta 
version of community radiative transfer model (CRTM). The CRTM is being implemented in the 
NCEP data assimilation system and is expected to produce significant impacts on utilization of 
current and future satellite instruments due to its flexible interface, advanced radiative transfer 
physical processes and efficiency and effectiveness of numerical computational schemes. The 
advanced physics in the CRTM includes Optimal Spectrum Sampling (OSS), land microwave 
emissivity, discrete ordinate method and successive order of interaction scheme for scattering and 
emitting atmospheres, to name a few.  

Introduction 

A computationally efficient and accurate radiative transfer model is needed to compute radiances 
and Jacobians for satellite data assimilation. In the absence of atmospheric scattering, the 
components used in the data assimilation systems such as atmospheric absorption coefficients and 
the gradient of radiance relative to a state variable can be efficiently computed from the accurately 
parameterized models (Eyre, 1989; Garand et al., 2001). Thus, the radiance measurements from 
satellite sounding instruments under clear atmospheres have been most successfully assimilated 
into global numerical weather prediction (NWP) models.  

To fully utilize the information of satellite measurements under all weather conditions for NWP, 
forward modeling capability needs to be enhanced to include both scattering and polarization 
processes. Cloud affected satellite radiances generally have not been assimilated into operational 
forecasting models although the measurements contain considerable information pertinent to the 
atmospheric hydrological cycle. In the next decade, many advanced infrared and microwave 
sensors will be deployed in space and their sensitivity to various atmospheric and surface 
parameters is significant. The uses of cloudy radiances in NWP models will ultimately enhance the 
impacts that have been demonstrated presently through clear radiance assimilation and add to our 
knowledge of clouds, the surface and the hydrological cycle. 
 
In this paper, we will review several new aspects critically important for the developments of the 
community radiataive transfer model (CRTM). The beta version of the CRTM is being released to 
NWP centers for the direct radiance assimilation and also to other users.  

Community Radiative Transfer Model    

Satellite radiances are not components of atmospheric state vectors predicted by NWP models. 
For radiances to be assimilated by NWP models, a relationship between the model state vectors 
and the observed radiances is required. This is provided by forward radiative transfer models with 
the state vectors as input (Figure 1). In addition, the Jacobian vector (or the derivative of radiance 
relative to the state vector) is also needed for satellite radiance assimilation.  

The several schemes are proposed to discretize differential and integral radiative transfer equation 
and provide the solution for the radiative transfer in the vertically-stratified plan parallel 

International TOVS Study Conference-XIV Proceedings

217



atmosphere. This part in the CRTM is referred as a RT solution module. Several RT solution 
modules are being tested, including 1) a vector discrete ordinate model (VDISORT) originally 
developed by Weng (1992), and several improved versions (Schulz et al., 1999; Weng and Liu, 
2003); 2)  Successive Order of Interaction (SOI) (Greenwald et al., 2004); 3) delta-four stream 
vector radiative transfer (DS4) (Liou et al., 2004) and 4) fast multi-stream scattering-based 
Jacobian for microwave radiance assimilation (Voronovich et al., 2004). The RT solution module to 
be selected for the CRTM implementation will be largely dependent on several critical facts 
provided by each investigator (e.g. speed, accuracy, storage for coefficients, Jacobian, potential 
developments for future instruments). 

Under clear atmospheric conditions, radiative transfer modeling uses atmospheric absorption 
coefficients as the key input. The absorption varies with the atmospheric conditions in a 
complicated way and is often computed through the line-by-line (LBL) models. Although LBL 
models are accurate, they take considerable time to calculate transmittances for just a few 
atmospheres. To provide accurate transmittances in a timely fashion, the JCSDA has generated 
and used fast approximation commonly known as OPTRAN for specific instrument channels. For 
atmospheric transmittance calculations, the gas absorption coefficients are predicted from the 
atmospheric parameters at fixed levels of the integrated absorber amount (Kleespies et al., 2004). 
This approach significantly reduces the coefficients which reside in computer memory and 
preserves the accuracy. 
 
Recently, a fast and optimal spectral sampling (OSS) absorption model which is developed by AER 
Inc. (Moncet et al., 2004) is being tested and integrated as part of CRTM. The OSS is a new 
approach to radiative transfer modeling which addresses the need for algorithm speed, accuracy, 
and flexibility. The OSS technique allows for a rapid calculation of radiance for any class of 
multispectral, hyperspectral, or ultraspectral sensors at any spectral resolution operating in any 
region from microwave to ultraviolet wavelengths by selecting and appropriately weighting the 
monochromatic radiances contributed from gaseous absorption and particle scattering over the 
sensor bandwidth. This allows for the calculation to be performed at a small number of spectral 
points while retaining the advantages of a monochromatic calculation such as exact treatment of 
multiple scattering and/or polarization. The OSS method is well suited for remote sensing 
applications which require extremely fast and accurate radiative transfer calculations: atmospheric 
compensation, spectral and spatial feature extraction, multi-sensor data fusion, sub-pixel spectral 
analysis, qualitative and quantitative spectral analysis, sensor design and data assimilation. The 
OSS was recently awarded a U.S. Patent (#6,584,405) and is currently used as part of the National 
Polar-Orbiting Operational Environmental Satellite System (NPOESS) CrIS, CMIS, and OMPS-IR 
environmental parameter retrieval algorithms. With the OSS method, the channel radiance is 
calculated from  

( ) ( ) ( ) νννννφ
ν

Δ∈≅= ∑∫
=Δ

i

N

i
ii νRwdRR         ; 

1

 
where  represents the wavenumber node and wiν i is the weight determined by fitting “exact” 
calculations (from line-by-line model) for globally representative set of atmospheres (training set). 
At the selected nodes, the look-up tables of absorption coefficients for relevant species are stored. 
Maximum brightness temperature errors from the current look up table calculations are less than 
0.05K in infrared and are about 0.01K in microwave wavelengths. 
 
Note that both radiance and Jacobian computations require accurate knowledge of surface 
emissivity and reflectivity. Without an emissivity model, the measurements from those channels of 
current and future advanced sounders that are sensitive to the lowest atmospheric layers may not 
be assimilated into NWP models. As a critical part of the radiative transfer model (see Fig. 1), the 
surface emissivity model should be developed to properly include the variability of both emissivity 
and reflectivity. For the CRTM developments, the theoretical and technology advances to quantify 
the emissivity spectrum for various sensors of the global environment are highly encouraged.  

 

International TOVS Study Conference-XIV Proceedings

218



The CRTM is being built on the existing surface emissivity modeling. With the launch of the first 
AMSU in 1998, an ocean microwave emissivity model developed by NESDIS was successfully 
implemented into the NCEP global data assimilation system. In collaboration with NCEP, NESDIS 
also tested and compared two ocean emissivity models. It was found that the model developed by 
the Metoffice, United Kingdom (English and Takashima, 1998) produced better results in 
assimilating the AMSU data, especially at high latitudes.   

 

 

 
Figure 1. Components of the JCSDA community radiative transfer model (CRTM) 

 

 

Over land, the NESDIS developed a microwave land emissivity model (Weng et al, 2001). This 
model capitalizes on scientific advances in various fields from atmospheric sciences to 
electrophysics and astrophysics. In particular, the volumetric scattering theory developed by the 
electrical engineering community is utilized to compute the optical parameters of snow, deserts and 
canopy leaves. In addition, the radiative transfer theory that is often applied in atmospheric science 
is enhanced to compute the bulk-emitted radiation from surface. The surface emission and 
scattering models also include the roughness effect that is approximated by the small perturbation 
theory. The radiation interaction between snow interfaces and volumetric scattering of particles is 
fully represented. In the case of vegetation, geometrical optics is used since the leaf size is 
typically larger than the wavelength. Critical issues remain in simulating the emissivity spectra over 
extreme surface conditions and at infrared wavelengths. Evidence of these model deficiencies 
comes from comparisons of the simulated global emissivity distribution with satellite retrievals from 
the AMSU and SSM/I (Weng et al., 2001). In cold climate regimes (e.g., Greenland), snow 
structure is very complex with stratification and metamorphosis. 

From visible to infrared wavelengths, the emissivity over land is derived from a look-up table, 
according to surface type and wavelength. In the table, the emissivity spectra are specified as 
function of surface types including water, old snow, fresh snow, compacted soil, tilled soil, sand, 
rock, irrigated low vegetation, meadow grass, scrub, broadleaf forest, pine forest, tundra, grass 
soil, broadleaf pine forest, grass scrub, oil grass, urban concrete, pine brush, broadleaf brush, wet 
soil, scrub soil, broadleaf 70-pine 30, and new ice. Currently, the JCSDA is also developing infrared 
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emissivity estimates through use of high spectral resolution clear radiances and statistical or 
minimum emissivity techniques. These methods are being evaluated and are viewed as a prelude 
to using emissivity as part of a variational minimization in analysis. 

For oceans, a model was developed to simulate the emissivity vector using a two-scale roughness 
approximation (Yueh, 1997). The emission from large-scale waves is normally polarimetric and is 
modeled by the geometrical optics (GO) (Stogryn, 1967). In the GO model, the large-scale waves 
are modeled by tilting surface facets, and the scattering coefficients are proportional to the number 
of surface facets with a sloping angle satisfying the specular reflection condition. The slope 
distribution of the large-scale roughness is computed from an ocean surface spectrum (Cox and 
Munk, 1954; Durden and Vesecky, 1985). However, the GO scattering theory underestimates the 
directional signals in the first three components of the microwave emissivity vector and predicts no 
signals in the fourth component (Gasiewski and Kunkee, 1994). Bragg scattering from the small-
scale waves was found to be useful in explaining the dependence of the emissivity on ocean wind 
direction and the existence of the fourth component in the emissivity vector (Yueh, 1997). The 
cutoff wavenumber for separating between the large and small-scale waves depends on frequency 
and can be optimally derived (Liu et al., 1998). With a two-scale model, the emissivity and 
brightness temperature vectors can be simulated and are found to be consistent with those 
obtained from a airborne  microwave radiometer (St. Germain and Poe, 1998). A similar model 
theory is also applicable for infrared wavelength (Wu and Smith, 2000) and integrated into CRTM. 

Needed Community Contributions 

The JCSDA CRTM design is still in its infancy stage. Many future developments are planned. For 
example, gas absorption models should consider more minor gases such as carbon monoxide 
because the forecast models are making more use of satellite measurements that are sensitive to 
them. Presently, transmittance models only include a number of “fixed” gases, and variable gases 
such as water vapor and ozone. Assimilating the satellite measurements into forecasting models 
and predicting their distributions require the transmittance models that include variations in minor 
gases. As the gas absorption models and other radiative transfer components become more 
accurate, the variations in retrieved temperature due to changes in minor gases become significant 
when they are ignored. For these reasons, future fast models will have to be modified to include the 
effects of these minor gases. In the short wavelength regions near 4 microns, aerosols begin to 
have some significant effect. Aerosols from volcanic eruption can affect the radiation at other 
spectral intervals as well and should be included in the forward model calculation. 

Currently, cloudy and precipitating satellite radiances are not assimilated into operational 
forecasting models although the measurements contain crucial information on the atmospheric 
hydrological cycle. To utilize fully the information of satellite measurements under all weather 
conditions for NWP, one needs to extend the forward modeling capability to clouds and 
precipitation and their associated radiative processes of absorption, scattering, and polarization.  

In surface modeling areas, the issues remain critical in simulating the emissivity spectra over 
specific surface conditions and at infrared wavelengths. The convincing evidences on the model 
deficiency are obtained through comparing simulated global distribution with satellite retrievals from 
the AMSU and SSM/I. In cold climate regimes (e.g. Greenland), snow structure is very complex 
with stratification and metamorphosis. The radiation interaction within the snow layers with 
volumetric scattering of particles needs to be understood. 

Presently, our capability of simulating the sea ice emissivity is very limited, probably at best to the 
condition of newly formed first year sea ice. The needs for developing and testing the polarimetric 
emissivity model is urgent for assimilating the advanced instruments such as WindSat/Coriolis 
which was launched by the US Navy and is now used for the risk reduction study of CMIS aboard 
future National Polar-orbiting Operational Environmental Satellite System (NPOESS) satellites. Our 
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overall ability in simulating accurately ocean microwave emissivity is still limited within the 
frequencies lower than 100 GHz.  

In summary, the JCSDA will work with the community in these areas:  

1. Continue refining the rapid gas absorption model for current and many future sensors, 
including the absorption coefficients for hyperspectral instruments such as AIRS, IASI, 
CrIS and HES and the corresponding Jacobian codes when changes are required,  

2. Update rapid atmospheric gaseous absorption coefficients as instrumental parameters, 
spectral knowledge, or requirements change. This includes the running of the LBL code as 
required, the integration of the LBL forward model calculation with the instrumental 
response functions and the generation of new fast model coefficients, 

3. Develop and improve radiative transfer models to include scattering, polarization and 
polarimetry for assimilating the cloudy  radiances, 

4. Improve the performance of the microwave emissivity model over land and snow 
conditions, which will lead to more uses of sounding data over land and polar 
environments,  

5. Develop fast land emissivity and reflectivity models for advanced infrared instruments, 

6. Develop more comprehensive models to simulate the emissivity for new, second and 
multiyear sea ice, 

7. Improve the performance of the current microwave emissivity model at higher frequencies 
(greater than 100 GHz),  

Acknowledgments  and Disclaimer - This study is supported under JCSDA science development 
and implementation fund, The views, opinions, and findings contained in this report are those of the 
authors and should not be construed as an official National Oceanic and Atmospheric 
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Use of satellite radiances in the 4D-VAR ECMWF system 
 

Graeme Kelly 
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The paper will summarise the use of satellite data in the ECMWF 4D-VAR assimilation system and 
include likely changes in near future.  
 
Currently in operations only clear satellite radiances are used. It is planned to use cloud-affected and 
rain-affected radiances in operations by the end of this year. Some results will be discussed.  
 
The use of AMSUA data over land uses surface emissivity estimates based on the work from 
NOAA/NESDIS, ‘day 1 AMSU algorithms’. An alternative method to calculate surface land 
emissivity has been developed and tested using clear sky AMSUA radiances together with the 
ECMWF model skin temperature. A comparison of results will be discussed.  
 
Results will be presented showing the impact of assimilating radiances from two microwave sensors, 
SSMI/S and AMSR-E.  
 
RTTOV8 and RTIASA are currently being merged and will become part of RTTOV9. A summary of 
the improvements to RTTOV with this merge will be discussed. 
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1. Introduction 
 

In this study we show that using level-1D ATOVS radiances derived using the 
European ATOVS and AVHRR Processing Package (AAPP) in the BMRC Global 
Assimilation and Prediction (GASP) system can significantly improve prediction 
performance in both the mid-latitudes, in the Southern Hemisphere and the Tropics. For this 
project we have implemented the GASP assimilation and prediction systems at a resolution of 
T239/L60, with the uppermost level at 0.1hPa.  We have compared the use of NESDIS level-
1d ATOVS radiances as available on the GTS with AAPP derived 1evel-1d radiances as 
obtained via a direct link to the UKMO. There are significant differences between the two 
data streams particularly with the AMSU-A brightness temperatures.  The UKMO data 
stream from AAPP provides higher spatial resolution of the soundings and also AMSU-B 
data, which are not sent as part of the NESDIS product on the GTS. The impact of AMSU-B 
radiance assimilation within this framework is under investigation, as is the extra provision of 
AMSU-A data from the AQUA satellite. The integration of globally available AAPP ATOVS 
radiances with the Australian direct read-out AAPP radiances is being developed to enable a 
unified treatment of radiance assimilation in both the global and regional assimilation 
systems used in operations in the Bureau of Meteorology. 

 
 

2. 1DVAR System 
 

The one-dimensional variational retrieval system (1DVAR) used in both the local and 
global assimilation systems at the Bureau of Meteorology is based on the ECMWF 
formulation (Eyre et. al. 1993).  It performs an iterative retrieval of temperature and moisture 
at the sounding location using a background first guess, interpolated to the 43 level RTTOV-
7 forward model.  The temperatures and moistures are converted to thickness and precipitable 
water layers and the corresponding background and analysis errors are calculated for the 
same quantities.  Following Purser (Purser 1990), the analysed increments and analysis errors 
are scaled dynamically for each sounding, thus allowing the information content to be 
reflected in the Optimal Interpolation (OI) analysis (Harris et. al. 1999).  The radiance bias 
correction (Harris and Kelly 2001) uses background derived bias predictors and a 
latitudinally varying scan correction. 
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3. New 60 Level Model 

 
In order to use AAPP derived radiances without the need for extra information or 

extrapolation, the operational GASP system with a top at 10hPa had to be extended to 0.1hpa.  
A previous 50 level model with 5 levels above 10hPa, had severe biases in the stratosphere 
and problems with dynamic stability.  It was decided to construct a new 60 level model with 
10 levels above 10hPa, and following some work (G. Roff) on model stability and 
smoothness of level spacing, a spreadsheet technique was devised to interactively produce 
plots of δ log σ, which was an extremely sensitive measure of the smoothness of level 
spacing.  Beginning with an initial set of levels, the levels were adjusted by hand to produce 
the very smooth set of levels according to that measure.  Figure 1 shows a comparison 
between the old 50 level model, the initial guess(gr) and the final set in both σ and δ log σ. 

 

Fig 1(a)  σ−level vs level. 
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Fig 1(b)  δ log σ vs level . 
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Subsequent trials showed that the new 60 level model was very stable and had much reduced 
biases in the stratosphere. 
 
 

4. Comparison between AAPP and NESDIS radiances. 
 

The Bureau of Meteorology has been receiving global AAPP processed level-1d 
radiances from the Met Office for some time and it is interesting to compare these radiances 
with those provided by NOAA/NESDIS on the GTS.  The NESDIS product comprises both 
level-1d (AMSU-A mapped to HIRS footprint) radiances and retrievals derived from a 
database of co-located radiosondes, thinned to 120km resolution.  They also contain a cloud 
detection flag to assist in the use of the HIRS radiances.  The operational GASP assimilation 
system uses the retrieval above 10hPa in the forward calculation and also directly assimilates 
the retrieval above 100hPa, using the 1DVAR retrieval only below 100hPa. 

The AAPP derived radiances do not have any retrieval or cloud information, are at full 
30km resolution, and use a different method to map the AMSU-A radiances to the HIRS 
footprint.  Also AMSU-B radiances are provided, which are absent from the NESDIS 
product.  The new 60 level model allows the background to fully specify the first-guess 
profile, eliminating the need for the retrieval information above the model top, and a –2K 
window check on HIRS channel 8 is used to detect the presence of cloud.  This cloud 
detection method when applied to the NESDIS radiances agrees with the NESDIS flag 90% 
of the time, with only 5% called clear when flagged as cloudy.  Figure 2 shows the clear 
radiances detected from NOAA-16 over the Southern Ocean. 

 
Figure 2.  Clear HIRS radiances (-2K window check) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When comparing the two radiance datasets it was found that coincident HIRS radiances 

were identical, but there were significant differences in the remapped AMSU-A radiances.  
This clearly reflects differences in the remapping algorithms of the processing software.  
However, when scan bias coefficients are examined for each type of data, it is found that the 
scan biases are much smaller for the AAPP derived radiances, perhaps indicating a problem 
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with the method used by NESDIS.  Figure 3(a) shows a sample of NESDIS brightness 
temperatures over the Tasman Sea for AMSU-A channel-4 on NOAA-16, and figure 3(b) 
shows the same, but denser, set of AAPP derived radiances.  It can be seen that there are 
significant differences in the values, especially note the 253.5K value in the NE corner in 2(a) 
compared to the corresponding 255.6K in 2(b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3(a)  NOAA-16 AMSU-A4 (NESDIS) 
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Figure 3(b)  NOAA-16 AMSU-A4 (AAPP) 
 

5. Experimental Results 
 

In order to test the use of the different radiance datasets, two T239L60 data assimilation 
experiments were conducted.  In the first experiment, L60_nes, NESDIS radiances were 
assimilated, but as previously noted, no retrievals were used in the forward calculation.  Also 
due to the improved resolution in the stratosphere, 1DVAR retrievals were assimilated up to 
0.4hPa, so that no NESDIS retrievals were used at any stage.  AMSU-A radiances from 
NOAA-15 and both HIRS and AMSU-A radiances from NOAA-16 were used in the 
experiment. 

In the second experiment, L60_1d, AAPP radiances were used in an identical 
configuration, and in both experiments the 1DVAR retrievals were thinned to the usual 
optimal resolution of 250km in the OI analysis.  In the results that follow, both are also 
compared to the operational T239L29 GASP system, which uses NESDIS radiances. 

Observation fitting statistics were calculated for the six hour first-guess against 
radiosondes for the three cases.  Figure 5 shows the bias and RMS error for geopotential 
height, averaged over 14 days in September 2004 in the Southern Annulus.  Comparing the 
L60_nes experiment with the operational GASP system shows that the effect alone of 
extending the model and using only 1DVAR retrievals produces a significant decrease in bias 
and RMS error.  However, when the AAPP radiances are used, the bias is almost completely 
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removed and the RMS error is almost halved again in the upper troposphere.  Similar results 
are also seen in the tropics and northern hemisphere. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Observed Sonde Geopotential Height minus 6hr First Guess 
 
 
Forecasts were run over a period of 59 days and verification statistics computed.  

Overall, both L60 experiments showed significant improvement in the stratosphere, but the 
L60_1d experiment also showed extra gain over the L60_nes experiment in many regions. 
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Figure 6.  500hPa Geopotential Verification Scores over the Southern Hemisphere 
 
Forecast skill was improved with the increase in vertical resolution and the removal of 
NESDIS retrievals, both in the forward modelling process and the actual assimilation, while 
still using the NESDIS radiances.  However, Figure 6 shows that the use of the AAPP 
radiances has a larger effect.  This agrees with the results of the observation fitting statistics.  
The gain may be due to the different method of mapping the AMSU-A radiances in the two 
products. 
 
 
 

6. Further Work 
 

While the above improvement in forecast skill is to be welcomed, the data stream from 
the Met Office offers data from the AMSU-B instruments, which is not provided in the 
NESDIS product.  Also HIRS and AMSU-B data is available from NOAA-17 and AMSU-A 
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data is also available from the AQUA satellite.  Experiments have been performed using both 
NOAA-17 HIRS and AMSU-A radiances from AQUA, showing further improvement in 
forecast skill.  The use of the AMSU-B data is a subject of current investigation. 
 
 

7. Conclusion 
 

The above results confirm that using higher vertical resolution with a model top at 
0.1hPa provides a much better background guess profile than the current operational GASP 
system.  This enables the direct use of radiances without the need of extra retrieval 
information, which allows the use of data from many platforms.  Also it appears that the 
level-1d data, which is produced by the AAPP processing package, is of higher quality than 
that of the NESDIS level-1d product, possibly related to the microwave mapping methods 
used. 
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Since the last ITSC there have been important changes in the operational assimilation of 
satellite data at the Met Office. This paper briefly covers the current global model 
configuration, including the change to 4D-Var in October 2004. It then summarises the 
improvements made in the use of ATOVS and the introduction of AIRS in May 2004, and the 
addition of MODIS winds in February 2005. Planned improvements in the global model and 
use of satellite data for the coming year are described, including the use of NOAA18 data; 
upgrading the forward model to RTTOV8; assimilation of SSMIS radiances; and the use of 
the AIRS Warmest Field of View dataset. A short section on preparation for the use of 
METOP data is also included, along with a comment on the importance of the timeliness of 
satellite data for use in NWP. 

1. Current global model configuration 
The Met Office global model is non-hydrostatic with a finite difference latitude-longitude 
grid at N216 resolution (~60km) and with 38 vertical levels. The model top is at 40km. The 
operational forecast suite consists of two main runs to produce timely forecasts out to six days, 
and four update runs to create a six hour forecast from the best analysis using as many 
observations as possible. The update runs have a six hour data window, but the main runs 
have only a T+2 cut-off, emphasising the need for observational data to arrive and undergo 
pre-processing as quickly as possible. 

Since the last conference, the main change to the global model configuration has been in data 
assimilation, where the methodology was changed from 3D-Var to 4D-Var on 5th October 
2004. In the 4D-Var inner loop, a linear perturbation model is used rather than a full tangent 
linear treatment and there are non-linear updates every ten iterations. At the Met Office we 
use a headline score, the NWP Index, to measure overall global improvement in forecast skill 
in a number of atmospheric parameters. The implementation of 4D-Var gave an improvement 
of +2.57 against observations and +1.14 against analyses. This improvement was very 
significant, and was a good indication of the comparative skill of 4D-Var and 3D-Var since 
no other changes were made to the model or use of data at that time. The biggest 
improvements were found to be in winter storm tracks and the fit of observations to 
background were also better following the change. 

2. Changes in the use of satellite data since ITSC-13 

2.1 Loss of NOAA-17 
With the unfortunate loss of AMSU-A on NOAA17, it became impossible for us to continue 
to use either the HIRS or AMSU-B instruments due to the way in which AMSU-A data is 
used for cloud detection at the Met Office. Between November 2003 and May 2004 we were 
operationally assimilating only NOAA15 AMSU-A and AMSU-B, and NOAA16 HIRS, 
AMSU-A and AMSU-B. 
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2.2 Satellite data assimilation upgrade in May 2004 
In May 2004 there was a major upgrade to the use of satellite radiances in the Global NWP 
system. This upgrade was a package of several components most of which have been 
previously described: 

• Assimilation of AIRS data (Collard et al., 2003); 

• Assimilation of EOS Aqua AMSU data (to partially counteract  the loss of 
NOAA17); 

• Increase in ATOVS data volumes over high land following introduction of model-
based predictors for bias correction (English et al., 2003); 

• Upgrade of radiative transfer code from RTTOV5 to RTTOV7 (Saunders et al., 
2002); 

• Use of EARS ATOVS data (see Figure 1); 

• HIRS no longer assimilated. 

 

Figure 1:  Left: Global ATOVS data only;  Right: Global + EARS data. The blue points 
represent NOAA16 observations and the red points NOAA15 observations included in 
assimilation. With EARS there is more data meeting the cut-off. 

The loss of HIRS was not a desired change: the operational ATOVS assimilation code was 
not able to distinguish between locally received data (including EARS) and global data. Since 
we are unable to use locally received HIRS data, owing to problems with the calibration, it 
was unfortunately necessary to stop assimilating the global data as well. The increase in 
AMSU data through inclusion of EARS (Figure1) was found to have positive benefit despite 
the loss of the HIRS channels. Whilst data-denial experiments at the Met Office have shown 
little impact of HIRS data assimilated in the presence of AMSU, it is beneficial to assimilate 
HIRS to mitigate against the loss of AMSU channels. The reintroduction of HIRS is a 
planned change for the coming year (see Section 3). 

The expected impact of these changes on the basis of individual component tests was around 
+2.2 increase in NWP Index. In terms of this headline score, the complete package performed 
even better than expected (see Figure 2). Improvements of up to 9% in RMS error were seen 
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in all tropospheric southern hemisphere fields, as well as increased skill in upper level tropical 
winds and northern hemisphere PMSL and 500hPa height fields. 

Additional improvement was seen in the forecasting of tropical cyclones following the 
introduction of the satellite package. During a trial period, it was found that positioning was 
10% better, the intensity was improved, and cyclones developed more rapidly well before TC 
bogus observations are added. The first cyclone following the change was very well forecast. 
Combined with the evidence of improved tropical cyclone forecasting at ECMWF after the 
introduction of AIRS, it is likely that AIRS played an important part in these improvements at 
the Met Office also.  
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Figure 2:  Improvement in NWP Index score for May 2004 satellite assimilation upgrade. 
Individual components were inserted one by one (left hand plot). Note that the actual numbers 
associated with individual components are unrealistic because various updates to bias 
correction were required throughout this period. The full package was then run for six weeks, 
during which time the NWP Index increased to an overall average of just under +2.5. 

2.3 Introduction of MODIS winds, February 2005 
MODIS polar winds from Aqua and Terra have been assimilated in the MetOffice global 
model since February 2005. Impact experiments showed the strongest improvements were to 
the temperature, height and wind fields at high to mid latitudes at mid levels (850-250 hPa) 
and at longer forecast range (T+72 onwards). One limitation to the usage of the MODIS 
winds is their timeliness. The current delay between observation time and receipt time is 3.5-7 
hours.  

3. Planned improvements in the coming year 

3.1 Model and processing system changes 
By the end of 2005, it is planned that the global model will have enhanced resolution in both 
the vertical and the horizontal. Trials are underway of a 50 level model with a 66km top. It is 
also intended to increase the horizontal resolution to approximately 40km. In the meantime, a 
project is underway to improve the background error covariances in 4D-Var, which is 
expected to give a significant positive impact in verification against analyses. 
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The initial implementation of 4D-Var did not include any modifications to the way data is 
selected in time and space for assimilation. It is expected that better selection of observations, 
in particular satellite observations which have dense coverage, so that they are more evenly 
spaced throughout the assimilation time steps, will result in forecast improvement. 

It is anticipated that during the next six months we will also upgrade the forward model from 
RTTOV7 to RTTOV8 (Saunders et al., 2005) for ATOVS processing. This will be a 
necessary step in the assimilation of stratospheric channels in the new 50 level model, as it 
has been found that the 43 pressure levels used for the radiative transfer calculations in 
RTTOV7 do not offer sufficient resolution in the stratosphere. The use of RTTOV8 is also an 
important change allowing further progress in the use of observations in scattering 
atmospheres and will also be necessary for forward modelling of IASI data in the future. It is 
anticipated that AIRS processing will still use RTTOV7. 

3.2 Changes in the usage of satellite data 
In the next twelve months, we plan to make several changes to our use of polar-orbiting 
satellite data. With the successful launch of NOAA18, preparations are already underway for 
the assimilation of both global and locally-received AMSU-A and MHS data. Assuming that 
monitoring of the data passing passively through our assimilation system does not highlight 
any problems, it is intended to replace the use of EOS Aqua AMSU with NOAA18. We also 
intend to switch back on the use of HIRS channels where possible within the next year. 

Following delays to the receipt of real-time data and work in collaboration with the SSMIS 
Cal/Val team to understand instrument characteristics and biases, pre-operational trialling of 
the assimilation of SSMIS radiances is planned for Autumn 2005. The radiances require some 
pre-processing and quality control before being passed through the 1D- and 4D-Var systems. 
Current efforts are focussed on developing the pre-processing system. The Day One 
assimilation scheme will use clear and cloud affected radiances, with 1D-Var cloud profile 
retrievals used as input to the forward model in 4D-Var. 

Changes are also planned in the use of AIRS data following upgrades to the NEC 
supercomputer which allow an increase in data volume. Switching to the warmest field of 
view dataset from the central field of view should increase the yield of clear observations. In 
addition, we will be processing one FOV in nine instead of one in eighteen. The channel 
selection for AIRS will also be revisited, in the longer term introducing the use of data over 
land. 

4. Preparations for METOP 
Preparations are underway for the use of data from the first METOP satellite, to be launched 
in April 2006. For initial implementation, we intend to use two data streams for the 
processing of the METOP sounding instruments. ATOVS will be processed via a HIRS-1d 
stream and there will be a separate IASI-1d format. 

The main difference between IASI and the satellite data currently in operational use at the 
Met Office is in data volume. It will not be possible to store all channels for all fields of view 
in our observations database, so use of IASI data will initially focus on the use of a subset of 
channels. However, it would be desirable to store the observations in principal component 
form and so we will consider the use of reconstructed radiances (Goldberg et al., 2003) if 
enough is understood about their error characteristics before we begin operational 
assimilation. In addition to this spectral data reduction, we also intend to thin the observations, 
probably to one footprint in four, by selection of the least cloudy FOV and through gross 
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quality control checks. The FOV selection may simply rely on the choice of the warmest field 
of view, but it is planned to have more sophisticated cloud detection in place as well, for 
example employing the AVHRR statistical information available with each IASI footprint. 

The initial implementation of IASI data will be conservative, as with our use of AIRS data, 
initially focusing on clear FOVs over sea only. In the future we will begin to work on using 
data over land; using cloudy data; and possibly processing principal components rather than 
radiances, once radiative transfer for principal components is fully available and tested. 

5. A comment on the requirement for timely data 
As mentioned in Section 1, the main forecast runs of the Met Office NWP system have a data 
cut-off of T+2. It is crucially important for the optimal use of observations that the data 
should arrive in good time. To illustrate this, Figure 3 shows the forecast impact on model 
fields which form the bulk of the NWP Index scoring, of including all ATOVS observations 
which have an observation time falling inside the assimilation time window. This is an 
increase over the number of observations assimilated operationally, as not all near-real time 
observations arrive in time to meet the cut-off. 

Over the period of this forecast impact study (3 weeks), decreases in RMS error of greater 
than 1% are above noise. It is clear that if we were able to include all ATOVS observations 
operationally, forecast improvements would be possible, particularly in the Southern 
Hemisphere. Similarly, as described in Section 2.3, further impact from MODIS winds would 
be possible if observations could be included in the main forecast runs. 
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6. Conclusions 
The following table represents the changes in the use of data from infrared and passive 
microwave instruments since ITSC-13. 

  ITSC-13 ITSC-14 

ATOVS NOAA-15 AMSU (4-10,18,20) 

NOAA-16  HIRS  (4-8,10-12,15),  
                 AMSU (4-8,10,18-20) 

NOAA-17  HIRS  (4-8,10-12,15), 
                 AMSU (4-6, 8-10,18-20) 

NOAA-15 AMSU (4-10,18,20) 

NOAA-16 AMSU (4-8,10, 18-20) 
 

 
 

EOS Aqua AMSU-A (4-6,8-10) 

SSM/I F13 and F15 windspeed F13 and F15 windspeed 

AIRS   EOS Aqua 60/45 night/day channels; clear 
sea only 

MODIS 
winds 

  EOS Aqua and EOS Terra 

Planned changes in the following year include introducing NOAA-18 data, reintroducing 
HIRS, using data from SSMIS and switching to AIRS Warmest Field of View. In the longer 
term, we are preparing for METOP data and intend to add AIRS data over land. 
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Annex 1: The Met Office NWP Index 
In order to provide an objective global assessment of data assimilation or model changes the 
Met Office uses a basket of forecast verification scores. Each score is weighted against its 
perceived importance to create a global index. Whilst this index is not sufficient to judge any 
change it can be a useful objective way to compare a number of changes without subjectively 
selecting a particular verification score which favours one change above another. The index 
has risen by 25% over 10 years so the importance of new changes can be judged against past 
performance. 

The Index is compiled from mean sea-level pressure (PMSL), 500 hPa height (H500), 850 
hPa wind (W850) and 250 hPa wind (W250). It is verified over the following areas: Northern 
Hemisphere 20N-90N (NH), Tropics 20N-20S (TR) and Southern Hemisphere 20S-90S (SH) 
and at forecast ranges from T+24 to T+120. 

Once the forecast and persistence root mean square errors have been determined for a 
particular combination of parameter/area/forecast range the skill score is calculated. This is 
defined in terms of reduction of variance, i.e. 

S = 1 – rf
2/rp

2

Where rf is the RMS forecast error and rp is the RMS persistence error. 

The weight given to each verification field is shown in Table 1. 

 

Table A.1: weights given to each forecast parameter in Met Office global NWP index. 

Forecast period  
T+24 T+48 T+72 T+96 T+120 

PMSL 10 8 6 4 4 
H500 6 4 2   NH 
W250 12     
W850 5 3 2   TR W250 6     
PMSL 5 4 3 2 2 
H500 3 2 1   SH 
W250 6     

 
 

 

International TOVS Study Conference-XIV Proceedings

238



 
 

Respective contributions of polar orbiting and geostationary 
radiances within Meteo-Frances's operational 3D-Var assimilation 

system at regional scale 
 

Thibaut Montmerle 
Météo-France/CNRM/GMAP 

 
Since march 2005, the 3D-Var ALADIN data assimilation system is used  pre-operationally at Meteo-
France with a 10 km horizontal resolution over  Western Europe and 6 hours assimilation cycles. The 
system uses lateral boundary conditions coming from  the global model ARPEGE, an incremental 
variational formulation and an ensemble based Jb  calculated from an ensemble of Arpege/Aladin 
analyses and forecasts. First results will be shown here with a special emphasis on the use of ATOVS 
and SEVIRI  radiances at high resolution. The latter radiometer, which is onboard the recently 
operational geostationary satellite Meteosat-8, presents evident advantages for LAM studies since it 
provides continuous access to information about the variation rates of temperature and humidity fields 
at high temporal and spatial resolutions. The use of the SAF NWC/MSG cloudy products allows 
furthermore to keep with confidence low-peaking channels in the cloud-free areas and channels above 
the cloud for cloudy pixels.  
 
The discussion will focus on the relative impact of these two types of radiances observed from polar 
orbiting and geostationary satellites for weather prediction at regional scale. In particular, The 
sensitivity of the analyses to these observations will be addressed. 
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Introduction 
 
Since October 2002, raw ATOVS radiances have been gradually inserted into the operational 
data assimilation system at Météo-France. After the successful implementation of AMSU-A 
in 2002, HIRS was added in 2003. Since October 2004, new data from the ATOVS sounders 
on board the NOAA satellites have been assimilated in the Arpège model: these are AMSU-B 
and EARS data. These developments are described in this paper. 
 
Use of AMSU-B and EARS 
 
The additional use of AMSU-B data has been tested in 2004, with a significant positive 
impact in terms of geopotential forecast scores. Three channels are assimilated over sea and 
two over land. The impact in terms of humidity analysis is complementary to what was 
observed for HIRS data. The assimilation of HIRS data was mainly drying the analyses over 
the oceans. AMSU-B has the opposite effect of moistening the atmospheric analysis, but this 
increase in humidity takes place over the continent. Adding these observations has a positive 
effect on the spin-up of the model. Analyses and forecasts are now seen to be more consistent. 
 
One drawback of the ATOVS data, is that they are received by NOAA in the United-States, 
then transmitted to Europe. This implies delays to the reception of data used in the Arpege 
"production" analyses used to initialise the forecast model, knowing the tight schedule 
imparted. A complement to the processing of these global data is to use data processed locally 
in local reception stations, and then redistributed by EUMETSAT in  a much shorter time (the 
so-called EARS= EUMETSAT ATOVS Retransmission Service project). These observations 
are tailored for our needs by CMS=Centre de Météorologie Spatiale, Météo-France(Lannion), 
where reconstructed long orbits guarantee a better data homogeneity, as shown in Figure 1. 
This processing allows more data to be inserted by the "production" analyses, and also in the 
"assimilation cycle" analyses providing the best atmospheric description in near real time, as 
can be seen in Figure 2. Due to these changes, data from the ATOVS sounders are currently 
fully used in operations.  
 
Future work 
 
The focus will now be on new sounders, such as the advanced AIRS sounder from NASA and 
the IASI interferometer soon onboard the Metop satellite (CNES/EUMETSAT). A 
preliminary assimilation suite is being run in development mode, using about 120 AIRS 
channels over sea. Results are slightly positive and an operational implementation is planned 
for end 2005. Developments are also under way to process and assimilate IASI data. 
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Figure 1: Data distribution for the ATOVS data created by CMS (Lannion) from 
EARS and locally received data. 
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Figure 2: Number of observations available for the various 20040501, 12Z analyses. 
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Abstract

Two possibilities for the improved use of AIRS data in the ECMWF assimilation scheme
are explored. Improved spatial sampling has been achieved through the use of the
“Warmest Field of View” datasetwhere a higher number of clear fields of view are
assimilated. Improved spectral sampling has been investigated through the use of
“reconstructed radiances” where each reconstructed channel is a linear combination of 
the whole AIRS spectrum. Forecast improvements from both of these approaches have
been encouraging.

Introduction

The initial implementation of the assimilation of AIRS radiances at ECMWF was
necessarily conservative and resulted in a small but significant positive impact on
forecast scores. Experiments have been run investigating more aggressive use of AIRS
data. Two such possibilities are the use of more data spatially through the use of the
“Warmest Field of View” datasetand the use of reconstructed radiances — a proxy for
greater spectral use of the data.

Use of the Warmest Field of View Dataset

More data may be used spatially in the lower troposphere by more intelligent pre-
thinning of the AIRS data. In the current operational system, only the central of the nine
AIRS fields of view (FOVs) in each AMSU-A FOV is provided in near real time by
NOAA/NESDIS. However, NOAA/NESDIS also provide a warmest FOV (used as a
proxy for the clearest observation) dataset which is routinely transferred to ECMWF via
FTP. Two experiments have been run with the alternative dataset (plus control runs).

The first experiment used the ECMWF assimilation setup (CY28R4) in operational use
between October 2004 and April 2005. The experiment ran between 21st December 2004
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and 2nd February 2005 (although 19 days in total suffered from problems with the transfer
of the AIRS data between NESDIS and ECMWF and are excluded from this analysis).

Figure 1 shows the change in used observation numbers (i.e., after quality control, cloud
detection and thinning) for the first ten days of this experiment. The number of used
observations for the highest peaking channels is virtually unchanged, while those
channels that are significantly affected by the surface are increased by a factor of two.

Fig. 1: Change in the number of used observations globally for the first ten days of the
experiment. The black dots are for the central field of view dataset and the green dots

are for the warmest FOV dataset. Note the logarithmic scale.

In general the observation statistics of other instruments are unchanged. The AIRS
statistics are also very similar to those when the central field of view is used except for a
0.2-0.3K increase in the observation–background biases in the AIRS water vapour band
in the tropics (Figure 2). This is a feature of the cloud detection scheme in the water
vapour band that is exaggerated by the different sampling in the warmest FOV case. The
effect of this change in bias is a decrease of less than 2% in the mean water vapour
abundances.
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Figure 3 gives an example of the distribution of clear fields of view (fields of view
marked as clear in AIRS channel 787 which is a window channel at 10.9μm) compared to
the cloud fraction from the MODIS cloud mask.

Fig. 2: Tropical observation–background bias for the first ten days of the experiment.
The black dots are for the central field of view dataset and the green dots are for the

warmest FOV dataset. The only significant difference seen in the bias is in the tropical
water vapour band where the bias increases by around 0.3K.
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Fig.3. Example distribution of clear fields of view for AIRS channel 787 at 10.9μm (as
determined by the ECMWF AIRS cloud detection algorithm) for the central FOV (red)
and warmest FOV (green) datasets. The background image is the cloud fraction as
determined by MODIS with black indicating clear and white overcast. There are 23

fields of view from the central FOV dataset and 59 from the warmest.

The verification scores based on a total of 30 days are shown in Figures 4–7. Figures 4
and 5 show positive impact from the use of the Warmest FOV dataset in the extra-
tropical 500hPa anomaly correlation forecast scores. Figures 6 and 7 show the tropical
vector wind scores for 200hPa and 850hPa. The impact is neutral and indicates that the
extra bias seen in the tropical water vapour brightness temperature differences are not
having an adverse effect.

The second experiment was based ifs cycle CY29R2 which went operational in June
2005 and included some recent modifications to the AIRS processing including a change
to thinning based on clearest observations instead of random thinning. This experiment
ran for 61 days between 1st March 2005 and 30th April 2005.

For this experiment, the change to the thinning algorithm results in a smaller increase in
the number of used observations (Fig. 8), but the differences in biases are now much
smaller (the biases in the control run are now similar to the warmest FOV run in the first
experiment). The forecast verification scores (Fig. 9) show neutral impact in the
Northern Hemisphere, but a robust positive impact in the Southern Hemisphere.
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Fig. 4: Northern and southern hemisphere extra-tropical 500hPa anomaly correlation
forecast scores
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Fig. 6: Tropical 200hPa vector winds RMS forecast errors.

Fig. 7: Tropical 850hPa vector winds RMS forecast errors
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Fig. 8: Change in the number of used observations globally for the second experiment.
The black dots are for the central field of view dataset and the green dots are for the

warmest FOV dataset. Note the logarithmic scale.

Use of Reconstructed Radiances

Reconstructed radiances (Antonelli et al., 2004) use prior knowledge of the variability of
the observations to optimally smooth the AIRS spectrum so that the information from the
entire spectrum can be best represented by a subset of channels. Thus one might hope
that more of the information from the full 2378 channel AIRS spectrum can be
represented in the 157 channels used for assimilation.

Reconstructed radiances are formed through the evaluation of the amplitudes, p, of the
principal components, L, of the observed spectrum. Here L is the set of Np leading
eigenvectors of the covariance matrix of a set of thousands of observations. p is related
to y (the noise normalized observed radiances with the mean observation subtracted)
through.

p = LTy
The reconstructed radiance ỹis then calculated from
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Fig. 9: Northern and southern hemisphere extra-tropical 500hPa anomaly correlation
forecast scores for the second experiment.
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ỹ= Lp= LLTy

If we restrict ỹto a subset of channels, NR, by replacing the first L above with LNR, those
channels will contain all of the information present in the Np principal components
provided LNR has ≥Np positive singular values. The minimum criterion for this is that
NR≥Np and in practice this criterion is usually sufficient.

Reconstructed radiances are produced routinely in near real time at NOAA/NESDIS from
the 200 leading principal components of the full AIRS spectrum. The impact on forecast
scores of using these reconstructed radiances, while keeping all other parameters fixed,
has been found to be close to neutral (although observed minus calculated radiance
standard deviations are greatly reduced).

The observation error for the reconstructed radiances can be derived from the raw
observational error through

εỹ= LLTεy

Therefore

Cov(εỹ) = E{ εỹεỹT } = LLT O LTL = LLTLTL

as the radiances are noise normalized and therefore O=I.

Using the 200 PCs distributed in near-real-time by NOAA/NESDIS, the reconstructed
radiances’ correlation matrix for the 157 channels used for assimilation at ECMWF is
shown in Figure 10. The standard deviations of the reconstructed radiances are reduced,
relative to the normal radiances, by a factor of around 4, but these errors are now
correlated between channels.

Figure 11 shows an example linear analysis of retrieval errors illustrating the effect of
assuming the wrong observational error covariance matrix for the 157 channels used at
ECMWF. The background error is shown by the red line, while the retrieval using the
normal (unreconstructed) radiances is shown in black. The cyan curve show the expected
retrieval error if the assumed errors are kept the same but reconstructed radiances are
used— not a large difference— while the green curve shows that a much larger impact
is obtained when the correct, correlated errors are assumed for the reconstructed
radiances.  Finally, if just the diagonals of the reconstructed radiances’ covariance matrix 
are assumed, the result can even be a degradation (blue curve). Therefore, for the
maximum impact of the reconstructed radiances to be obtained one must fully account for
the correlations in the error covariance matrix.
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Fig. 10: The correlation matrix of the observational errors for the NOAA/NESDIS
reconstructed radiances product for the 157 channels used in assimilation. Also shown

are the reduction in standard deviation of the observational noise relative to the
unreconstructed radiances and a sample spectrum to show the channels being used.

The correlated observation error is not the only source of correlated error. In particular
forward model error is highly correlated. To date, a diagonal error covariance matrix has
been assumed when assimilating AIRS (and all other satellite) radiances with error
inflation to partly allow for correlations.

Some initial assimilation experiments have been run with reconstructed radiances and a
correlated error covariance matrix. The most interesting results occurred when the
original, conservative diagonal errors were used but the reconstructed radiances’ 
correlation matrix was employed. While the differences between background, analysis
and observations were largely unchanged, there were a number of cases in the analysis
increments where they changed markedly. An example is shown in Figure 12.

The forecast errors that result from the use of the correlated errors are improved relative
to the use of reconstructed radiances without correlated errors. While the above
configuration is far from optimal it illustrates the fact that the introduction of correlation
can improve the assimilation of AIRS radiances. The next step is to include the
correlated forward model error.
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Fig. 11: A comparison of the expected temperature retrieval errors on using normal and
reconstructed radiances and various assumptions for the observational error covariance.

See text for a full explanation.

Fig. 12: An example change in analysis increment when assimilating reconstructed
radiances on changing from a diagonal noise assumption to correlated noise.
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Fig. 13: Northern and southern hemisphere extra-tropical 500hPa anomaly correlation
forecast scores on assimilating reconstructed radiances with and without assumed

correlated observational errors. The introduction of correlation seems to be resulting in
positive impact.

International TOVS Study Conference-XIV Proceedings

254



Summary

The use of the Warmest FOV AIRS dataset greatly increases the number of used
observations in the lower troposphere. A marked improvement in forecast skill is seen as
a result. It is expected that this dataset should become the operational stream distributed
to European NWP centres around August 2005.

The use of correlated observational error in the context of reconstructed radiances has
been investigated with promising results.

IASI data will be provided in near real time at full spatial and spectral resolution to
European NWP centres. This will allow the spatial thinning and the calculation of
reconstructed radiances to be performed at the NWP centres themselves, if desired.
Optimal strategies for the communication, use and storage of IASI data will be developed
partially based on AIRS experience.
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Progress toward the assimilation of AIRS radiances at MSC is described.  The first implementation 
should use about 100 channels.  Cloud top and amount are inferred by our adaptation of the CO2 
slicing technique using twelve radiance pairs.  Radiances insensitive to clouds are considered for 
assimilation. A simple bias correction scheme is used with automated updating.  Channels which are 
not considered include those sensitive to ozone, to sun illumination, to the atmosphere above the 
model top, or characterized by complex Jacobian shapes such as long stratospheric tails.  First results 
from assimilation cycles should be available at the time of the conference. 
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1. INTRODUCTION 
 
The Joint Center for Satellite Data Assimilation (JCSDA) was established in 2000/2001.  
The goal of the JCSDA is to accelerate the use of observations from earth-orbiting 
satellites into operational numerical analysis and prediction systems for the purpose of 
improving weather and oceanographic forecasts, seasonal climate forecasts and the 
accuracy of climate data sets.  As a result, a series of data assimilation experiments were 
undertaken at the JCSDA as part of the preparations for the operational assimilation of 
AIRS data by its partner organizations (Le Marshall et al. 2005a,b). Here, for the first 
time, full spatial resolution radiance data, available in real-time from the AIRS 
instrument were used at the JCSDA in data assimilation studies over the globe utilizing 
the operational NCEP Global Forecast System (GFS). The radiance data from each 
channel of the instrument were carefully screened for cloud effects and those radiances 
which were deemed to be clear of cloud effects were used by the GFS forecast system. 
The result of these assimilation trials has been significant improvements in forecast skill 
over the Northern and Southern Hemisphere compared to the operational system without 
AIRS data. The experimental system was designed in a way that rendered it feasible for 
operational application, and that constraint involved using the subset of AIRS channels 
chosen for operational distribution and an analysis methodology close to the current 
analysis practice, with particular consideration given to time limitations. As a result, 
operational application of these AIRS data was enabled by the recent NCEP operational 
upgrade. In addition, because of the significantly improved impact resulting from use of 
this enhanced data set compared to that used operationally to date, provision of a real-
time “warmest field” of view data AIRS data set has been established for use by 
international NWP Centers. 
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2. BACKGROUND 
 
In 2002, the Advanced Infrared Sounder (AIRS) (Aumann et al., 2003) was launched on 
the second of the EOS polar orbiting platforms (AQUA). This was the first advanced 
sounder able to provide operational data. The characteristics of the AIRS instrument are 
summarized in Table 1:   
 

Table 1: The Characteristics of the AIRS Instrument 
   Spectral range 3 μm - 15 μm 
   2378 channels with Δλ/λ ~ 1/1000 
   Radiances 0.2% absolute accuracy without correction 
  13.5 km sub-satellite field of view 
  Temperature determination in 1 km layers with 1 K accuracy 
   Moisture determination in 2 km layers within 15% accuracy 
 
The increased spectral resolution afforded by this instrument is seen in Fig. 1 where the 
bandwidth of the HIRS instrument on the NOAA satellites is displayed with simulated 
spectra from AIRS. The improved spectral resolution shown has led to a significant 
increase in vertical resolution, thermal resolution and increased accuracy in determination  
 
 

 

 
 
 
 
   
 
 
 
 
 
 
 
 
 

Figure 1. A comparison of the spectral resolution of HIRS/2 (Half power 
Spectral Response Function) with a simulated AIRS spectra. (HIRS/2 channel 
numbers are shown) 
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of the concentrations of absorbers such as moisture and ozone. Improvement in Global 
Numerical Weather Prediction (NWP) from the use of radiance observations taken by this 
instrument are documented in the impact studies reported here.  
 
3.  ASSIMILATION METHOD 
 
Full resolution data, that is all channels for all footprints from the AIRS instrument on the 
AQUA satellite, were processed into the current operational BUFR format. This has 
provided 281 channels of AIRS data at each footprint, these particular channels 
describing most of the variance of 2,378 channels (Susskind et al., 2003). The NCEP 
analysis and prognosis system (Derber and Wu, 1998, McNally et al, 2000, Derber et al, 
2003) which used the full operational data base available within real-time cut-off 
constraints was employed as the control.  The data base included all available 
conventional data, and the satellite data listed in Table 2. The list includes microwave and 
infrared sounding data (radiances) from the HIRS and AMSU instruments on the NOAA 
polar orbiting satellites and infrared sounding data (radiances) from GOES. Radiative 
transfer calculations were performed using the JCSDA Community Radiative Transfer 
Model (CRTM), ( Kleespies et al., 2004 ). 
 
Table 2:Satellite data used operationally in the NCEP Global Forecast System(2004) 
 

 
HIRS sounder radiances 
AMSU-A sounder radiances 
AMSU-B sounder radiances 
GOES sounder radiances 
GOES, Meteosat 
atmospheric motion vectors 
GOES precipitation rate 
SSM/I ocean surface wind speeds 
SSM/I precipitation rates 
 

 
TRMM precipitation rates  
ERS-2 ocean surface wind vectors 
Quikscat ocean surface wind vectors 
AVHRR SST 
AVHRR vegetation fraction 
AVHRR surface type 
Multi-satellite snow cover 
Multi-satellite sea ice 
SBUV/2 ozone profile and total ozone 
 

 
The experimental system also employed the operational global analysis and prognosis 
system (GFS) with the full operational database, plus AIRS data available within 
operational time constraints.  Typical AIRS data coverage is seen in Fig. 2, which shows 
the data distribution for  06 UTC on 31 January 2004.  The global analysis was modified 
to expand the use of AIRS data and the experimental system designed to determine the 
impact on operations of these hyperspectral radiance data. The AIRS data were passed  

International TOVS Study Conference-XIV Proceedings

259



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. AIRS data coverage at 06 UTC on 31 January 2004. (Obs-Calc. 
Brightness Temperatures at 661.8 cm-1are shown)  

 
 
 
through the operational analysis screening procedure and the warmest (clearest) data 
were chosen for each analysis sub-grid, on the basis of the brightness temperature of the 
window channel information and their proximity to the center of each of the analysis sub-
grids, which were a little larger than one degree squares. After the initial selection 
process, the data were subject to a stringent SST based cloud test. The model SST was 
compared to the SST estimated from AIRS window channel radiances using a multi-
channel algorithm (Goldberg et al., 2003) and the data were flagged as cloudy or clear. At 
night, the AIRS data were initially deemed to be clear if the AIRS determined SST was 
greater than the model SST minus 0.8 degrees. The data that passed this initial clear test 
then had to pass a low-cloud/cirrus check which involved examining the difference 
between the 3.4 micron and 11 micron channels. Data passing all checks were assumed to 
be clear of cloud. During the day the clear check was an AIRS based SST check. Once 
this enhanced dataset was prepared for the analysis and it had been determined which of 
the fields of view (fovs) were clear, the balance of the data set was further examined in 
relation to the forecast radiances to determine which of the individual channel radiances 
were cloud free. The radiances which were deemed clear by the SST and cloud checks (ie 
those from clear fovs ), and those determined to be clear by the forecast check were then 
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employed in the 3D VAR analysis down to the surface in its multivariate determination 
of atmospheric state (Derber and Wu, 1998, McNally et al., 2000, Derber et al, 2003).  
 
In a typical global cycle (i.e. every six hours) approximately 200 million AIRS radiances  
( i.e. 200x106 / 281 fields of view), were input to the analysis system. From these data 
about 2,100,000 radiances (281 channels per analysis sub-grid) were selected for possible 
use, and resulted in about 850,000 radiances free of cloud effects being used in the 
analysis process. That is effective use was made of approximately 41% of the data 
selected for possible use. The data volumes are summarized in Table 3. 
 

Table 3: AIRS Data Usage per Analysis Cycle 
Data Category Number of AIRS Channels 
 
Total Data Input to Analysis 
Data Selected for Possible Use 
Data Used in 3D VAR Analysis (Clear Radiances) 
 

 
~200x106 radiances (channels)  
~2.1x106 radiances (channels) 
~0.85x106 radiances (channels) 
 

 
4. STUDIES AND RESULTS 
 
An initial study was completed for January 2004 where full spatial resolution AIRS data 
in current operational format (i.e. BUFR format with 281 AIRS channels) were used in an 
enhanced version of the NCEP operational analysis. The cloud free AIRS radiance data 
were identified and used, employing the methods described earlier. The verification 
statistics were derived using the NCEP operational verification scheme.   

                               
Figure 3(a). 1000hPa Anomaly Correlations for the GFS with (Ops.+AIRS) and 
without (Ops.) AIRS data, Southern hemisphere, January 2004 
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Figure 3(b). 500hPa Z Anomaly Correlations for the GFS with (Ops.+AIRS) and 
without (Ops.) AIRS data, Southern hemisphere, January 2004 
 
A summary of the results is seen in Figures 3 to 6. Figures 3 (a) and (b) show Anomaly 
Correlations (AC) for the GFS over the Southern Hemisphere for January 2004 at one to 
five days, with and without AIRS data. Figure 3(a) shows the impact at 1000 hPa. Figure 
3(b) shows the impact at 500 hPa. Figure 4 shows the daily variations of Anomaly 
Correlation for the five day forecast at 1000hPa. It is clear the AIRS data had a consistent 
and beneficial effect on forecast skill over the Southern Hemisphere during this period, 
improving the five day forecast at 1000hPa by about 6 hours. 
 

                     
Figure 4. Daily 1000hPa Z Anomaly Correlation for 5 day forecasts for the GFS 
with (Ops.+AIRS) and without (Ops.) AIRS data, Southern Hemisphere, January 
2004. 
 
The Anomaly Correlations over the Northern Hemisphere also showed improved forecast 
skill, albeit of a smaller magnitude. This was not unexpected as the Northern Hemisphere 
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enjoys greater data coverage and in these experiments, the AIRS data had only been used 
to a limited extent in the lower troposphere over-land, they had not yet been employed at 
higher spectral resolution, they have been  given less than full weight in the NCEP 3D 
VAR, and cloudy radiances had not yet been used. These runs were subsequently 
repeated with modified weights (error covariances) for the AIRS data and provided 
improved forecast skill over the Northern Hemisphere. 
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Figure 5(a). 1000hPa Z Anomaly Correlations for the GFS with (Ops.+AIRS) and 
without (Ops.) AIRS data, Northern hemisphere, January 2004 
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Figure 5(b). 500hPa Z Anomaly Correlations for the GFS with (Ops.+AIRS) and 
without (Ops.) AIRS data, Northern hemisphere, January 2004 
 
The Anomaly Correlations for the GFS over the Northern Hemisphere in the subsequent 
runs is shown in Fig. 5. (a) and (b). These results probably represent the first significant 
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impact of hyperspectral data seen over the whole globe. It is intended to repeat these 
studies using enhanced spectral resolution data and using more data over-land, with a 
view to increasing the difference in forecast skill between with and without AIRS data.  
 
To further emphasize the importance of using the full spatial resolution AIRS data, 
results from another data assimilation experiment for August/September 2004 are also 
included. Here forecasts which used radiances from the currently available (thin- one in 
eighteen fovs) real time AIRS data set is compared to results from the use of a full spatial 
resolution (thick) data set (Fig. 6). Identical analysis and forecast systems were used in 
both cases. It is clear and from this and other experiments, that the increased information  
related to atmospheric temperature and moisture, contained in the full spatial resolution 
data set, results in improved analyses and forecasts. 
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Figure 6. 500hPa Z Anomaly Correlations for the GFS with current thinned – one 
fov in 18 AIRS (Cntl) ) and for the GFS using all AIRS fovs  (SpEn), Northern 
hemisphere, August/September, 2004 
 
5. CONCLUSION 
 
The introduction of AIRS hyperspectral data into environmental analysis and prognosis 
centers was anticipated to provide improvements in forecast skill. Here we have 
demonstrated that full spatial resolution AIRS hyperspectral data, used within stringent 
current operational constraints, have shown (probably for the first time) significant 
positive impact in forecast skill over both the Northern and Southern Hemispheres. Given 
the opportunities for future enhancement of the assimilation system, the results indicate a 
considerable opportunity to improve current analysis and forecast systems through the 
application of hyperspectral data. It is anticipated the current results will be further 
enhanced through improved physical modeling, a less constrained operational 

International TOVS Study Conference-XIV Proceedings

264



environment, allowing use of higher spectral and spatial resolution data and cloudy 
observations, the use of complementary data such as MODIS radiances and the effective 
exploitation of the new hyperspectral data, which will become available from the IASI, 
CrIS and GIFTS instruments.  
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Implementation of the assimilation of locally received and processed ATOVS level-1D radiances in 
the Australian Region Local Assimilation and Prediction System (LAPS) has been a major priority in 
BMRC: the timeliness of local reception and processing will increase the quantity of radiance data 
available to the operational system, which employs an early data cut-off.  The recent availability of 
local radiance data processed to 1D level via the AAPP package, along with the successful realization 
of a T239L60 configuration of the Bureau's global model (GASP), has provided the basis for trials of 
a 60-level (L60) version of LAPS, with the aim of producing an operational system able to assimilate 
AAPP derived radiance data, whether received and processed locally or from overseas centres, 
equivalently.  We report here the results of trials conducted to date and the likely impact the use of the 
1D radiance data will have on operational forecast skill.  
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Abstract 
One of the major problems of numerical weather prediction over Indian region is the 

scarcity of data over the neighboring oceanic region where tropical systems, which affect 

Indian subcontinent, are formed. So ATOVS temperature and humidity profiles are very 

important data over this region.  MM5 forecast system is being used at National Centre 

for Medium Range Weather Forecasting (NCMRWF), India for the meso-scale forecast 

over Indian region. Recently a regional assimilation system from NCAR, USA (MM5-

3DVAR) is implemented at NCMRWF to provide high resolution initial condition for 

MM5 model. ATOVS data is included in the assimilations system.  An impact study was 

carried out for 10day period in July 2004, when few tropical systems were formed over 

Bay of Bengal. Our results show that utilisation of ATOVS data improves the mass and 

wind balance in the MM5 forecast.  ATOVS data also helped to improve the track 

prediction of the tropical system formed over Bay of Bengal during the period of our 

study. 

 

Introduction 
     Indian sub-continent is surrounded by data sparse oceanic regions. The formation and 

intensification of most of the tropical weather system, which affect Indian region, occurs 

over these oceanic areas. Since initial conditions are crucial for the numerical forecast, 

preparation of realistic initial condition by an assimilation scheme requires high density, 

high quality data. 

     Temperature and moisture profile data from polar orbiting satellite is one of the 

valuable data set over oceanic regions, which has already proved its beneficial impact on 
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NWP analysis and forecast. The vertical profiles of temperature and humidity from 

TIROS Operational Vertical Sounder (TOVS) system, on board NOAA series of satellite 

were available to scientific community since 1979. Currently, NESDIS processed global 

ATOVS (advanced TOVS) temperature and moisture profile data from NOAA 15 & 16 

at 120 Km resolution in BUFR code is available to users.  Atmospheric temperature and 

moisture profiles, in both clear and cloudy atmospheres are being retrieved from ATOVS 

radiance measurements by NESDIS, using the International ATOVS Processing Package 

(Li. et. al. 2000). This data set mainly contains atmospheric temperature for 40 levels 

(1000-10 hPa), mixing ratio for 15 levels (1000–300 hPa), ozone amount, cloud amount 

and total precipitable water content etc. 

     MM5 model (Grell et. al., 1995) is being used at National Centre for Medium Range 

Weather Forecasting (NCMRWF), India for the meso-scale forecast over Indian region 

since 2002. Recently MM5-3DVAR regional assimilation system (Barker et. al. 2003 & 

2004) from NCAR, USA is implemented at NCMRWF to provide high resolution initial 

condition for MM5 model. The MM5 model is being run at NCMRWF as nested at 90, 

30 and 10 km resolution (fig.1).  

 

                                    

 
Fig.1 Domains of MM5 forecast (NCMRWF) over Indian region 
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     MM5-3DVAR (Version 1.2) had provision for assimilating only TOVS thickness data. 

Assimilation of ATOVS temperature and moisture profile required the development of 

suitable modules. Separate modules have been developed for inclusion of ATOVS 

moisture and temperature data.  In this study, data assimilation is carried out in cyclic 

mode (6 hr intermittent) for a period 21
 
to 31, July 2004 during which ATOVS 

temperature and humidity profiles are also used in addition to the conventional data. 

 

Results & Discussion 
     During July 21-31, 2004 two cyclonic circulations extended up to mid-troposphere 

formed over head Bay-of Bengal region in quick succession resulting copious rainfall in 

the east coast of India. First system was formed at 24th July over oceanic region 

(87°E/17.5°N) moved northwestward and cross the coast on 00 UTC 25th. Next system 

formed on 27th over the ocean and intensified as monsoon depression and moved 

northwesterly direction, crossed east coast of India near Orissa, and persisted as a low-

pressure system centered at 81°E/23°N over land up to 00UTC of 31st July.  

      In this present experiment ATOVS temperature and moisture data at standard 

atmospheric levels over oceanic region for cloud free retrievals are assimilated in cycling 

mode for the period  21
 
to 31, July 2004 along with other conventional GTS data set. In 

the control (CTRL) analysis, all conventional GTS data were used whereas in the 

ATOVS analysis, ATOVS data is also included in addition to the GTS data.  

      Fig.2 depicts the CTRL (GTS data) and ATOVS (GTS+ATOVS data) analyses at 

850hPa of 00 UTC of 27, 28
 
and 29

 
July 2004. Analyzed position of the cyclonic 

circulation near the east coast of India, in wind field, are not much different in both the 

runs, but in ATOVS run, in formative stage(i.e. 00UTC 27
 
July 2004), the system is 

weaker compared to CTRL . But, in the later stage i.e. on 00UTC of 28
 
and 29

 
winds are 

stronger in ATOVS. The system is also analysed more intense in geopotential height 

filed of ATOVS compared to CTRL analysis on all these days. However, in all the three 

days in ATOVS analysis, the centre of circulation in wind field coincide the centre of 

low in height field, whereas in CTRL analysis there are disagreement in both the centers, 

mainly in the formative stage.  
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Fig.2 850hPa Geopotential height & Wind for CTRL and ATOVS analysis of 00 

UTC of 27 to 29 July 2004  
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Fig.3 850hPa Geopotential height & Wind for CTRL and ATOVS forecast for 

24(D1), 48(D2) and 72(D3) hrs forecast based on of 00 UTC of 26 July 2004 
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     Fig.3 depicts 24, 48 and 72 hr. forecast of wind and geopotential height fields by 

MM5 model based on 00UTC of 26
 
July 2004 analysis of CTRL  and ATOVS . Both the 

run could predict the genesis of the system; however the movement of the system in 

ATOVS is slower than that of CTRL run.  Our results are also shows that position of the 

system in the ATOVS forecast (upto 48 hrs) is more closed to the observed position of 

the system, compared to CTRL forecast. 

  

Summary 
Utilisation of ATOVS data in the MM5-3DVAR assimilation system has shown better 

track prediction of the tropical system up to 48hrs (by MM5 forecast). Mismatch 

between circulation center in wind and height filed in CTRL analyses is reduced 

considerably with utilization of ATOVS data during the period of our study.  
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Abstract 
With the development of Grapes-3Dvar, a three-dimensional variational data assimilation 

system developed by the Research Center for Numerical Meteorological Prediction, Chinese 
Academy of Meteorological Sciences, ATOVS microwave radiance data is directly incorporated 
in the data analysis for numerical weather prediction to mainly investigate its impact on short 
range numerical weather forecast. Several main components for the use of the ATOVS microwave 
data (including the Grapes-3Dvar system, the fast radiative transfer model, bias correction scheme, 
quality control and channel selection, land emissivity model, verification scheme) are briefly 
described in this paper. Following some preliminary result and discussion are presented. 
 
Introduction 

Numerical weather forecast has been developing rapidly, especially in recent years, playing a 
more and more important role in the operational and research fields. It is a special focal point 
how to utilize a variety of observational data, especially unconventional observations to 
improve the accuracy of numerical weather prediction. The use of satellite observation, among 
them, is now being of great importance in that it could provide a larger covering area, even 
distributive and higher spatial resolution atmospheric information and increase the observational 
information for the wide zones of ocean, plateau and desert with few conventional observations. 
The way of using satellite data has already migrated from to assimilate the retrieved temperature 
and moisture profiles to the assimilation of the radiance data from the satellite directly. At the 
same time, the assimilation scheme also concentrates on the frame of variational data 
assimilation system (3Dvar or 4Dvar).  

It has been shown that the impact on medium range weather forecasts from using ATOVS 
data in numerical weather prediction now exceeds that from the radiosonde network. The 
potential impact in the assimilation of ATOVS data in local area models, yet it is still in the 
early stages. In this report, the use of ATOVS Microwave Data in the Grapes-3Dvar System, a 
three-dimensional data assimilation system developed by the Research Center for Numerical 
Meteorological Prediction, Chinese Academy of Meteorological Sciences, to mainly investigate 
its impact on short range numerical weather forecasts in local area model is presented. 

 
Several main components for the use of ATOVS microwave data 
(1) The Grapes-3Dvar system 

The Grapes-3Dvar system is a new three-dimensional variational data assimilation system 
developed by the Research Center for Numerical Meteorological Prediction, Chinese Academy 
of Meteorological Sciences. Its main features are as followings: 

� Latitude-longituded grid space consistent with the Grapes prediction model. 
� Non-staggered Arakawa-A grid for the horizontal arrangement of the analysis variables 
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and analysis conducted in standard pressure level. 
� Incremental approach is adopted. The model variables are wind (U and V), temperature 

(T) or geopotential height ( ) and RH or q. The analysis variables are defined as 

 RH or q. 
� The recursive filter is approximately used for the background error horizontal correlation 

and the EOFs is used for the vertical correlations. 
� A simple geostrophic relationship or a linear balance equation for the mass/wind balance. 
� Limited memory BFGS method for optimization of the algorithm. 

 
(2) The fast radiative transfer model 

The fast radiative transfer model currently being used is RTTOV developed by ECMWF. The 
forward observational operator and its tangent linear and adjoint for satellite radiance are 
adopted from this software package. This model requires the vertical temperature and moisture 
profiles on 43 pressure levels from 1013.25 hPa to 0.1 hPa. It results in an additional 
interpolation of the background profile in the vertical. Here the background field is the short 
term (6 or 12 hours) prediction of the global model T213 of the National Meteorological Center 
of China. The exclusion of the data for those high peaking channels is brought about for the top 
of the model atmosphere (10 hPa). 
 
(3) Bias correction scheme 

An independent bias correction scheme is supplied to correct the bias in the observation. This 
scheme is following the algorithms proposed by Harris and Kelly (2001). Two kinds of bias in 
the observation are corrected, including the bias depending on scan angles and the bias 
depending on the categories of 
air mass. The correction to the 
scan angle related bias changes 
with latitudes. The air mass 
related bias is predicted with 
linear regression based on the 
statistics of innovation vectors 
derived from recent cases. The 
predictors are the thickness 
between 1000-300 hPa and 
200-50 hPa, the surface 
temperatures and the integrated 
water vapor. It could be seen 
from Fig. 1 that the distribution 
of the observation departure 
from first guess with bias 
correction is much normal than 
that without bias correction. 

 
(4) Quality control and channel selection 

Quality control is vital for the use of any type of data. It is conducted in three steps to reject 
the bad radiance data before they are passed to channel selection. The three steps are:  the 
radiance brightness temperature data outside of the interval 150-350K are rejected, then  the 

Fig. 1: The distribution of the observation departure from 

 first guess for AMSU A channels 1-15. Red: without bias 

 correction; Blue: with bias correction. 
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point whose background profiles of temperature and humidity outside limits or unphysical is 
rejected and finally  the data whose departure between the simulated observation and actual 
value outside certain threshold are removed.  

The use of certain channel is determined by the conditions of each channel that are the same 
as that at Météo-France, following the table 1 and table 4 in the presentation of Élisabeth Gérard 
and Florence Rabier et al. (2003). In general, channels 1-4, 15 of AMSU A and channels 1-2 of 
AMSU B are currently not used because of uncertainties on the description of the surface 
properties. Channels 12-14 of AMSU A are also excluded for the lack of information above the 
model top. For the channels used, special caution is given to low peaking channels over land 
and over sea ice, also in cloudy condition. An example of used data coverage after Quality 
control and channel selection is presented in Fig. 2. 

 

 
 
 
 
 
                                          Fig. 2: An example of the used data  

coverage. Red: noaa16; Yellow: noaa17. 
 
 
(5) Land emissivity model 

To improve the calculation of land surface emissivity in the fast radiative transfer model, the 
NOAA/NESDIS microwave land emissivity model developed by F. Weng (2001) is introduced 
into the Grapes-3Dvar to replace the previous scheme in RTTOV. However, the microwave land 
emissivity model needs some surface parameters, which are crucial for the accuracy of 
calculation. These surface parameters are produced from a global data assimilation system 
(GDAS) including a boundary layer model in NOAA/NESDIS. 
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Fig. 3: The flow chart of the adjusted parameter scheme for using of the microwave 

land emissivity model. 
 

An adjusted parameter scheme is designed to provide the surface parameters for using of the 
microwave land emissivity model. The flow chart of the scheme is shown in Fig. 3. Firstly, the 
land surface emissivities at AMSU A channels 1-2 are first derived from radiance brightness 

temperature. Certain 
surface parameters, 
which are selected 
according to 
different surface 
type, are adjusted to 
make the calculation 
of the microwave 
land emissivity 
model match the 
derived emissivity. 
Then the surface 
emissivities of all 
channels could be 
calculated on the 
basis of these 
adjusted surface 
parameters. 

The improvement 
of the calculation of 
land emissivity is 
illustrated by a 

reduction in the mean square deviation of the observation departure from first guess. The results 
of wet land and snow type are given in Fig. 4. It could be found that some improvement is 
obtained to a certain extent. The microwave land emissivity model then could be used under the 
circumstances that no surface parameters are provided. Of course, the observation departure 

Adjusted parameters AMSU A channels 1-2 bright temperature 

NOAA/NESDIS land emissivity model 

SEM1–Emmisivity(23.8GHz) 
SEM2–Emmisivity(31.4GHz)Simulated Value 

REM1–Emmisivity(23.8 GHz) 
REM2–Emmisivity(31.4 GHz) Derived Value 

Decided surface parameters 

NOAA/NESDIS land emissivity model 

EM1 – EM15 Emmisivity RTTOV 7 

Fig. 4: The mean square deviation of the observation departure 

from first guess calculated from differ land surface emissivity 

scheme for AMSU A channels 1-15. (Top: wet land; Bottom: snow)
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from first guess is also affected by other factors, e.g. surface temperature, which should be 
introduced into the control variable to better describe surface properties. In addition, the 
Observation scheme developed by F. Weng (2003) is applied for two complex land surface type 
snow and ice. Much improvement could be seen in Fig. 4. 
 
(6) Verification scheme 

Verification scheme to evaluate the impact of satellite data on analyses and forecasts is 
developed at the same time. Details on the verification schemes are list in Table 1.  

For the analyses, the fit to the 
satellite or radiosonde data is to 
compare the fits to the brightness 
temperature or radiosonde for the 
background fields with analyses 
using the radiance data. The fit to 
the radiosonde data is also taken 
for the forecasts with and without 
the assimilation of satellite data. 

Additionally, the forecasts are measured by comparing forecasts against their own analyses. Ts 
is taken to evaluate the forecast precipitation. 
 
Preliminary result 

As an indication of the quality of the analysis, the fits to the brightness temperature for the 
background fields and analyses using the radiance data are compared. It is illustrated in Fig. 5. A 
better fit to the radiance observations is evident for the analysis. 

 
 
 
 
 
 
 
 
 
 

 
Fig. 5: The fits to the brightness temperature for the background fields and analyses 

using the radiance data. (Left: AMSU A; Right: AMSU B) 
 
An example of the impact of satellite data 

on the track forecast of Typhoon Rananim 
2004 is shown in Fig. 6. It could be seen that 
the skill of the track forecast is improved by 
the use of ATOVS microwave radiance data. 

Another experiment using ATOVS data has 
been run on a summer monsoon period 
(10-30 June 2004). The Meiyu rainfall over 

Table 1: The list of verification schemes 

Use  Analysis Forecast 

Fit to the satellite data   

Fit to the radiosonde   

Against analysis   

Ts   

Fig. 6: Tracks of Typhoon Rananim 2004. 
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Yangtze River occurred and maintained in this period. From Fig. 7, it could be found that twenty 
days averaged Ts is improved for the 24h prediction of heavy rainfall (25-50 mm) and torrential 
rain (50-100 mm) except that of moderate rain (10-25 mm), whose Ts is a little degraded when 
satellite data is used. Taking one day as example, the rain belt of Meiyu front is more evident for 
the forecast with the assimilation of satellite data than that without satellite data. 

 

 
(a)                                       (b) 

  
(c)                                       (d) 

Fig. 7: Ts averaged on the period (10-30 June 2004) (a) and 24h accumulated 
precipitation for 25th June 2004. (b) is the observation, (c) and (d) are the prediction 
without and with the assimilation of satellite data, respectively. 
 

Preliminary result indicates that the use of ATOVS microwave data in the short range 
numerical weather forecast is promising. However, it should be pointed also that the impact of 
satellite data is mixed. Some verification of analyses and forecasts produced using satellite data 
are slightly worse (Derber, J. C. and W. S. Wu, 1998). It is probably too early to draw 
conclusions from case and short term experiment. More tests will be needed in an operational 
environment and improvement of the scheme using satellite data should be carried out 
simultaneously. 
 
Discussion 

(1) ATOVS microwave data is currently being used in the Grapes-3Dvar system. Preliminary 
result indicates that the use of satellite data in the short range numerical weather forecast 
is promising. However, the impact is mixed. More work need to be carried out further. 

(2) The NOAA/NESDIS microwave land emissivity model developed by F. Weng is 
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introduced into the Grapes-3Dvar. The calculation of land emissivity is improved by the 
adjusted parameter scheme designed companying with Observation scheme. Those 
satellite observations strongly affected by surface emissivity could be utilized into 
assimilation system to investigate their impacts. 

(3) Some issues will be emphasized in the future research. E.g., the introduction of surface 
temperature to control variable in order to improve the description of surface properties 
and use of more channels in the assimilation system. Measure of the impacts of the 
satellite data will be investigated further. 
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Abstract 
In recent years, the assimilation of satellite data has become a vital component of the global and 

regional assimilation systems at the Canadian Meteorological Centre (CMC). Moreover, the direct 
assimilation of satellite radiance measurements from AMSU-A, AMSU-B, and the GOES water vapor 
channel has resulted in notable improvements in the short and medium range CMC forecasts. This has 
been demonstrated in Observation System Experiments conducted by CMC. 

In preparation for the operational assimilation of Special Sensor Microwave Imager (SSM/I) data 
in the 4D-Var global analysis system at CMC, two 3D-Var experiments are conducted. In the first 
experiment, the assimilation of clear-sky, open-ocean brightness temperatures from the 7 SSM/I 
microwave channels is added to the operational configuration of the global analysis system. In the 
second experiment, stricter filtering of AMSU data is applied together with the addition of the SSM/I 
data. More specifically, AMSU-A CH3 (50.3 GHz) is removed due to its non-negligible sensitivity to 
clouds, and more aggressive filtering of AMSU-B CH2 (150.0 GHz), CH3 (183.3±1 H GHz), CH4 
(183.3±3 H GHz), and CH5 (183.3±7 H GHz) is invoked using CH2 to identify cloudy pixels. In the 
current quality control procedures for AMSU-B, an effective precipitation screen is present, however, 
there is no method of detecting and removing cloudy observations. 

In both experiments, improvements are evident in the analysed integrated water vapour, surface 
wind speed, and daily precipitation rate fields when compared against independent observations. 
Furthermore, for the second experiment gains are realized in the forecasts when validated against 
radiosonde data. Other indicators such as anomaly correlation, RMSE, and QPF scores show a net 
positive effect. Overall, the second experiment shows better results than the first. In particular, the 
additional filtering of AMSU-B CH2-5 is identified as an important modification to the current 
operational configuration. 

Introduction 
At the Canadian Meteorological Centre (CMC), improvements in the global analyses and 

forecasts in recent years have largely been realized as a result of an increased assimilation of satellite 
data. Since March of 2005, the CMC global analyses are generated using a 4D-Var assimilation 
scheme which assimilates conventional data (e.g. radiosonde, aircraft, wind profilers), satellite derived 
automated motion vectors, and satellite radiances (GOES-W, GOES-E, AMSU-A aboard NOAA-15, -
16, and AQUA, and AMSU-B aboard NOAA-15, -16, and -17).  

One of the anticipated changes to the operational analysis system over the next year is the 
addition of Special Sensor Microwave Imager (SSM/I) data. In preparation for this, experiments are 
conducted to satisfy two primary objectives. The first is to determine the impact of the assimilation of 
SSM/I brightness temperatures in clear-skies and over open oceans. The second is to test a stricter 
filtering regime for the AMSU data currently assimilated. The motivation for this modification will be 
discussed in the subsequent section. This will be followed by descriptions of the setup and results of 
the two experiments. The paper ends with conclusions and a brief discussion of future work. 
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Modifications to the Selection Process for AMSU Data 
Currently, the CMC assimilates from the AMSU-A instrument channels 3 through 10 over oceans 

and channels 6 through 10 over land. Observations in precipitating and cloudy regions are filtered 
using algorithms (Grody et al. 2001) which compute the scattering index and cloud liquid water 
(CLW) amount, respectively. The CMC’s variational analysis system is not capable of assimilating 
cloudy observations since CLW is not an analysed variable and, moreover, the radiative transfer 
model assumes that CLW is zero. The cloud filter functions by removing pixels with a CLW value 
greater than 0.3 mm. However, AMSU-A channel 3 exhibits a moderate sensitivity to clouds (Fig. 1), 
which raises the possibility that the 0.3 mm threshold is not sufficiently low to properly remove 
observations affected by moisture. The danger is that a bias in the water vapour field might be 
introduced where observations in cloudy, non-precipitating regions are assimilated since a higher 
brightness temperature would induce a larger humidity value in the analysis. For this reason, in the 
second experiment all observations from AMSU-A channel 3 are eliminated from the assimilation 
process. 

From the AMSU-B instrument, channels 2 though 5 and channels 3 and 4 are assimilated 
operationally over oceans and land, respectively. A precipitation screen based on the scattering index 
algorithm developed by Bennartz et al. (2002) removes rainy observations. However, no cloud filter is 
present. Due to the moderate sensitivity of AMSU-B channel 2 to clouds (Fig. 2), this channel is 
subjected to additional filtering in the second of our experiments. This enhanced filtering is also 
applied to AMSU-B channels 3 through 5, due to their small sensitivity to clouds at mid-levels (Fig 
2.). This filter is essentially a pseudo cloud filter, and it is the same as that applied at Meteo-France 
and the European Centre for Medium-Range Weather Forecasts (ECMWF). It removes AMSU-B 
observations over oceans where the absolute difference between the observed and background 
brightness temperatures for AMSU-B channel 2 exceeds 5 K. 

Experiment Setup 
The experiments are executed over a five week period during the summer of 2003, from June 24th 

to July 31st. To avoid any spurious effects that can occur when changes are made to the analysis 
system, the first week of analyses are discarded. A control simulation (CNTL) is produced using the 
same configuration as that employed operationally during July 2003. At this time the 3D-Var 
assimilation scheme was active and the trial fields were produced using the CMC’s 0.9o resolution 
global model with 28 terrain-following vertical levels. The conventional observations included in 
CNTL are from surface, dropsonde, radiosonde, and aircraft sources. Input data also consists of the 
direct assimilation of radiances from the GOES-W geostationary satellite and brightness temperatures 
from the AMSU-A and AMSU-B instruments aboard the NOAA-15, -16, and -17 polar orbiters.  

The first experiment (EXP1) is produced by adding clear-sky, open-ocean observations from the 
SSM/I instruments aboard the DMSP-13, -14, and -15 satellites to the CNTL setup. All 7 channels of 
SSM/I are assimilated. The frequencies and polarities of these channels are 19.35 V,H, 22.235 V, 37.0 
V,H, and 85.5 V,H GHz. The SSM/I is an imager and, therefore, provides information on vertically 
integrated quantities such as IWV and CLW. It is not characterized by a strong sensitivity to air 
temperature. The horizontally polarized channels also show a moderate sensitivity to SWS. In the 
second experiment (EXP2), the SSM/I data is added while select AMSU data is removed. This refers 
to the complete rejection of AMSU-A channel 3, as well as the application of the pseudo cloud filter 
to AMSU-B channels 2, 3, 4, and 5, as described in the previous section. 

 

International TOVS Study Conference-XIV Proceedings

282



 

Fig. 1:  Sensitivity of AMSU-A channels to clouds (LWP = Liquid Water Path in kg m-2). Top 
(bottom) panel represents a cloud layer between 850 and 700 hPa (700 and 500 hPa). 

 
Fig. 2:  Same as in Figure 1, except for AMSU-B channels. 
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The analyses generated from each of the cycles are studied using monthly averaged fields of 
integrated water vapour (IWV) and surface wind speed (SWS) derived from the Advanced Microwave 
Scanning Radiometer (AMSR-E) aboard the AQUA spacecraft and QuikSCAT, respectively. Daily 
precipitation rates (DPR), computed by accumulating the 6-hr forecast amounts extracted from the 
trial fields, are evaluated using observed values from the Global Precipitation Climatology Project 
(GPCP). Ten-day forecasts for each of the cycles are validated using both radiosonde observations 
(RAOBS) and analyses from the same experiment. As part of the validation, standard deviation (SD), 
bias, root mean square (RMS) error, and anomaly correlation (AC) statistics are generated. Finally, 
quantitative precipitation forecasts (QPFs) over North America are verified using 3 categorical 
measures – bias, threat score, and equitable treat score. 

 

 
Fig. 3:  A comparison of monthly mean IWV (kg m-2) from the CNTL, EXP1, and EXP2 
analyses against that observed by the AMSR-E. The top diagram shows correlation on the 
left and standard deviation on the right. The bottom diagram shows bias. 

Experiment Results 
With the addition of SSM/I data to the CNTL configuration (EXP1), improvements are evident in 

the mean analysed fields that are evaluated using independent observations. The largest impact of 
SSM/I is illustrated in the comparison of the mean analysed IWV for July against that observed by the 
AMSR-E (Fig. 3). In every 20 degree latitude band between 60oS and 60oN positive gains are made 
with respect to correlation (CORR), SD, and bias. In the comparison of SWS to QuikSCAT 
observations, small gains in CORR and SD are made almost everywhere on the globe (not shown). 
However, the bias deteriorates a very small amount everywhere except in the Southern Hemisphere 
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(SH) between 40o and 60oS. In this region the addition of SSM/I data has improved the analysed SWS 
by increasing it to more closely match that observed by QuikSCAT. Over the SH circumpolar ocean, 
the operational analysed winds are generally underestimated. With respect to DPR, small 
improvements are evident in all of the statistical fields, but primarily over tropical regions (not 
shown). 

 

 

Fig. 4:  Difference in the number of observations assimilated for AMSU-B channel 3 between 
EXP1 and EXP2 (a). Mean CLW (mm) (b) and surface rain rate (mm hr-1) (c) derived from 
DMSP-15 SSM/I observations for July 2003 (from Remote Sensing Systems: 
www.remss.com). 

 
Charts comparing the monthly mean analysed IWV, SWS, and DPR from EXP2 to the observed 

quantities exhibit very similar characteristics to those found with EXP1. Two exceptions are noted. 
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The first consists of slightly improved CORR and SD scores for the IWV and DPR fields over most of 
the globe for EXP2 over EXP1. The second is a small increase in SWS bias from EXP1 to EXP2 
within the 40o to 60oS region. Thus, the complete removal of AMSU-A channel 3 and partial removal 
of AMSU-B channel 2, which are both slightly sensitive to SWS in mid-latitude atmospheres, results 
in a slower SWS over the SH circumpolar ocean. This offsets slightly the gains made by adding 
SSM/I data. 

The effectiveness of the AMSU-B channel 2 pseudo cloud filter applied in EXP2 is demonstrated 
in Figure 4. The global distribution of the observations rejected by this filter over the month of July 
for AMSU-B channel 3 is plotted in Figure 4a. The distributions for channel 4 and 5 are very similar. 
Globally, the filter results in a 7% reduction in the number of observations assimilated for each 
channel. Note that the areas outlined in pink match quite closely those areas in the CLW chart (Fig. 
4b) that are characterized by persistent cloudiness. The surface rain rate chart  (Fig 4c) indicates that 
these areas are not precipitating much of the time, such that the precipitation screen would rarely be 
active. Therefore, in the absence of the pseudo cloud filter, it may be concluded that many AMSU-B 
observations are currently assimilated in cloudy, non-precipitating conditions in the CMC’s 
operational analysis system. 

In the validation of the 10-day forecasts for both experiments using RAOBS, small modifications 
are mostly observed. In fact, for EXP1 the effect is almost entirely neutral. This is not completely 
unexpected since SSM/I is assimilated only over oceans, and the majority of RAOBS are land-based. 
For EXP2 the overall impact is small but almost entirely positive. The most dramatic effect is an 
improvement in atmospheric humidity in the layer between 100 and 200 hPa over the SH, which 
appears in the comparison of observations to the 6-hr forecasts (Figure 5). The reduction in bias 
shown persists to day 6 of the forecasts. Other positive effects appear in the geopotential and wind 
fields, but mostly after day 5 (not shown).  

 

 

Fig. 5:  Validation of the first-guess dewpoint depression (ES, units=K) from EXP2 using 
RAOBS for the SH (20o to 90oS). Bias is indicated by dashed lines and SD by solid lines. 
Statistical significance greater than 90% is highlighted by green shading. 

 
In the validation of forecasts using their own analyses, other interesting impacts are documented. 

The improvements to the moisture field previously illustrated at high altitudes in the SH are also 
evident in the plot of RMS for EXP2 as shown in Figure 6. Further positive effects are evident in 
Figure 7, where the AC for the 850 hPa temperature field in the tropics is plotted. These scores are 
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improved for EXP2, with a negligible change for EXP1. This plot, as well as many others not shown, 
illustrate that in many instances, a greater positive impact is realized by the combination of adding 
SSM/I and removing select AMSU data, rather than by adding SSM/I by itself. Most of these 
improvements appear in tropical and SH regions.  

 

 

Fig. 6:  RMS error of the 100 hPa dewpoint depression field in the SH plotted for EXP1 and 
EXP2 against CNTL. 

 
The only negative impact of note is the effect on the 850 hPa RMS for moisture in the SH (Fig. 

8). In this case EXP1 once again shows virtually no change, and EXP2 shows a small increase in 
RMS. This, however, is a small cost in relation to the gains made at other levels. Changes over other 
areas of the globe and in other fields are negligible for both experiments. 

It is evident that the gains made in the analyses by the addition of SSM/I data alone do not 
translate into significant changes in the forecasts. This may be attributed to the presence of AMSU-B 
data, which has been shown to provide a considerable amount of information on atmospheric moisture 
to the CMC analysis and forecast systems (Chouinard and Hallé 2003, Anselmo and Deblonde 2003). 
Recall, that the SSM/I mainly provides information on atmospheric moisture. 

 
Finally, the validation of QPF for the two experiments using bias, threat, and equitable threat 

scores over North America did not show any significant changes when compared to CNTL. This is 
not surprising since none of the modifications directly affected the assimilation of observations over 
land. 
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Fig. 7:  AC of the 850 hPa temperature field in the tropics plotted for EXP1 and EXP2 

against CNTL. 

 

Fig. 8:  Same as in Figure 6 except for 850 hPa. 
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Conclusions 
Brightness temperatures from three SSM/I polar orbiting instruments are successfully assimilated 

in the CMC’s 3D-Var scheme over a one month period during the Northern Hemisphere (NH) 
summer of 2003. In a second experiment, more strict filtering of AMSU data is tested concurrently 
with the assimilation of SSM/I data. An important component of the enhanced filtering is the 
application of a pseudo cloud filter to AMSU-B observations. Currently, AMSU-B data is assimilated 
operationally at CMC after rejecting observations in areas of precipitation. However, observations in 
cloudy, non-precipitating areas are not removed by the quality control measures in place today. It is 
shown in the second experiment that the application of the cloud filter results in the rejection of these 
observations. Therefore, it is highly recommended that this modification be considered for 
implementation into operations. 

The addition of SSM/I data alone gives improvements to the analysed IWV, SWS, and DPR fields 
averaged over the month, however, the forecasts are not largely affected. The addition of SSM/I data 
plus the removal of AMSU-A channel 3, and the rejection of cloudy observations for AMSU-B 
channels 2, 3, 4, and 5 provides the same positive impact, but with additional improvements to the 
forecasts. The most notable of which appears in atmospheric moisture above the SH tropopause. Other 
less significant advances are evident in other fields and in other regions, mostly at longer forecast 
times. One small deterioration is observed in the statistics for humidity at 850 hPa in the SH. 

Although the additional assimilation of SSM/I data by itself does not greatly change the forecasts 
generated by the global analysis system which already included AMSU data, its inclusion remains 
highly beneficial to the system. One reason is that because the observations from the two independent 
monitoring systems are complementary, a failure of any of the instruments assimilated would not have 
as large a negative impact on operational products. As well, an increase in the number and in the 
global coverage of satellite observations ingested should decrease the chances of missing extreme 
weather events. 

Future Work 
The same configurations used to generate EXP1 and EXP2 will be applied to a NH winter month 

to verify whether similar results are obtained. Following this work, simulations with the now 
operational 4D-Var global analysis system will be executed over two 2-month periods, one in NH 
summer and another in NH winter. A similar vigorous analysis of the output will subsequently be 
applied. 

References 
Anselmo, D. and G. Deblonde, 2003. Comparison of the CMC analysed fields of Integrated Water 

Vapour with those retrieved from the SSM/I. International TOVS Study Conference-13, 
Sainte-Adèle, Canada. 

Bennartz R., A. Thoss, A. Dybbroe, and D. B. Michelson, 2002. Precipitation analysis using the 
Advanced Microwave Sounding Unit in support of nowcasting applications. Meteorol. Appl., 
9, 177-189. 

Chouinard, C. and J. Hallé, 2003. The assimilation of AMSU-B radiance data in the Canadian 
Meteorological Centre global data assimilation system: their difficulties relative to the 
assimilation of AMSU-A radiances. International TOVS Study Conference-13, Sainte-Adèle, 
Canada. 

 

International TOVS Study Conference-XIV Proceedings

289



Grody, N., J. Zhao, R. Ferraro, F. Weng, and R. Boers, 2001. Determination of precipitable water and 
cloud liquid water over oceans from the NOAA-15 advanced microwave sounding unit, J. 
Geophys. Res., 106, 2943-2953. 

 

 

International TOVS Study Conference-XIV Proceedings

290



On the use of bias correction method and full grid AMSU-B data in a 
limited area model 

 
Roger RANDRIAMAMPIANINA(1), Regina SZOTÁK(1) and Élisabeth GÉRARD(2) 

1-Hungarian Meteorological Service, Budapest, Hungary 
 2-Météo France, Toulouse, France 

 roger@met.hu 
 

Abstract 
In the frame of the continuous development of the 3D-Var system at the Hungarian meteorological 
Service our aim is to use as many data and in as fine resolution as possible. The AMSU-A data are 
already implemented in the data assimilation system of the limited area model ALADIN Hungary 
(ALADIN/HU) and used operationally. Our recent work consists of studying the impact of E-
AMDAR, atmospheric motion vectors (AMV) and full grid AMSU-B data on the model analysis and 
short-range forecasts. We handle the locally received ATOVS data as well as the ones pre-processed 
and transmitted through the EUMETcast broadcasting system. In this paper we discuss our experience 
on the choice of the proper bias correction for a limited area model (LAM). Thus, bias corrections 
computed using the French global ARPEGE and the ALADIN/HU limited area models background 
are compared. Results on the implementation of the AMSU-B data in the LAM ALADIN/HU are also 
presented. 

Introduction 
In most numerical weather prediction (NWP) centres satellite data are assimilated in the form 
of raw radiances. For the efficient use of raw (ATOVS in our case) radiances biases between 
the observed radiances and those simulated from the model states (first-guess) must be 
removed. 

Many investigations were carried out on the removal of these biases. Eyre (1992) 
introduced the radiance bias as the combination of the scan-angle dependent (originating form 
the measurement quality) and air mass dependent errors. Harris and Kelly (2001) showed that 
scan angle biases vary with the geographical latitude bands. Dee (2004) proposed an adaptive 
bias correction scheme that can automatically sense the change in the bias of a given channel 
and responses correspondingly. Watts and McNally (2004) introduced a bias correction 
scheme, which is based on a modification of the transmittance coefficients in the radiative 
transfer model (RTTOV), involving two global parameters for each channel that can be 
adjusted to reduce the systematic errors in the RTTOV calculations. 

The proposed bias correction schemes, however, were developed for global models. Thus, 
their adaptation to limited area models (LAMs) raises further questions. The quality of the 
bias correction coefficients - scan-angle biases and coefficients for air-mass predictors - 
depends on the amount of the observation-minus-model-first-guess, obtained at each satellite 
(AMSU-A) scan position. The amount of satellite measurements along the scan line is much 
smaller in case of a limited domain (LAM) compared to global models, because satellite paths 
are likely to be cut at different scan positions during their pre-processing. This can cause 
problems when evaluating the scan-angle biases for a limited area model.  

In ARPEGE/ALADIN (Horányi et al., 1996) model the method described by Harris and 
Kelly (2001) is used for correcting radiance-biases (see section 2.1). Scan-angle biases depend 
on the number of samples obtained at each scan position. When computing scan angle biases 
using a limited area model (LAM), it is not likely to have the same number of samples for all 
scan positions in a given channel. To illustrate this, two satellite paths - a complete one on the 
right and a portion of a second path on the left side of the domain - are shown in Fig. 1. The 
inadequacy in the number of samples leads to fluctuating bias curves along the scan-lines 
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(Fig. 2/a) instead of well-smoothed ones. Due to sufficient number of samples, this problem 
does not appear when computing the scan-angle biases for global models.  

Figure 2/a demonstrates the statistics computed for a one month period for the old domain 
(Fig. 3/a) of the ALADIN Hungary (ALADIN/HU) model, which is relatively small 
compared to the new one (Fig. 3/b). Enlarging the domain, smoother curves were obtained 
(Fig. 2/b). Less but still valuable fluctuation, however, was still observed for several channels 
- see, for example, the curve representing the scan-angle bias for channel 9 of AMSU-A (red 
triangles in Fig. 2/b). This indicates, that further efforts have to be done to improve the bias 
correction method for the ALADIN/HU LAM model.  

 
Figure 1. Example of satellite paths inside the ALADIN/HU domain (C+I zone)  

observed on 22 April 2003 at 00 UTC. 
 

Bias correction coefficients, computed for the French global (ARPEGE) model and for the 
ALADIN limited area model, and many of their combinations were tested. The impact of 
bias-correction coefficients, computed for the restricted LAM domain was then compared 
with influence of one, calculated for the coupling1 global model. The importance of removing 
air-mass related biases when assimilating the ATOVS observations in a limited area model 
was also investigated.  

Many investigations have been performed to evaluate the impact of the AMSU-B data in a 
limited area model (Jones et al, 2002; Candy, this volume). These studies showed positive 
impact in the analysis of moisture and short-range forecast of precipitation. Our goal is to 
improve our short-range forecast of precipitation, assimilating the AMSU-B data in as fine 
resolution as possible. Thus, full grid AMSU-B (one by one field of view (FOV)) data were 
investigated in the 3D-Var ALADIN/HU, using different thinning distances in the 
assimilation process. 

This paper investigates different bias correction coefficients in order to find the best 
method for processing raw radiance satellite data and presents the preliminary results of the 
study related to the assimilation of full grid AMSU-B data in the ALADIN limited area 
model. 
 

                                                 
1The integration of a limited area model needs information about its lateral boundary conditions - the coupling 

files. In the case of ALADIN model, we use file from the global ARPEGE model, which is referred here as a 
coupling model. 
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Section 2 describes the main characteristics of ALADIN/HU model and its assimilation 
system. Section 2.1 illustrates the local pre-processing of satellite data, while section 2.2 
provides a short description of the bias correction method used in ALADIN/HU. Section 3. 
gives a detailed description of the investigation of radiance-bias correction file for LAM. 
Section 4. presents the preliminary results of the investigation of full grid AMSU-B data, and 
in section 5. we draw some conclusions of the results presented in this paper. 
 

 

                                 (a)                                                                      (b) 
Figure 2/a-b. Scan-angle biases computed for the old (left) and new (right) ALADIN/HU 

domains. Note that the corresponding domains are presented in Fig. 3/a-b 
 

                                  (a)                                                                            (b) 
Figure 3/a-b. Topography of the old (left) and new (right) ALADIN/HU domains 

 

The ALADIN/HU model and its assimilation system 
At the Hungarian Meteorological Service (HMS) the ALADIN/HU model runs in its 
hydrostatic version. Different versions of the ARPEGE/ALADIN codes have been used in the 
investigations (see table 1. for more details). In this study we used the model with 12-km 
horizontal resolution (Fig.3/b), and with 37 vertical levels from the surface up to 5 hPa. The 
three-dimensional variational data assimilation (3D-Var) system was applied to assimilate 
both conventional (SYNOP and TEMP) and satellite (ATOVS) observations. As the 
variational technique computes the observational part of the cost function in the observational 
space, it is necessary to simulate radiances from the model parameters. In ARPEGE/ALADIN 
we use the RTTOV (see table 1) radiative transfer code to perform this transformation 
(Saunders et al., 1998), which has 43 vertical levels. Above the top of the model, an 
extrapolation of the profile is performed using a regression algorithm (Rabier et al., 2001). 
Below the top of the model, profiles are interpolated to RTTOV pressure levels. A good 
estimation of the background error covariance matrix is also essential for the variational 
technique to be successful. The background error covariance - the so-called "B" matrix - is 
computed using the standard NMC method (Parrish and Derber, 1992; Široká et al., 2003). 
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The specific humidity was assimilated in univariate form to avoid certain problems, related to 
its assimilation in al25/cy24t1 (see Randriamampianina and Szoták, 2003 for more details). 
An optimal interpolation scheme was used to analyse the surface fields (Radi and Issara, 
1994). The AMSU-A data were assimilated at 80km resolution. The 3D-Var is running in 6-
hour assimilation cycle generating an analysis at 00, 06, 12 and 18 UTC. In this study, we 
performed a 48-hour forecast once a day (see Table 1.). 
 
Table 1: The ALADIN/HU 3D-Var applied in the investigations 
  Investigation of radiance-

bias correction for LAM 
Investigation of full grid 

AMSU-B data 
Model - Hydrostatic version 

- Horizontal res.: 12km 
- 37 vertical levels 

 
al25/cy24t1 

 
al28/cy28t3 

3D-Var - Cov. Matrix B: std NMC 
- 6 hour assim. Cycling 
- RTM model: RTTOV 
- Coupling files: ARPEGE 
                          long cut-off files 
- Satellite observations: 
 
- Selected channels 
 
- Humidity assimilation 

 
 

RTTOV-6 
Coupling: every 6h 

 
NOAA-15&16 AMSU-A 

 
AMSU-A (5-12) 

 
univariate 

 
 

RTTOV-7 
Coupling: every 3h 

 
NOAA-15,16&17 AMSU-A&B 

 
AMSU-A(5-12), AMSU-B(3-5)

 
multivariate 

O.I: - Surface analysis Yes  No,  
copy of ARPEGE surface fields 

to ALADIN grid 
Forecast: - 48 hour  From 00 UTC From 12 UTC 

 

 Pre-processing of satellite data 
The ATOVS data are received through our HRPT antenna and pre-processed with the AAPP 
(ATOVS and AVHRR Pre-processing Package) software package. We used AMSU-A, level 
1-C radiances in our experiments. 

For technical reasons our antenna is able to receive data only from two different satellites. 
To acquire the maximum amount of satellite observations the NOAA-15 and the NOAA-16 
satellites were chosen, which have orbits perpendicular to each other and pass over the 
ALADIN/HU domain at about 06 and 18 UTC and 00 and 12 UTC, respectively. 

For each assimilation time we used the satellite observations that were measured within 
±3 hours. The number of paths over the ALADIN/HU domain within this 6-hour interval 
varies up to three. 

 

  Bias correction 
The direct assimilation of satellite measurements requires the correction of biases computed 
as differences between the observed radiances and those simulated from the model first guess. 
These biases arising mainly from instrument characteristics or inaccuracies in the radiative 
transfer model can be significant. The method developed by Harris and Kelly (2001) was 
used to remove this systematic error. This scheme is based on separation of the biases into 
scan-angle dependent bias and state dependent components. The air-mass dependent bias is 
expressed as a linear combination of set of state-dependent predictors.  

Four predictors computed from the first-guess fields were selected (p1 - the 1000-300hPa 
thickness, p2 - the 200-50hPa thickness, p3 - the skin temperature and p4 - the total column 
water) for the AMSU-A data used in our experiments.  
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A carefully selected sample of background departures for the AMSU-A and channel set 
was used to estimate the bias, in a two-step procedure. First, scan bias coefficients were 
computed by separating the scan-position dependent component of the mean departures in 
latitude bands. Secondly, after removing the scan bias from the departures, the predictor 
coefficients for the state-dependent component of the bias were obtained by linear regression. 
At the end of this estimation procedure, bias coefficients for the AMSU-A were stored in a 
file. The data assimilation system could then access the coefficients in order to compute bias 
corrections for the latest observations, using update state information for evaluating the air-
mass dependent component of the bias. The brightness temperatures were corrected 
accordingly, just prior to assimilation.  

As ARPEGE model uses every second pixel of ATOVS measurements, it has zero scan-
angle coefficients at non-used pixels, which may cause a large remaining bias when using one 
by one field of view of the AMSU-A data. To overcome this problem, the values of the two 
adjacent pixels were interpolated into pixels with zero coefficients. 
 

Investigation of radiance-bias correction for LAM 

Description of the experiments 
In order to estimate the impact of different bias correction coefficients on the model analysis 
and forecasts the scores of different experiments were compared with those from the run 
(NT80U) performed using the bias correction file, computed for the ALADIN/HU LAM 
model. 

 A twenty-day period (18.04.2003-07.05.2003 - denoted as first period later on) was used 
for the first impact study that consisted of four experiments. A fifteen-day period 
(20.02.2003-06.03.2003 - denoted as second period later on) was chosen for the second 
impact study in order to confirm the main results of the first one by repeating some of the 
experiments.  

The radiosonde (TEMP), surface (SYNOP) and AMSU-A observations were used in all 
the experiments, applying different bias correction methods:    

NT80U: The bias correction coefficients were computed for the ALADIN/HU 
domain (control run) 

T8B1I:  The bias correction coefficients were computed for the ARPEGE model  

T8B2I:  The scan angle coefficients were computed for the ARPEGE model, but no 
air-mass correction was applied 

T8B3I:  The ARPEGE scan-angle coefficients and the air-mass bias correction 
coefficients computed for the ALADIN/HU were used 

NOT8U: The same as NT80U for the second period 

O8B1I:  The same as T8B1I for the second period 

O8B3I:  The same as T8B3I for the second period. 
 
 

Results and discussion 
Bias correction coefficients computed for the global ARPEGE and limited area ALADIN/HU 
models and their combinations were compared in order to find the best solution for processing 
the AMSU-A data in the ALADIN/HU model. The impact of the bias correction methods was 
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either slightly positive or negative, but to a very small extent. The main impact of the bias 
correction coefficients was expressed on the temperature fields. 

The results are classified as follows: 

 Comparison of biases using different bias correction files  
The particularity of the data assimilation system at the HMS is that is has different (positive 
or negative) bias on temperature profile at different model levels. For example, clear positive 
and negative bias can be observed at the 1000hPa and 850 hPa levels, respectively (Fig. 4). 
The bias on humidity profile is slightly positive for all the model levels (not shown).  

According to our results, the bias coefficients for the global ARPEGE model (mentioned 
as global bias correction file later on) had a heating effect above and a cooling effect under 
the 500hPa level (Fig. 4) compared to the control run. Our verification concerned only the 
levels below 100hPa. 

 

 
Figure 4. Temperature biases, computed using the global (ARPEGE) bias correction 

coefficients (T8B1I) against biases, computed using the LAM coefficients (NT80U) for the 
first period. The coloured area (upper left picture) shows negative values in difference 
between biases. 

 

Impact of the global bias correction file  
Thought the ALADIN/HU model had different biases on temperature in different model 
layers, the systematic cooling or heating did not necessarily yield an overall positive impact 
on temperature forecasts. For example, a clear positive impact on the forecast of temperature 
could be observed in the troposphere (500hPa level) during the second period, although there 
was a negative impact at 850hPa during the first period (Fig. 5). Thus, the behaviour of the 
limited area model was not fully "controllable" when applying the global bias correction file 
in the assimilation system to process satellite observations. Consequently, no stable impact on 
the model analysis and forecast could be obtained. 
 

International TOVS Study Conference-XIV Proceedings

296



Figure 5. Temperature root-mean-squares errors (RMSEs) for run with global bias 
correction coefficients (ARPEGE) (T8B1I and O8B1I, for the first and the second period, 
respectively) against run with LAM coefficients (NT80U and NOT8U, for the first and the 
second period, respectively). The coloured area (upper left picture) shows negative values in 
difference between biases. 

Impact of no air-mass bias correction in the processing of AMSU-A 
In order to assess the importance of air-mass bias correction, model runs with and without 

application of air-mass correction were compared. Thus, in the experiment T8B2I, no more 
than the interpolated ARPEGE scan-angle bias correction was used since using a global 
model we could compute better representation of the scan-angle bias. Without air-mass bias 
correction, satellite measurements warmed the model fields to a larger extent, which indicated 
that there was a residual bias in the temperature field shifted by satellite data (not shown). 
Accordingly, the verification scores showed a slightly negative or neutral impact on all the 
variables, including temperature forecast, in which the positive impact completely 
disappeared (Fig. 6). It seemed likely that we needed air-mass bias correction to assimilate 
radiances, since the ARPEGE scan-angle bias correction itself was not satisfactory. 
 

Combining the scan-angle bias correction of the global model with the air-
mass bias coefficients of the LAM 

Assuming that the air-mass bias correction was important, we combined the interpolated 
ARPEGE scan-angle bias correction with the ALADIN/HU air-mass bias correction in the 
experiment T8B3I. The combination of the global and the local bias correction coefficients 
showed structurally similar results to those obtained in the experiment with ARPEGE bias 
correction file only (see Fig. 5.), but both negative and positive impacts were negligible (Fig. 
7). This revealed that using the global scan-angle bias correction with LAM air-mass bias 
correction coefficients did not improve the impact significantly. 

The sensitivity of channels 5, 6, 7, 10, 11 and 12 to the bias correction files was evaluated 
analysing the number of assimilated satellite data (Fig. 8). More observation was available in 
the troposphere (channels 5, 6 and 7), while less data were used for channels 10, 11 and 12 
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when applying the global air-mass bias coefficients in data processing. We assumed, that the 
use of channels 5-7 was more efficient when applying the global bias coefficients compared 
to the local ones probably because the analysis of the surface fields in the ARPEGE model 
was more accurate than that in the LAM. 

Figure 6. Temperature root-mean-square errors (RMSEs) for run with global bias correction 
coefficients (ARPEGE) (T802I - no air-mass bias correction) against run with LAM 
coefficients (NT80U), differences between them are illustrated in upper left picture, where 
coloured area presents negative values.  

Figure 7. Temperature root-mean-square errors (RMSEs) for run with global (ARPEGE) 
scan-angle bias correction coefficients and with LAM air-mass bias correction coefficients 
(T803I) against run with LAM bias correction coefficients (NT80U). The coloured area (upper 
left picture) shows negative values in difference between biases. 
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Figure 8. Total number of assimilated satellite observations (active data) for the period 
18.04.2003 - 07.05.2003. 

 
 

Investigation of full grid AMSU-B data 

Description of the experiments 
The aim of this investigation was to exploit the AMSU-B data in as fine resolution as 
possible. From technical point of view the use of these data in 3x3 FOV resolution (same 
resolution as the AMSU-A data) is the simplest way. This run was compared to the ones with 
AMSU-B data assimilated in full grid as follows: 

NAMV- using surface, radiosonde, aircraft (AMDAR) and satellite (AMSU-A) 
observations (control observations) in assimilation. This was the control run. 

SBX3- using control observations and AMSU-B data reduced in 3x3 FOV, thinned in 
80km resolution in the assimilation. 

SFB8- using control observations and AMSU-B data in full grid (1x1 FOV), thinned in 
80km resolution in the assimilation. 

SFB6- using control observations and AMSU-B data in full grid, thinned in 60km 
resolution in the assimilation. 

SFB1- using control observations and AMSU-B data in full grid, thinned in 120km 
resolution in the assimilation. 

 
A two-week period (07.02.2005-21.02.2005) was chosen to evaluate the impact of different 
settings of the AMSU-B data in the assimilation system. The scores of each run were 
evaluated objectively. The bias and root-mean-square error (RMSE) were computed from the 
differences between the analysis/forecasts and observations (surface and radiosondes). The 
accumulated amount of precipitation was also compared to the one computed from the surface 
measurement for a few interesting situations within the period of study.  
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Results and discussion 
The impact of the AMSU-B data was estimated comparing the runs with and without the 
assimilation of these data. The performance of the different settings in the assimilation of the 
AMSU-B data was evaluated comparing the scores of runs to each other. The main results are 
classified as follows: 

Influence of the assimilation of AMSU-B data on temperature and humidity bias 
The use of the AMSU-B in the assimilation process caused a weak heating and cooling effect 
in the troposphere and around the tropopause, respectively (Fig.9) and resulted in more moist 
conditions in the troposphere in the analysis and forecast. As it was found during the everyday 
subjective verification, the forecasts issued from the 3D-Var cycles were more “dry” than 
those of the spin-up model (or dynamical adaptation). This “drying” effect of the 3D-Var 
resulted in overestimated temperature and worsened forecast in certain cases. In such 
situations the “wetting” effect of the AMSU-B data could increase the forecast accuracy. 
From the other hand, the only humidity observation we had and used was from radiosonde 
measurements.  

Impact of AMSU-B data on the analysis and short-range forecasts 
According to the above discussion, the systematic addition of moisture in the model leaded to 
a positive impact not only in the analysis and forecast of temperature, except for the 6-hour 
forecast when we observe a remarkable difference in the RMSE (Fig. 10), but also the 
forecast of relative humidity. Figure 11 shows clear positive impact in the 48-hour forecast of 
the relative humidity.  
The impact on the analysis and forecasts of geopotential, wind speed and wind direction was 
found to be neutral (not shown).  
 

Temperature 
     bias 

SBF8 

NAMV 

 

 
Figure 9. Temperature and relative humidity biases for the runs with (SBF8: dashed line) and 
without (NAMV: solid line) AMSU-B data at the analysis (0) and subsequent forecast times. 

Relative Humidity 
     bias 
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Temperature 
  RMSE 
SBF8 
 
NAMV 

 
Figure 10. Root-mean-square error (RMSE) of temperature for the runs with (SBF8: dashed 
line) and without (NAMV: solid line) AMSU-B data at the analysis (0) and subsequent 

recast times.  

valuation of the different usage of the AMSU-B data 
o find the best usage of the AMSU-B in the assimilation system, four settings were 

compared: three runs with full grid using different thinning distances (SFB8: 80 km, SFB6: 
h reduced (3x3 FOV) number 

fo

 

48h. Forecast 
Relative Humidity 
     RMSE 

 
Figure 11. RMSE for the 48-hour forecast of relative humidity for the runs with (SFB8) and 
without (NAMV) assimilation of AMSU-B data. 
 
 

E
T

60 km and SBF1: 120 km) in the assimilation, and one run wit
of observations (SBX3, thinning distance: 80 km). Using full grid AMSU-B data in 80 km 
resolution (run SBF8) improved the forecast of all the parameters (see Fig. 12). Nevertheless, 
we have to mention that SBF8 provides less accurate 6-hour forecasts of temperature than 
SBF6, SBF1 or SBX3. Comparing the scores of individual daily 6-hour forecasts, it was 
found that experiments with full grid AMSU-B “failed” to predict (on the 6-hour forecast, 
valid for 18UTC 18 February 2005) the presence of a low-pressure region over the Southern 
part of Italy, causing large bias in the forecast of geopotential and temperature (not shown). 
 
 
 
 

International TOVS Study Conference-XIV Proceedings

301



 

 
Figure 13. Comparison between observation (top, upper left) and predictions of 6-hour 
accumulated precipitation amount valid for 00 UTC 22nd Feb. 2005. 

Figure 12. RMSE for relative humidity of individual runs  

48h. Forecast 
Relative Humidity 
     RMSE 

SBF1 
120km 

SBF6 
60km 

SBF8 
80km 

SBX3 
80km 

NAMV 
no AMSUB 

Observed 6h.cum. Precipitation (mm):  21/02/05

30h.  
Forecast  

Contour interval: 0,1,5,10,30,.. mm 
:18UTC-22/02/05:00UTC 

International TOVS Study Conference-XIV Proceedings

302



Comparison of 6-hour precipitation forecasts 
 
Figure 13. shows the observed and predicted cumulative precipitation for the territory of 
Hungary. All the runs (with and without AMSU-B data) gave quite good prediction of the 
rainfalls observed in the Western part of the country. The precipitation patterns in the Eastern 
part, however, were only predicted by runs that used the AMSU-B data in full grid.  Further 
studies, however, should be carried out to explain the rapid reduction of rainfall amount in the 
central part of Hungary with increase of resolution from 120km to 60km.  
 

Conclusions 
Our experiments showed the importance of bias correction coefficients in the processing of 
AMSU-A data in the ALADIN/HU limited area model.  

The use of the global bias correction file showed different impacts on short-range 
forecasts, especially in the lower troposphere, which is very important for synoptic 
meteorology. LAM bias correction coefficients provided a "stable" impact on the analysis as 
well as on the short-range forecasts. 

Although the ARPEGE and the ALADIN models use basically the same parameterisation 
of physical processes, and the bias correction coefficients are available from the global model, 
it is recommended to use bias correction, computed separately for the ALADIN model to 
ensure better processing of the AMSU-A data in the analysis system. It was found, that 
despite of smaller observation-minus-first-guess samples, bias correction coefficients 
computed for the limited area were more suitable and reliable when assimilating radiances in 
a LAM. 

It was proved, that the air-mass bias correction must be included in the processing of 
AMSU-A data in the limited area model. 

U-B data is important for 
their better use in a LAM. The assimilation of AMSU-B data in full grid is preferable. 

d short-range forecast of temperature, 
eopotential and wind fields was found to be rather slightly positive than neutral. Positive 
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It seems that the processing of the channels 10-12 in LAM was very sensitive to the bias 
coefficients computed for a global model. 

Our preliminary results showed that the resolution of input AMS

The impact of AMSU-B data on the analysis an
g
impact on the forecast of relative humidity was observed.  

It seems that the “optimal thinning distance” for our system is 80km. Further 
investigations, however, should be performed for recommendations on operative use of 
AMSU-B data. 
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Improved use of AMSU-B data in the UK Met Office regional 
models 

 
Brett Candy, Stephen English & William Bell 

 
 

Met Office, Exeter, United Kingdom 
 

1. Introduction 
 
Regional Numerical Weather Prediction (NWP) models provide enhanced detail for forecast 
quantities such as cloud cover, visibility and rainfall. Previous work at the Met Office has shown 
that improving the humidity analysis through the assimilation of AMSU radiances improves the 
accuracy of these quantities. This paper highlights several new developments in the assimilation 
of AMSU-B radiances for regional models, including the use of data at the full resolution of 
16km and in the selection of which channels to use in the analysis. The channel selection method 
uses the cloud liquid water in each profile estimated from a 1D-Var scheme. Comparisons are 
presented from 3D-Var runs which show that the size of the moisture increments in the boundary 
layer due to AMSU-B observations is similar to those from radiosondes. 
  
2. Regional Model Domains and Operational Use of ATOVS Data 
 
At the Met Office, in addition to the global NWP model, two regional models are run 
operationally which provide enhanced detail for the region around the United Kingdom. The 
domains for the two regional models, which are denoted the North Atlantic Model (NAE) and the 
UK Mesoscale Model (UK Mes), are shown in Figure 1. Both domains have a resolution of 12km 
with 38 vertical levels. Boundary conditions are supplied from the global model and both models 
use a 3D-Var scheme to form analyses. At the time of writing a model with a resolution of  4km 
and reduced domain around the UK is about to enter operations with the intention of replacing the 
UK Mes. 
  

     
(a) (b) 
 

Figure 1: The domains of the a) North Atlantic European Model (NAE) and b) UK 
Mesoscale Model (UK Mes). In both cases the centre dot signifies 50ºN,0ºE. 
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AMSU radiances are used in the operational 3D-Var scheme for both model domains and details 
were reported at ITSC-13 (Candy et al., 2004). Data from AMSU-A and AMSU-B are mapped to 
a common grid with a resolution of 40 km and channel selection decisions are made using 
radiances from both instruments. Both the UK Mes and the NAE run operationally with a data 
cutoff of around 2 hours (i.e. the data processing for the 0Z analysis commences at 2Z) and so the 
timely arrival of observations is important. For the UK Mes AMSU data are received via a local 
antenna based at the Met Office headquarters, whilst for the NAE domain data from a network of 
ground stations spread around the North Atlantic arrives via the Eumetsat Advanced 
Retransmission Service (EARS). Typical time delays between an observation being made in 
space and arriving at the Met Office via the EARS service are of the order of 30 minutes. 
 
3. Improvements to use of  AMSU-B data 
 
In the current operational use of AMSU-A and B  we treat each observation as if it originates 
from a single instrument. This ignores the higher resolution of 16km available for the AMSU-B 
radiances which is closer to the scales resolved in the regional models. Also quality control tests, 
such as detecting precipitation in the field of view, are currently done using AMSU-A data. This 
approach relies on the continued working of AMSU-A onboard each NOAA spacecraft. So part 
of the aim of the work described in this paper is to identify a series of tests to perform gross 
rejection and channel selection using the AMSU-B data alone, thus making the scheme more 
resilient to instrument failures. 
 
One of the key tests prior to assimilation is to detect the presence of rain in the field of view and a 
common approach to do this with microwave data is to compare two channels separated in 
frequency in the form of a scattering index. Bennartz and coworkers (2002) suggested such an 
index between AMSU-B channel 1 and channel 2 and this has been tested in our assimilation 
scheme by comparing with radar data. Figure 2 shows that high values from the scattering index 
denotes the rain associated with an extratropical cyclone over the UK. 
 

 
(a) (b) 
 

Figure 2: Values of the Bennartz et al. (2002) scattering index (panel a) compared to the 
corresponding rain rates from the UK radar network (panel b).  
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In addition to rain detection it is also necessary to reject the use of a given channel when there is a 
significant radiative effect from cloud liquid water droplets. This is because the current 
operational 3D-Var system does not contain cloud water as a control variable. Figure 3 shows the 
modelled radiative impact of cloud liquid water for each AMSU-B channel for an ensemble of 
profiles from the UK global model. As can be seen the lower frequency channels are more 
strongly influenced by cloud liquid water droplets and consequently a cloud liquid water 
threshold is required for each channel beyond which the channel is not used in the analysis. 
 

 
 
Figure 3. The mean radiative impact of cloud liquid water on each AMSU-B channel. 
Data is based on an ensemble of extratropical profiles from the Met Office global model 
(total number 11000). The radiative transfer model RTTOV7 was used to simulate the 
brightness temperatures. 
 
 
Several methods have been developed to determine the cloud liquid water in the field of view 
using microwave channels, e.g. Grody et al. (1999) or English et al. (1997). However these 
methods use AMSU-A channels and so for AMSU-B data another technique is required. In the 
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processing of satellite data at the Met Office several parameters which are required in the 3D-Var 
analysis are retrieved using a 1D-Var scheme and the next section describes how this scheme is 
modified to retrieve cloud liquid water. 
 
4. Retrieval of Cloud Liquid Water 
 
The current 1D-Var scheme in operational use at the Met Office performs a number of roles, 
including the retrieval of  parameters that are necessary for accurate radiative transfer modelling 
but are not analysed within 3D-Var. An example of this is skin temperature. The moisture control 
variable used is water vapour (in the form of ln(q)). As part of an investigation into the use of 
SSMIS data in cloudy regions Deblonde and English (2003) proposed modifying this to describe 
the total water content qtotal, by adding a term representing the cloud liquid water, ql. It is defined 
as 
 

total lq q q= +                                                                 (1) 
 

with jacobian 
 

l

total total l total

dqdy dy dq dy
dq dq dq dq dq

= +                                                        (2) 

 
where y represents the top of the atmosphere brightness temperature. The partial derivatives of q 
and ql with respect to qtotal are modelled as parabolic functions to avoid sharp changes in gradient 
as cloud begins to form. Cloud is allowed to form once the relative humidity exceeds 95%. 
During each iteration qtotal  is split into its two constituents and these are then used as inputs to the 
radiative transfer model. At the end of the minimisation the summation of ql across each 
atmospheric layer yields the retrieved cloud liquid water in the form of a liquid water path (lwp). 
 
Initial tests of using this moisture control variable in retrievals with AMSU-B channels revealed 
that there was too much cloud being produced in the upper troposphere. In reality any  cloud at 
these levels would be composed of ice crystals and so an additional term was added to represent 
ice in Equation 1, with  the ratio of liquid to total condensate based on a temperature dependent 
parametrization. The parametrization is based on aircraft measurements in clouds (Jones, 1995). 
Currently the ice is ignored in the radiative transfer calculations during minimisation. 
 
Comparisons were performed between liquid water path estimates from 1D-Var and those from 
the Grody AMSU-A algorithm. To do this observations made within the NAE domain from 
AMSU-A and AMSU-B were mapped to  a common grid. Three sets of experiments were then 
carried out in which a 1D-Var retrieval was performed on each ocean scene where precipitation 
was not detected. The experiments used the following channels: 
    

a) Temperature sounding channels only (AMSU-A 5 to 14) 
b) as a) + AMSU-B channels 
c) as b) + AMSU-A 1 & 2 

 
Figure 4 compares the estimates from these three experiments with those from the Grody AMSU-
A algorithm. Experiment (a) gives the poorest fit which is not surprising as the channels used 
contain little information on cloud liquid water, whilst  the addition of AMSU-B channels in 
Experiment (b) significantly improves the 1D-var estimates. The best fit occurs when the 23.8 
and 31.4 GHz channels are included in the 1D-Var minimisation. This is not too surprising as it is 
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these channels which are used in the AMSU-A algorithm. From these comparisons it is concluded 
that the liquid water path product using AMSU-B channels alone is sufficiently accurate to be of 
use in selecting which channels to use in forming the analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. A comparison of the fit of 1D-Var retrieved liquid water path to values 
estimated from the Grody AMSU-A algorithm. Data are from the NAE model domain and 
the different channels used in each experiment are defined in the text. 
 
 
5. Data Impact in UK Mes 3D-Var 
 
The impact of assimilating AMSU-B channels at full resolution and operational (40km) 
resolution was investigated by comparing the increments produced at the end of the 3D-Var 
minimisation. The case is the same time as the radar image in Figure 2. In each minimisation only 
the 183 GHz channels are used and all data are rejected if the precipitation is detected in the scene 
and the lowest peaking 183 GHz channel is rejected if the liquid water path estimate exceeds a 
threshold. For the data at operational resolution the English (1997) test is used, whilst at full 
resolution 1D-Var is used as described above. Figure 5 shows the humidity increments at 800 hPa 
and it can be seen that the broad features are similar, although the magnitudes are higher when 
using the data at full resolution (at full resolution the data volume provided to 3D-Var increases 
by  a factor of 4). 
 
In addition to the use of full resolution another improvement is to introduce the low frequency 
AMSU-B channels (1 & 2) into the 3D-Var assimilation. As can be seen from Figure 3 these 
channels are very sensitive to liquid water in the field of view. Consequently as an initial test a 
tight lwp threshold was used (5 gm-2) above which these channels were not assimilated. Figure 6 
shows that even with such a tight limit a useful amount of data pass the threshold in a case with 
active fronts. The impact of using these channels is highlighted in Figure 7 where the mean and 
standard deviation of the analysis increments are compared using (a) only the 183 GHz channels 
and using (b) all AMSU-B channels. In each case statistics are derived from locations in Figure 6. 
The plots show that the low frequency channels are adding information about the humidity field 
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within the boundary layer. This should help with the forecasting of marine fog and also for severe 
convective outbreaks in which the correct analysis of low-level moisture is important. 
 

 
(a) (b) 
 

Figure 5. Humidity analysis increments at 800 hPa when AMSU-B 183 GHz channels 
are assimilated at a) 40km resolution and b) full (16km) resolution. Blue shades 
represent a reduction in humidity, whilst red shades represent an increase. 
 

 
Figure 6. Locations where the low frequency AMSU-B channels can be used in the 3D-
Var analysis after data screening using the retrieved liquid water path. This is the same 
case as described in Figure 2. 
 
 
It is also instructive to examine how the analysis increments compare with those from other 
observation types. Figure 8 shows the moisture increments from the same case as before when 
using relative humidity observations from radiosonde ascents. As would be expected there is 
more vertical structure in the sonde increments, but both the AMSU-B data and the sonde data are 
trying to dry the lower troposphere, with similar magnitude. This is very encouraging as it 
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suggests that the information over the land from sondes and over the ocean from AMSU-B is 
complementary. 
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                                    (a)                                                       (b) 

 
Figure 7.  The mean (solid) humidity increment and standard deviation arising from the 
assimilation of AMSU-B channels. In Case (a)  only the 183 GHz channels are used  and 
in case (b) all AMSU-B channels are used. Data points are shown in Figure 6. 
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Figure 8. The mean (solid) humidity increment and standard deviation for the same 3D-
Var case as in Figure 7, but this time assimilating Sonde relative humidity data from 25 
ascents across the UK Mes domain. 
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6. Conclusions  
 
Two improvements to the use of AMSU-B data within Met Office regional models have been 
discussed. Firstly using the data at full resolution and secondly in extending the channel usage 
beyond the 183 GHz channels. Channel selection is determined from the liquid water path in the 
field of view and this is in turn estimated via a 1D-Var retrieval. This method of channel selection 
is more flexible than our current scheme as it does not require radiances from the AMSU-A 
instrument to be present in the data stream. Consequently in the future we will investigate its use 
in the global model, especially for processing AMSU-B radiances from NOAA17 where there is 
no available AMSU-A data. 
 
A test of the new scheme in 3D-Var shows that a similar spatial pattern of increments are 
produced at high resolution when compared to the current operational resolution (40 km), though 
of stronger magnitude. Introducing the 89 and 150 GHz channels into the 3D-Var assimilation 
adds humidity information within the boundary layer, which will potentially be of use in 
improving forecasts of coastal fog and low cloud. A comparison between analysis increments 
arising from AMSU-B data with those from radiosonde ascents suggests that there is 
complementary information from these two observation types. 
 
In the near-future the improvements to AMSU-B data usage will be tested in a series of case 
studies in both the UKMes and wider NAE domains. These will attempt to encompass the range 
of weather situations that exist over the model domains, including cases that were poorly forecast. 
The aim of these studies will be to assess the impact of the AMSU-B improvements on model 
humidity analyses and subsequent forecasts of cloud and precipitation. 
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ABSTRACT 
 

A four-dimensional variational assimilation system was used to examine the comparative impact of 

including satellite derived total column water vapour from ATOVS. The results show that the initial 

humidity field was improved by assimilating the satellite derived total column water vapour, especially 

over the rainfall areas, at the same time, the initial temperature field and the geopotential height field 

were also improved. The precipitation forecast difference between including and excluding the total 

column water vapour experiments was obvious during the assimilation time-window, and the 

precipitation forecast was also improved in the twenty-four hours precipitation forecast. More 

precipitation information can be obtained by introducing the satellite derived total column water 

vapour information into a four-dimensional variational assimilation system. 
 
 
Introduction 
 
Rainfall has been considered as one kind of serious weather, it appears frequently in many areas of 

China, the rainfall forecast is an important part in numerical weather prediction. Results show that the 

precipitation forecast is sensitive to the initial humidity field, so the water vapour plays an important 

role not only in serious weather prediction but also in operational numerical weather prediction. The 

accuracy of water vapour’s measurement or retrieval as well as assimilating humidity information into 

the mesoscale modeling system are the main problems which are needed to be considered.  

 

The water vapour plays an important role in global energy and water circulation of the 

earth-atmospheric system. The total column water vapour is an important parameter in atmospheric 

radiance and global heat flux transportation studies. In general, the precipitable water can be defined as 

the total column water vapour on per unit cross section. Before the satellites have been launched, one 

can only use the conventional observations to research water vapour’s horizontal and vertical 

International TOVS Study Conference-XIV Proceedings

313



characteristics as well as its variation, it is hard to know how the water vapour distributes horizontally 

and vertically over the whole world, especially over the mountain areas and the ocean areas due to the 

sparseness of the observational data over these areas. But it is difficult to meet the needs in atmospheric 

and oceanic research. Satellite data can be considered as a complement to the conventional observation 

data. Satellites can provide global temperature and humidity information, including the horizontal and 

vertical information as well as their variation at different times. To retrieve the total precipitable water 

from satellite data, many researchers have done work; for example, Yang et al (1996) have established 

an experiential relationship between the precipitable water and the surface water vapour pressure, Li et 

al (2001) have explored a method to retrieve the total precipitable water based on GMS-5 infrared 

satellite data. 

 

With respect to the numerical weather prediction, it is important to obtain the real-time observational 

data, especially to obtain the water vapour, because generally the water vapour varies quickly from 

time to time. Some researchers have explored a few methods to solve this problem, such as regression 

method (Wang et al, 2004), but these methods can not provide real observational data. 

 

In addition, there is ‘spin-up’ in precipitation forecast in 3D-Var or other data assimilation methods. 

Many researchers have explored a lot of methods to solve this problem, such as Fiorino et al(1981), 

Krishnamurti et al(1984), Donner et al(1988), Zhu(1999), but these methods cannot guarantee the 

initial field’s consistency in dynamics.  

 

Four-dimensional variational assimilation has the ability to assimilate different kinds of observational 

data at different times into the modeling system within the assimilation time-window. So, in a sense, 

the four-dimensional variational assimilation can be regarded as a way to solve those problems 

presented above. The objective of 4D-Var is to find an optimal model state that minimizes in a 

least-square sense the distance between a selected output quantity of the model and its observed 

equivalent, given a background constraint. In four-dimensional assimilation system, the observation 

data can be assimilated in the raw or almost raw forms and it is relatively easy to assimilate indirect 

observation data such as satellite data into the modeling system. By doing this, the error in data 

retrieval process can be avoided or eliminated. 

 

The sparseness of observational data has been thought of the most serious difficulty encountered in 

improving numerical weather prediction in China. As for the precipitation assimilation, there are many 

research studies focusing on the conventional or sounding data assimilation, but as for the remote 

sensing data assimilation such as the satellite retrieved precipitation data assimilation, there are not 

many. In this study, the comparative impact and the potential improvement in precipitation modeling 

were explored by assimilating the satellite retrieved total column water vapour, and some conclusions 
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were obtained. Session 2 presents four-dimensional variational assimilation theory, 4D-Var 

experiments results are presented in session 3, in session 4, some conclusions are obtained. 

 
Theory and model 
 

Given an atmospheric background state of model input variable and an operator (H) that relates to the 

model state to a set of observations, it is possible to solve the inverse problem in a variational context 

and derive the atmospheric state for which the least–square distance between the observations and their 

model counterparts reaches its minimum. This is obtained by minimizing the following functional 
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in this study, we can write the functional in details: 
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where  is the control variables at initial time, x denotes u, v, t, p)( 0tx ’, q, w,  u and v are horizontal 

wind speed, w is vertical wind speed, t is the temperature, q is the specific humidity and p’ is the 

pressure perturbation,  is the background field, it is obtained from NMC T213 forecast, B is the 

background error covariance matrix for model’s control variables,  is the background,  is the 

forcing term,  is the total column water vapour calculated by model at the n’th time level 

during the assimilation time-window, n=1, …, N, N is the number of additional observational data, 

 is the observed total column water vapour retrieved from ATOVS satellite data.  

presents the error covariance of the observational data. 
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In 4D-Var, the objective is to find an optimal state  for the model by minimizing the function 

presented above. The result of the retrieval is therefore a combination of the background and of the 

observation, weighted by the inverse of their respective error statistics. The minimization of the 

function is performed using the quasi-Newton descent algorithm. It requires the calculation of the 

gradient of the function defined in the function. 

)( 0tx

 

In this study MM5 4D-Var system is used. 
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Experiments setup 
 

The center of the test domain is set as 31.5°N, 112.5°E. Total grids are 61*61, grid spacing is 54km. 

The primary precipitation from 22 to 25 July 2002 is distributed from 25°N, 110°E to 35°N, 120°E.  

Data in two orbits of NOAA16 are used in the data assimilation, the primary precipitation areas are 

included in the orbit areas. Figure 1 shows the test domain and the satellite data distribution which are 

treated in the assimilation time-window. The NMC T213 forecast field is used as the background field 

at the beginning of the assimilation, the assimilation time-window is set 6 hours from 22, July 2002 

00UTC to 22, July 2002 06UTC, the total column water vapour retrieved from NOAA 16 are used in 

the assimilation. 
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Figure 1   satellite data over the test domain 

 

 

Two experiments are run in order to examine the impact on precipitation forecast after assimilating 

satellite derived total column water vapour. One is the ‘control’ run--- run without satellite data 

information, the other is the ‘test’ run--- run with the satellite data information. 
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Comparison between the control experiment and the test experiment at the 
initial time 

Specific humidity 
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Figure 2a 850hpa Figure 2b 500hpa Figure 2c 300hpa 
Fig 2 the increment of different control variables at the initial time at different levels 

 
We compared the specific humidity at different pressure levels between the control experiment and the 

test experiment. The results show that the initial specific humidity field was improved obviously after 

assimilating the total column water vapour into the modeling system, the initial relative humidity field 
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was also improved. At the same time, the initial temperature field and geopotential height field as well 

as the initial wind field were also improved although the improvements of those variables were not as 

obvious as that of humidity field (see to figure 2). 

 

Difference of total precipitable water between the control experiment and the 
test experiment at the initial time 
 

To get more details about the assimilation effects, the difference of total precipitable water between 

including and excluding satellite data experiment was compared. Figure 3 shows that more details were 

obtained after introducing the satellite data into the modeling system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 comparison of the total column water vapour between with and without 

satellite data at the beginning of assimilation. Left: without satellite data, Right: with 

satellite data 

 
Impact of assimilating satellite data on precipitation forecast 
 

An impact study is performed on the period from July 22nd to July 25th 2002. The “CTRL” experiment 

is the run without assimilating satellite data, the “TEST” is the same run with the additional satellite 

data assimilation in 6-hour assimilation time-window. The model was integrated 72 hours. 

 

Figure 4a is the 6-hour precipitation forecast in control run, Figure 4b is the 6-hour precipitation 

forecast in test run, figure 4c is the observed precipitation during the same period. Figure 4c shows that 

there are four primary precipitation centers, three centers lie in the area from 25°N to 30°N�from 100°

E to 120°E�another lies in the area from 35°N to 40°N�from 110°E to 115°E. After 6 hours integration 

of the MM5 forward model, the simulated precipitation centers in test experiment consist with the 

observed results better than those in the control experiment, the total precipitation in the test 

experiment is much closer to the observed total precipitation than that in the control experiment.  
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Figure 5 presents the 24-hour precipitation forecast from t+00 to t+24. Figure 5a, 5b is respectively the 

24-hour precipitation forecast in control and test experiment, figure 5c is the observed 24-hour 

precipitation during the same period. The results show that the precipitation forecast has been 

improved after introducing the satellite data into modeling system, the results of the test experiment are 

closer to the observed precipitation than those of the control experiment. 

 
a 
 
 
 
 
 
 
 
 
 

b 

c 
 
 
 
 
 
 
 
 
 
 
 

Figure6 and Figure7 are similar to the Figure5, but the forecast period is from t+24 to t+48 and from 

t+48 to t+72, respectively. The results show that the precipitation forecast for these periods are also 

improved. 
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Figure4 comparison of
6-hour precipitation
forecast from t+00 to
t+06(unit: mm) 
a. without satellite data 
b. with satellite data 
c. observed precipitation 
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Figure5 comparison of
24-hour precipitation
forecast from t+00 to
t+24(unit: mm) 
a. without satellite

data 
b. with satellite data 
c. observed 

precipitation 
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Figure6: similar to
Figure5, but from t+24
to t+48 
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Figure7: similar to
Figure5, but from t+48
to t+72 

 

 

Conclusion 
The results show that the initial humidity field was improved by assimilating the satellite derived total 

column water vapour, especially over the rainfall areas, at the same time, the initial temperature field 

and the initial geopotential height field were also improved.  

 

The precipitation forecast difference between including and excluding the total column water vapour 

experiments was obvious within the assimilation time-window, the precipitation forecast was 

improved evidently in twenty-four hours precipitation forecast. To the longer precipitation prediction, 

the similar improved forecast was produced after the assimilation of the total precipitable water. More 

precipitation information can be obtained by introducing the satellite derived total column water 

vapour information into the four-dimensional variational assimilation system. 
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Further study of bias correction 

for satellite data at ECMWF 

Thomas Auligné, Tony McNally 
 
 
 
 
 

1. Introduction 
 
Several operational Numerical Weather Prediction (NWP) centres currently rely on variational analysis systems 
to define their initial state. Radiances measured by satellite sounding instruments provide one of the major 
sources of information. Variational assimilation requires that the observations and the model have normal and 
unbiased distributions. Nevertheless, departures between the observations and the equivalent from the NWP 
model first-guess (first-guess departures) show systematic errors.  
 
The aim of bias correction is to remove the systematic errors corresponding to the observation, the radiative 
transfer and pre-processing steps.  These errors are called observation bias though they rarely correspond to a 
real statistical bias. Different bias models have been developed to reproduce the shape and magnitude of the 
observation bias. Whatever the bias model, its parameters (or coefficients) are usually estimated intermittently 
(e.g. if a new RT model is introduced) and then held static for long periods. There are scientific and technical 
incentives to consider an adaptive bias correction, i.e. a correction with a bias model updated at each 
assimilation cycle.  
 
In an adaptive context the bias parameters can be updated independently (Offline scheme) or they can be 
controlled (as any meteorological variable) by the main analysis in a Variational Bias Correction scheme 
(VarBC). Initial testing of VarBC compared to the static bias correction has shown a number of positive benefits 
as reported in Dee (2004).  
 
The purpose of this study is to understand some processes associated with adaptive bias correction 
independently from the bias model. In Section 2, we define three modes of implementation (Static, Offline, 
VarBC) for the same bias model. In Section 3, we study their response to perturbations in the model fields and 
in the observations. Section 4 demonstrates that there are interactions between bias correction and data quality 
control. Section 5 presents the conclusions from the current work. 
 

2. Bias correction 
2.1 Bias model 
 
The bias model used operationally at ECMWF is instrument dependent. For AIRS and AMSUA, the model from 
Watts (2004) is applied. Assuming that most of the observation bias is due to a radiative transfer error, a 
corrective absorption coefficient γ is introduced inside the radiative transfer model. An offset δ is used to correct 
any residual calibration error. For each channel a duet [γ,δ] is adjusted to minimize the first-guess departures.  
For other instruments (HIRS, AMSUB, SSMI, GEOS) the bias model follows Harris & Kelly (2001). It consists 
in a linear regression based on a few predictors from the NWP model. The coefficients corresponding to these 
predictors and an offset are adjusted to reduce the analysis-guess departures near the radiosondes. The predictors 
that are used are summarized in Table 1. 
All instruments aboard polar orbiting satellites also have a scan bias correction. A constant adjustment is 
calculated for each field of view with respect to the centre of the swath. 
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Instruments Predictors 
HIRS 1000-300 hPa thickness 

200-50 hPa thickness 
AMSUB 1000-300 hPa thickness 

200-50 hPa thickness 
SSMI 1000-300 hPa thickness 

200-50 hPa thickness 
Total column water 

GEOS 1000-300 hPa thickness 
200-50 hPa thickness 
Total column water 

 
Table 1: Predictors used in Harris & Kelly (2001) bias correction for different satellite instruments. 
 
 
2.2 Adaptive Bias Correction 
 
A bias correction that is automatically calculated at each assimilation cycle is technically appealing for NWP 
centres. With no need for manual intervention, adaptive schemes have the potential ability to correct an 
observation drift or failure before it causes some damage on the meteorological analysis. The introduction of 
new instruments becomes easier if the bias correction is embedded inside the NWP system. This is particularly 
important for long-term experiments involving many different satellites. 
 
Static bias corrections usually involve a learning process where the data is carefully chosen in order to avoid 
considering model bias. Provided that the learning dataset is sufficient, the calculated bias parameters are then 
assumed to apply statically over time. Adaptive bias corrections estimate the bias over the dataset of the current 
assimilation. The learning dataset also being the set where the bias parameters are applied, any potential 
discrepancy is removed. On the other hand, more flexibility is given to the bias model to correct NWP model 
error. In theory it is the role of the bias model to make sure not to remove from the observations any piece of 
information that could correct model errors. In practise it is very difficult to disentangle systematic model error 
from observation bias. 
 
2.3 Variational Bias Correction 
 
The Variational Bias Correction (VarBC) is an adaptive bias correction system, which updates the bias 
parameters inside the NWP assimilation system. It has been implemented at NCEP by Derber and Wu (1998) 
and at ECMWF by Dee (2004). The ECMWF 4DVar assimilation scheme has been modified to include the 
coefficients of the bias correction regression (bias parameters) in the control variable. This can be interpreted as 
an extension of the observation operators, which become a function of the NWP model state and the bias 
parameters. In order to avoid fitting in terms of bias any local feature of the data (e.g. cloud contamination) a 
background term is introduced. This constraint to the first-guess of the bias parameters can be seen as an inertia 
term.  
 
The bias parameters are fully integrated into the 4DVar control variable, thus we can consider the bias 
parameters as extra degrees of freedom for the variational assimilation to converge toward the solution. The 
main advantage of this formulation is that the bias and the model state are considered together to determine the 
best solution for the analysis. If the introduction of new parameters in the control variable does not create local 
minima in the 4DVar cost function (which should not be the case with a linear bias model, a quadratic 
formulation for the background term of the associated cost function and an adequate preconditioning) these 
extra degrees of freedom can potentially be used by the variational assimilation system to better approximate the 
BLUE (Best Linear Unbiased Estimate).  Studies of the reduction in the norm of the gradient of the cost 
function for the 4DVar system with and without VarBC (not shown) did not indicate any significant influence of 
VarBC on the convergence. 
 
There is an obvious computational overhead to having VARBC inside the minimisation (particularly as it is 
inside the critical path). This overhead might be manageable for a limited number of data types with a simple 
bias model (i.e. involving only a few parameters), but more complicated bias models will increase the expense. 
In addition, data needed for quality control but not assimilated must also be provided to the minimisation to be 
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bias corrected (thus increasing the data volume in the analysis). The introduction of new parameters in the 
control variable also presents new complications for the pre-conditioning of the analysis system and the 
specification of background errors.  However, adaptive bias correction can be performed outside the main 
analysis (or offline) by simply computing new estimates of the bias parameters before or indeed after the main 
analysis without any of the previously mentioned complications. Thus we have to justify scientifically why we 
would wish to perform adaptive bias correction inside the analysis. 
 
2.4 Implementations for bias correction 
 
We define the Offline scheme as an adaptive bias correction scheme identical in every point to VarBC except 
that the update of the bias parameters is calculated outside the meteorological analysis. For each cycle, prior to 
the assimilation, an extra minimisation is performed with a control variable composed of the bias parameters 
only. The corresponding bias that results from this calculation is then applied without evolving during the 
following analysis.  
 
Three experiments are set with the same bias model described in Section 2.1. The implementation of the bias 
correction is respectively Static (as opposed to adaptive), Offline and VarBC.  The initial value of the bias is the 
same for the three experiments. For the two adaptive schemes, the scan correction and the γ radiative transfer 
absorption correction are kept constant; all the other bias parameters are updated at each analysis cycle.  
 

3. Results 
3.1 Mean bias correction 
 
The mean bias corrections over a 5-day period are compared to their common initial values in Fig 1. The two 
adaptive schemes show an evolution in the bias estimates. For most of the channels, VarBC gives biases 
comparable to the static values, except for AIRS window channels with a negative evolution in the bias 
significant with regard to the corresponding observation error statistics. On the other hand, Offline diverges 
quite significantly from the initial bias for several channels (namely AMSU-A mesospheric channel 14, HIRS 
channel 12 and AIRS 7 micron channels). These channels have a large systematic forcing in the assimilation 
system (as measured by the analysis minus background radiance departures shown in Fig 2) most likely due to 
known systematic model errors.  The Offline scheme removes the signal by bias correcting the data, while it is 
mostly ignored by inline VarBC. This demonstrates the ability of the inline system to distinguish (at least 
partially) between different sources of systematic error. 
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Figure 1:  Mean bias correction from 2005/03/01 at 00UTC to 2005/03/05 at 12UTC minus the initial bias 
value. The blue and green curves correspond to the Offline and VarBC experiments respectively. The abscise 
represents different satellite data types. 
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Figure 2: Mean analysis minus first-guess increments from 2005/03/01 at 00UTC to 2005/03/05 at 12UTC. The 
blue, green and red curves correspond to the Static, VarBC and Offline experiments respectively. The abscise 
represents different satellite data types. 
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 3.2 Responses to perturbations 
 
The characteristics of the adaptive bias corrections have been further explored in a more hypothetical 
environment where model and observation biases are simulated by artificial perturbations. 
 
3.2.1 NWP model artificial perturbation  
 
A sudden shift is introduced in the NWP model temperature. All model levels from 1 to 25 (i.e. over about 100 
hPa) are perturbed by -1K prior to all observation operators, resulting in a shift of the first-guess departures.  Fig 
3 shows the response of the three experiments using static, VarBC and Offline bias corrections. The Offline 
scheme treats each instrument independently from the meteorological part of the control variable and thus we 
expect it to adjust for the perturbation with a change to the bias correction (even though in this case it is the 
model which is biased). Indeed we see a very significant shift in the bias for the channels peaking above 100 
hPa. The maximum shift is less than 1K because of the constraining influence of the background term and 
Quality Control (QC). In comparison, VarBC shows a much smaller adjustment of the bias, due to the additional 
constraint imposed by other observations (e.g. radiosondes) inside the minimisation. Most of the model bias is 
then (correctly) adjusted by the 4DVar system through analysis temperature increments (and not a bias 
correction of the satellite data). Fig 4 shows the analysis differences (with respect to their own unperturbed 
control) with the three bias corrections. The Static and VarBC experiments show important analysis differences 
above level 25 correcting the perturbation in the model at these levels, while the Offline experiment results in a 
very small correction in the analysis temperature. 
 
In summary, for the model perturbation, the VarBC scheme shows considerable skill to distinguish between a 
model error and observation biases. It does this by using other (non adaptively bias corrected) observations (in 
this case radiosondes) to decide upon the likely source of the bias. However, this ability (obviously) depends 
upon the availability of other observations not being bias corrected with VarBC (or indeed adaptively in any 
way).  
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Figure 3: Bias correction differences between experiments with and without the model perturbation. The green 
and blue curves correspond to experiment with Offline VarBC and VarBC respectively. The abscise represents 
different satellite data types. 
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Figure 4: Mean analysis differences as a function of latitude and model levels for experiments: 

a) Static bias correction, respectively with and without the model perturbation. 
b) VarBC, respectively with and without the model perturbation. 
c) Offline VarBC, respectively with and without the model perturbation. 
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3.2.2 Instrument artificial perturbation  
 
We introduce an artificial -1 K shift in to radiances from NOAA16 AMSUA channel 6 (weighting function 
peaking about 400 hPa). This drift can be simulated by adding 1 K to the initial bias since the analysis only 
considers the bias corrected first-guess departures. In the first assimilation cycle VarBC removes 40% of the 
perturbation by bias correcting the data (Fig 5). The remaining 60% that is not bias corrected impacts the 
meteorological analysis as this signal is interpreted as adjustments to the temperature field. Fig 6 shows the 
analysis differences (around 500hPa) for the perturbed VarBC relative to an unperturbed VarBC. For reference, 
the differences for a static (perturbed and unperturbed) experiment are shown in the same figure. The patterns 
(unsurprisingly) fit the location of the NOAA16 AMSUA channel 6 active data. VarBC shows slightly smaller 
adjustments than the “static” experiment but is generally comparable in magnitude. These erroneous 
temperature adjustments influence the fit of the analysis to other data (e.g. radiosondes) and the bias correction 
of other channels in the system (Fig 7). After 5 -7 days VarBC has fully corrected the induced perturbation, but 
the analysis is irreparably damaged compared to the control. 
 
With such a simple and large perturbation we may wonder why VarBC does not manage to instantly correct the 
shift in AMSUA-6. There are two reasons. Firstly the shift is very large compared to the observations error 
specified for this channel (0.2K) such that the background constraint restricts size of the bias adjustment in a 
single cycle. Fig 8 shows the same analysis differences when the background constraint on the bias parameters 
is removed. The analysis is now much closer to the unperturbed system showing the VarBC has corrected a 
larger proportion of the induced bias. For comparison the analysis differences for an offline VarBC system 
(which is similarly unconstrained by background information) are shown to be very similar. Secondly, the 
remaining inertia (even when the background constraint is removed) can be explained by the influence of the 
quality control. The induced perturbation is sufficiently large that the first-guess check significantly reduces the 
amount of active data in the system (which would otherwise have helped to evolve the bias correction) as shown 
in Fig 9. 
 
In summary, for the case of the observation bias, VarBC is slightly inferior with respect to the offline system as 
the latter benefits from the a priori knowledge that the model is correct (and thus any departure signal goes 
exclusively to changing the bias correction). However, it should be noted that in this case the offline system is 
run before that meteorological analysis. If it had been run after the analysis the perturbed (bad) data would 
indeed have damaged the analysis. VarBC is not obviously better than the static system, but this is only due to 
the fact that the particular perturbation chosen was so large that the in static system most of the data was 
rejected by quality control.  More generally (and with smaller observation bias shifts) the VarBC is expected to 
be superior to the static system. 
 

 
Figure 5: Evolution over time starting after the first cycle following the perturbation. 
a) Total bias correction, first-guess departure and analysis departure (black, blue and red curves respectively). 
The solid curves correspond to mean values and the doted curves to standard deviation. 
b)  The green curve represents the number of active data and the black curve is an average over a 4 day window. 
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Figure 6: Analysis increments differences for model level 36 (about 500 hPa) 

a) Between experiments with a static bias correction respectively with and without the NOAA16 
AMSUA6 perturbation 

b) Between experiments with VarBC respectively with and without the perturbation 
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Figure 7: Bias correction difference between VarBC experiments with and without the perturbation. The blue, 
red, green curves represent the bias differences respectively 1, 2 and 11 cycles after the perturbation. The 
abscise represents different satellite data types. 
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Figure 8: Analysis increments differences for model level 36 (about 500 hPa) 

a) Between experiments with VarBC and no background term for AMSUA6, respectively with and without 
the NOAA16 AMSUA6 perturbation. 
b) Between experiments with Offline and no background term for AMSUA6, respectively with and without 
the perturbation. 

 

  

  
Figure 9: Histograms of observation minus first-guess departures. The top left and bottom left panels represent 
the departures for the VarBC experiments without and with the perturbation respectively. The top right and 
bottom right panels represent the corresponding departures for the data declared active for the analysis. 
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3.3 Separation between sources of bias 
 
The role of discriminating in the departures what belongs to observation bias from what corresponds to model 
error is usually assigned to the bias model.  This is usually achieved by assumptions on the shape of the bias that 
are either physical (e.g. the main source of bias is an error in the radiative transfer model) or statistical (e.g. 
careful selection of the predictors for a regression). A static implementation obviously equally forbids the 
scheme to adapt to instrument drifts or evolution in the model error. We focus on the ability of adaptive schemes 
(Offline or VarBC) to further separate between sources of bias.  In this study, we have intentionally chosen very 
simple model and observation artificial perturbations that can be fully reproduced by the bias model (as 
described in Section 2.1). 
 
The core information for any observation versus model bias discrimination is the redundancy between different 
types of observations. Conceptually, if several instruments indicate the same bias versus the model, we want the 
analysis to update the model itself (and not bias correct the observations). In the case of a single instrument 
disagreeing with the others, we probably wish to update the bias correction for that observation.  When 
calculating the bias parameters and the meteorological variables in the same analysis (as performed in the 
VarBC scheme), there is a potential ability to discriminate in the departures what belongs to observation bias 
from what corresponds to model error through the background error statistics. Indeed the increments are 
determined within the 4DVar according to the relative importance of the background error covariance matrices. 
The system should potentially be able to decide, for each type of data, whether it is more relevant to adjust the 
bias or to modify the model state. In practise, it is very difficult to determine the exact background error 
statistics given the different number of data measuring the same model variable for a fixed location. The role of 
the background term in adaptive bias corrections is reduced to an inertia constraint in the response to a change in 
the departures. This is a simple way to consider that systematic (i.e. large time scale) errors in the departures can 
come from the observations while random (i.e. small time scale) errors are attributed to the model. 
 
The Offline scheme introduces an artificial discrimination in the sources of error. Indeed, performing a bias 
calculation prior to the meteorological analysis tends to explain any departure signal through observation bias. 
This corresponds to the assumption that the NWP model is correct. Similarly, calculating the bias correction 
after the main analysis is equivalent to assuming that the observations are correct. 
 
In the case of VarBC correcting the bias of only a part of the total available observations (for example satellite 
data), the data that are not VarBC related (for example radiosonde, aircraft or surface data) still contribute to the 
cost function through the meteorological part of the control variable. Thus they act as a constraint over the 
update of the control variable and especially VarBC parameters. Values for the bias parameters that would 
imply a strong degradation in the fit to these extra data become prohibited. If a model error is measured by data 
corrected through VarBC and also by other data without adaptive bias correction, it is likely that the optimal 
solution will modify the meteorological part of the control variable rather than the VarBC parameters.  
 

4. Interaction with quality control  
 
An adaptive bias correction scheme emphasis certain problems already present in a hidden manner in a static 
scheme. This is particularly true for the interaction between bias correction and quality control. The data has to 
pass a quality control in order to detect failing observations and remove them prior to the analysis. 
 
In order to estimate biases we require a population of quality controlled observations representative of those we 
ultimately intend to assimilate. Most QC acts upon observed minus first guess departures (so called first-guess 
checks) to discriminate between good and bad data. However, to be useful, these departures themselves have to 
be bias corrected before the check. There is thus a fundamental link between bias correction and QC.  This is the 
case in a static bias correction scheme. A different choice of QC threshold will result in a different estimate of 
the static bias. However, in an adaptive bias correction there is a potential feedback mechanism. 
 
This feedback can be demonstrated with a very simple model. We consider the population of AIRS window 
channel 787 (10.89 micron) first-guess departures. An adaptive bias correction scheme is simulated by 
calculating the bias iteratively as the mean over the population declared active by the QC. This QC is a simple 
box-car window applied to the bias corrected departures centred on zero with a pre-defined width and the bias is 
the mean value of the quality controlled departures. Fig 10 shows an example of such a system with an initial 
bias estimate of -1K and a QC width of +/-2K.  The adaptive scheme updates its estimate of the bias with each 
iteration, but with each iteration the population passed by the QC also changes. After a number of iterations this 
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process converges. It can be seen in Fig 11 that both the final estimate of the bias and the speed of convergence 
depend strongly on the chosen width of the QC window.  The more stringent the QC, the more inertia the 
system has and the bias evolution is slower.  
 
While this is a simple model - we neglect here the impact of the assimilation of the channel on the analysis - it 
does highlight the potential feedback between QC and bias correction.  The main effect overlooked is that in a 
real system the assimilation of the data being bias corrected could cause the analysis itself to drift, which in turn 
affects the next update of the bias correction.  
 
There are potential advantages to consider a bias model based on the mode of the first-guess departures 
distribution instead of the mean. Firstly the mode is expected to be much less sensitive to outliers such as bad 
quality data or observations contaminated by cloud or rain. Cloudy observations are much more heterogeneous 
that clear ones, given the vast variety of cloud types, depths, altitudes and their corresponding radiative impact. 
The population of departures can then be represented by a relatively gaussian-shaped population for the clear 
data and a widely spread cloudy population. The mode will not be influenced by the cloudy data and will 
provide the mean of the clear population (for a gaussian the mean is equal to the mode). We can consider 
calculating the mode over the total population of the departures and not only over the active data that have 
passed the QC. Thus there is no feedback between this bias correction (even when run adaptively) and the QC. 
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Figure 10: AIRS window channel 787 (10.89 micron) first-guess departures histogram. 
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Figure 11: Bias estimation as a function of the number of iterations of the adaptive scheme and of the quality 
control window width.  
 

5. Conclusions 
 
We have compared three different implementations of a given bias model. The Static scheme is applied 
statically over time while VarBC and Offline are two adaptive schemes respectively calculated inside and 
outside the main analysis. Simple model and instrument artificial perturbation experiments have demonstrated 
that the VarBC system is a robust compromise between a Static and Offline bias correction.  By implicitly using 
the redundancy of information between the observations, VarBC shows particular skills to disentangle the 
observation bias from systematic model error. Nevertheless adaptive schemes exhibit unconstrained interactions 
with data quality control which influence the value of the bias estimation and the inertia of the system. Current 
work is in progress to calculate the bias from the mode of the first-guess departures distribution instead of the 
mean of the active population. 
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Within the Commission for Basic Systems of WMO under the Open Program Area Group on 
Integrated Observing Systems work has been underway to develop a pathway for evolution of the 
Global Observing System that satisfies the observational data requirements of the WWW as well as 
other WMO and international program supported by WMO.  That work has included developing 
Statements Of Guidance concerning the strengths and deficiencies in the existing GOS and evaluating 
the capabilities of new observing systems and possibilities for improvements of existing observing 
systems to reduce deficiencies in the existing GOS, taking particular care to examine the implications 
of changes in observing technology on the effectiveness of all WMO Programs.  The effort has 
utilized experts from various applications areas, relied on information derived from the review of 
several Observing System Experiments (OSEs) that tested possible re-configurations of the GOS, as 
well as results from Third WMO Workshop on the Impact of Various Observing Systems on 
Numerical Weather Prediction (March 2004).  The effort has included a review of the capability of 
both surface-based and space-based systems that are candidate components of the evolving composite 
Global Observing System, and has culminated in the development of an implementation plan for the 
evolution of the GOS.   
 
The implementation plan was presented at the 13th session of CBS in February 2005, and includes: a) 
20 recommendations that address the space-based sub-system of the GOS.  They build upon known 
plans of the operational and R&D satellite operators and call for rigorous calibration of remotely 
sensed radiances as well as improved spatial, spectral, temporal, radiometric accuracies. b) 22 
recommendations that address the surface-based sub-system of the GOS.  They include more 
complete and timely data distribution; optimized rawindesonde distribution and launches; improved 
upper tropospheric and lower stratospheric moisture measurements; operational use of targeted 
observations; inclusion of ground-based GPS, radars, and wind profilers; increased oceanic coverage. 
And, c) five recommendations address NWP interactions with data from evolving GOS, further study 
of observing system design and training issues.  
 
This presentation will focus on plans for evolution of the GOS over the next 15 years, paying 
particular attention to the space-based sub-system and its interface with the surface-based sub-system, 
discuss the importance of workshops in studying changes to the GOS, and look to input from the 
ITWG that could contribute to the evolution of the GOS. 
 

International TOVS Study Conference-XIV Proceedings

335



 
 

China’s current and future meteorological satellite systems 
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The paper presents an overview and prospect of Chinese meteorological satellite program, including 
current status of on-orbit satellites, current satellites and ground segment developments, as well as 
considerations for the future developing strategies. Currently China operates polar-orbiting satellite 
FY-1D and geostationary satellite FY-2C as the operational configuration, and acquiring all of the 
overpass meteorological satellites for the operational applications and services.  
 
FY-2C will be put into full operation in April 2005, with the new ground segment and varies products. 
FY-2D is under development, which will be launched in 2006. FY-3A, the first satellite among the 
second generation of Chinese polar-orbiting satellite program is developing according to the 
scheduled timetable. A more extended polar-orbiting satellite ground segment and application system 
is under development. 
 
For meeting the needs of China’s strategic plan for the meteorological modernization, with the new 
priorities for the first 20 years of 21st century for the public service, national economy and security, as 
well as best management of national natural resources, China must further enhance it’s meteorological 
and environmental satellites program. The major future focus is on the operational polar-orbiting 
constellation of FY-3 series and operational geostationary constellation of FY-4 series (the second 
generation of China’s geostationary satellite series). 
 
The Chinese meteorological satellite program reflects the contribution of China to the space-based 
global meteorological and environmental satellite system of World Weather Watch (WWW) program 
of World Meteorological Organization (WMO), as well as the new initiative of Global Earth 
Observation System of Systems (GEOSS).  
 

International TOVS Study Conference-XIV Proceedings

336



EUMETSAT Plans

K. Dieter Klaes
EUMETSAT

Am Kavalleriesand 31
D-64295 Darmstadt

Germany

Abstract

This paper provides a summary on EUMETSAT mandatory and optional programmes. EUMETSAT

is currently operating the Meteosat-5/6/7 and the first Meteosat Second Generation (MSG-1) which

has been renamed as Meteosat-8. MSG-2/3/4 satellites are under production, with MSG-2 planned for

launch in the second half of 2005. The MSG Programme has been developed in co-operation between

EUMETSAT and ESA.  In parallel, EUMETSAT is developing jointly with ESA the EUMETSAT

Polar System (EPS).. The launch of the first Metop satellite is planned for April 2006.. The ATOVS

Retransmission service continued its operational services and provides observations from ten stations.

With Jason-2 EUMETSAT prepares its first optional programme, which will provide operational

Ocean Surface Topography information services.

Introduction

The European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) supports

the World Weather Watch with a number of operational meteorological satellite programmes. These

programmes include the European geostationary meteorological satellite system (Meteosat first

generation under the Meteosat Transition Programme (MTP), a the Meteosat Second Generation

(MSG)), and the EUMETSAT Polar System (EPS), as a contribution to the low Earth orbiting, Sun

synchronous weather satellites system (Initial Joint Polar System (IJPS) with the Unites States). User

and Data Services are provided together with these systems.
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Programmatic Aspects

EUMETSAT Polar System (EPS)

The EUMETSAT Polar System (see Fig. 1) will complement the US provided system and provide

services in the mid-morning orbit. Together with the US it will continue the present NOAA polar

orbiting satellite system in the frame of the Initial Joint Polar System (IJPS). The EUMETSAT

satellites of EPS are the Metop (METeorological OPerational) satellites, jointly developed with ESA

(Figure 1). They will provide high-resolution sounding and high-resolution imagery in global

coverage. The EPS programme activities have started in September 1998, while full approval to the

programme was given in June 1999. The first two of the METOP satellites will be named Metop-A

and Metop-B after successful launch. They will be flown in a Sun synchronous orbit with 9:30 a.m.

equator crossing (descending node). They will provide data from April 2006 onwards. The third

Figure 1: EPS Space Segment (Metop Satellite).

Metop (Metop-C) will fly together with satellites of the converged military and civilian US-Systems

(NPOESS). Metop-C is planned to be a recurrent copy of Metop-A and B. No HIRS/4 will be flown

on METOP-C. The EPS programme is planned to cover 14 years of operation. For mission objectives

and expected capabilities see Klaes et al. (2001).
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Geostationary Systems

Meteosat-7 assured since 1997 the meteorological geostationary satellite data coverage under the

Meteosat Transition Programme MTP). Meteosat-7 has the same capabilities as its predecessors.

Together with the first MSG satellite Meteosat-8, Meteosat-7 is operated as part of a redundant two-

satellite system. The first spacecraft of the MSG Programme was successfully launched in August

2002 and started its operational service  in January 2004. It has significant improvements in the

observation capability and a nominal lifetime of seven years. It embarks in addition to the main

observation mission, a climatology experimental mission performed via Geostationary Earth

Radiation Budget Instrument, a Search and Rescue mission and a mission communication payload.

Three further spacecraft, MSG-2, MSG-3 and MSG-4 are foreseen to be launched in the second hald

of 2005 (23 August 2005 is the MSG-2 launch date as currently defined), and in the 2008/9 and

20010/11 timeframe.

The Meteosat-5, -6, -7 and -8 satellites represent the current operational geostationary satellites.

Meteosat-5 is supporting the INDOEX experiment and is currently situated at 63°E over the Indian

Ocean. The Indian Ocean Coverage with Meteosat-5 will continue until end 2006, then with

Meteosat-7 (after successful commissioning of MSG-2/Meteosat-9) through the end of 2008.

Meteosat-6 provides the rapid scan service, operational since 2001. Both Meteosat-7 and Meteosat-8

are kept fully operational ensuring the smooth transition from the first to the second Meteosat

generation.until the entry into operations of MSG-2..

Optional Programmes

The Jason-2 altimetry programme is the first EUMETSAT optional programme, supporting

operational climate monitoring. EUMETSAT will contribute to the operations of the overall system

and to the generation of the data stream, using a European Earth Terminal and a real time processing

chain.

The programme is EUMETSAT’s contribution to a joint undertaking with four agencies: In addition

to EUMETSAT, the French Centre National d’Etudes Spatiales (CNES), the US National Oceanic

and Atmospheric Administration (NOAA) and the US National Aeronautics and Space

Administration (NASA). This forms the Ocean Surface Topography Mission (OSTM). It is an

important element in the overall altimetry data system and will bring high precision altimetry to a full

operational status.
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SPACECRAFT AND INSTRUMENTS

EUMETSAT Polar System

The Metop satellites of EPS will be launched into a Sun synchronous, near polar orbit with an equator

crossing time of 09:30 AM (descending node), i.e. the so called morning orbit. To achieve the mission

objectives in operational meteorology and climate monitoring an appropriate payload was embarked

on Metop, with a number of sounding instruments. The HIRS/4 (High Resolution Infrared Radiation

Sounder) instrument, the AMSU-A (Advanced Microwave Sounding Unit - A) and the MHS

Figure 2. EPS services.

(Microwave Humidity Sounder) instrument as successor of AMSU-B (MHS was developed by

EUMETSAT), provide the continuity to the current polar sounding capabilities onboard the NOAA-

15, NOAA-16 and NOAA-17 spacecraft. New technology and hyperspectral infrared sounding

capability is provided by the IASI (Infrared Atmospheric Sounding Interferometer) instrument,

improving soundings both in accuracy and also vertical and horizontal resolution. The sounding

payload is complemented by the AVHRR/3 (Advanced Very High-Resolution Radiometer) multi-

spectral imager, which will provide visible and infrared imagery at high horizontal resolution. EPS

products comprise centrally processed level 1 products from all instruments and level 2 sounding

products from ATOVS and IASI (from the EPS Core Ground Segment (CGS)) and a large number of

level 2 and higher level products from the distributed Satellite Application Facilities (see Figure 2 for

EPS services.).

Instruments, successfully flown on research missions, will be flown in operational service. The Global

Ozone Monitoring Experiment (GOME-2) for ozone profiling and trace gas retrieval is in the heritage
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of the GOME-1 instrument on ESA’s ERS-2 and will provide additional sounding capabilities. An

Advanced Scatterometer (ASCAT) will provide improved capability to retrieve wind vectors at the

ocean surface, continuing the successful SCAT instrument on ESA’s ERS-1 and ERS-2 satellites.

Further sounding capabilities will be provided by the GRAS (GPS Radio-Occultation Atmospheric

Sounder), which will make use of the information on the atmosphere and ionosphere contained in the

GPS navigation satellite signals through the radio-occultation technique. This will be the first

operational radio-occultation mission. A full system will be installed, including a GRAS Ground

Support Network (GSN) to support the clock error corrections required for the GPS and Metop clocks

as well as a precise orbit determination service.

Geostationary Satellites

Meteosat Transition Programme

The first generation Meteosat and the equivalent Meteosat Transition Programme Satellites

(Meteosat-7) have as payload a three-channel imager with broad-band channels in the visible,

infrared, and water-vapour regions of the spectrum. The spacecraft is spin stabilised with 100

rotations per minute. The imager yields a full disk image every 30 minutes. The sampling distance at

the sub satellite point is 2.5 km for the visible, 5 km for the infrared and water vapour channels. There

are 5000 x 5000 pixels  of visible and 2500 x 2500 pixels of infrared and water vapour channel data

per full disk image. The products include satellite-tracked winds, cloud products, upper level

tropospheric humidity, and others.

Figure 3. IODC service as first generation Meteosat service.
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Meteosat Second Generation

The Meteosat Second Generation spacecraft is also a spin-stabilised satellite. Its payload comprises

Figure 4: MSG capabilities: Example images from 12 SEVIRI Channels.

The Spinning Enhanced Visible and Infrared Imager - SEVIRI) with 12 different spectral channels

Figure 5: Meteosat-8 image example: Sahara dust.

.

VIS 0.6 µm                 VIS 0.8 µm             NIR 1.6 µm                NIR 3.9 µm

WV 6.2 µm                WV 7.3 µm                IR 8.7 µm                 IR 9.7 µm

IR 10.8 µm              IR 12.0 µm                 IR 13.4 µm                  HRVIS
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(see Figure 4) in the visible and infrared region of the spectrum (see example image in Figure 5) and

the GERB (Geostationary Earth Radiation Budget) instrument intended to provide measurements of

the Earth Radiation Budget from geostationary orbit. As new products stability parameters will be

derived from pseudo-sounding (e.g. lifted index). Humidity fields are derived in the upper and mid-

troposphere and total ozone fields are planned to be estimated. The sampling of the image data at the

sub-satellite point are 3 km with exception of the High Resolution Visible channel (HRV), where the

resolution is planned to be 1 km. The full disk image is  composed of 3750 x 3750 pixels (except for

HRV). One full disk image is provided every 15 minutes, but alternative repeat cycles up to 3 minutes

are also possible. In HRV mode the scan area can be selected among predetermined rectangular

blocks. Products are generated in the ground segment  facilities at EUMETSAT’s HQ and in the

distributed part of the EUMETSAT application ground segment, the Satellite Application Facilities

(SAF’s). For details see Holmlund and König, 2004.

ATOVS RETRANSMISSION SERVICE

EUMETSAT provides a fast delivery service of Advanced TOVS data, based on HRPT stations for

the North Atlantic and European Area. The service was installed based on an initiative of the

members of the HIRLAM Group (Denmark, Finland, Ireland, The Netherlands, Norway, Spain,

Sweden and Iceland) in November 2000. The service provides ATOVS level 1a and level 1c data

with a timeliness of 30 minutes to cover the needs of EUMETSAT Member States regional and local

Figure 6: EARS product example: Three passes of HIRS data.

numerical weather prediction requirements for sounder data. Today the data of ten HRPT stations are

distributed (see Fig. 6 with an example of acquired HIRS data). The operational phase will be

continued and extended for use with NOAA-N and Metop. ASCAT level 1b dissemination and later

AVHRR will be added to the service. More details can be found on EUMETSAT’s web site (see

http://www.eumetsat.int, on the EARS  (EUMETSAT ATOVS Retransmission Service) home page.)
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Outlook

EUMETSAT and ESA have in 2001 jointly started the process to define the follow on service for the

geostationary satellite service, the Meteosat Third Generation (MTG), aimed for 2015. Several user

and expert workshops have been conducted, and baseline concepts are being explored. Missions

investigated are a) Multispectral imaging (SEVIRI continuity), b) Infrared high spectral resolution

sounding, c) UV sounding, d) Lightning imager.

The requirements analyses for the post-EPS era have also been started. They aim for a need date in

2019 for an EPS follow-on service.

Conclusions

The above-presented systems represent the EUMETSAT contribution to the global system of satellite

observation within the World Weather Watch and the Global Observation System. Considerably

improved sounding capabilities are expected to provide a major contribution towards the

improvement of operational meteorological services, in particular numerical weather prediction.  An

important contribution to climate monitoring will arise from the coming programmes and satellites.

Further contributions from EUMETSAT include optional programmes like the Jason-2 data

processing and distribution.
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The NWP SAF: what can it do for you? 
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The  EUMETSAT Satellite Applications Facility for Numerical Weather Prediction (NWP SAF) is 
led by the Met Office (UK), in partnership with  ECMWF, Météo-France and KNMI, with part-
funding from EUMETSAT.  The SAF’s objective is to improve and support the interface between 
satellite data/products and activities in global and regional NWP.  The SAF responds primarily to  
European user requirements, but products are freely available to users world-wide.  The products of 
the SAF are mainly portable software modules suitable for implementation within the satellite data 
processing and data assimilation systems of operational NWP centres, and for use at research 
institutes.  These include: fast radiative transfer code (RTTOV), the ATOVS and AVHRR Processing 
Package (AAPP), software for processing Quikscat data, and three one-dimensional variational 
retrieval (1D-Var) packages.  In addition, the SAF supports: monitoring activities for a wide range of 
satellite data, with results available in near real-time through the SAF’s web site, 
http://www.metoffice.gov.uk/research/interproj/nwpsaf/index.html; reports on specific aspects of 
satellite data processing; workshops; and a visiting scientist programme.  In addition to improved and 
extended versions of the products listed above, future products will include the extension of AAPP to 
process data from IASI on METOP, and “superobbing” code for SSMIS. 
 
This presentation provides a brief summary of the programme and products of the NWP SAF, 
followed by a description of the pre-processor planned for IASI data as part of an extended AAPP. 
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Operational hyperspectral remote sensing sounding capabilities at NESDIS started with the launch of 
the AQUA Atmospheric InfraRed Sounder (AIRS) in May 2002, and will continue through out this 
decade with EUMETSAT’s Infrared Atmospheric Sounding Interferometer (IASI) and NPOESS 
Cross-track InfraRed Sounder (CrIS).   The advantage of high spectral resolution in the infrared is 
very clear.  In addition to vastly improved accuracies and vertical resolution of temperature and 
moisture soundings, and improved impacts in NWP, high spectral resolution provides the capability to 
derive trace gases such as ozone, carbon dioxide, carbon monoxide, methane, sulfur dioxide and other 
key climate parameters such as clouds and aerosols.  NESDIS is generating many of these products 
from AIRS in real-time for both weather and climate applications.   Using the AIRS retrieval system 
as a benchmark, NESDIS/ORA is developing the NOAA operational IASI processing system and the 
NOAA-unique CrIS processing system.    The software system will be able to process soundings and 
cloud-cleared radiances from AIRS, IASI or CrIS using the same science for all three instruments.   
Using the same science (e.g  radiative transfer, cloud correction,  etc) is critical for deriving climate 
data records and blending different datasets.   At the meeting, we will give an overview of the 
operational processing plans (including distribution) for AIRS, IASI and CrIS, and also will show the 
accuracy of our different products, which will include temperature, moisture, cloud cleared radiances, 
and trace gases.  The products will be validated against model analyses and radiosondes.  We will 
show the impact of using MODIS to improve AIRS cloud clearing,  and we will also compare 
simulated clear radiances from  NCEP and ECMWF model with AIRS observed clear radiances (to 
show which model agrees better with the observed radiances).   
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This paper summarizes the findings and recommendations of the International Workshop on the 
Assimilation of Satellite Cloud and Precipitation Observations in NWP Models, held near 
Washington, DC on May 2-4, 2005. The focus of the Workshop was on how to use satellite 
observations to improve the initialization of clouds and precipitation in forecast models. To date, 
assimilation of satellite measurements has centered on the clear atmosphere. But satellite observations 
in the visible, infrared, and microwave provide a great deal of information on clouds and 
precipitation.  Since clouds and precipitation often occur in sensitive regions for forecast impacts, 
such improvements are likely necessary for continuing significant gains in weather forecasting. The 
Workshop brought together experts in: cloud/precipitation remote sensing, radiative transfer in cloudy 
or precipitating atmospheres, modeling clouds and precipitation in NWP models, and assimilating 
cloud and precipitation observations. These experts critically reviewed the state of the art in: satellite 
observations (both passive and active) of clouds and precipitation; modeling of clouds and 
precipitation in NWP; and assimilation of clouds and precipitation observations to initialize the 
models. The workshop developed a number of recommendations to accelerate the development of 
cloud and precipitation assimilation systems in NWP. The Workshop was organized and sponsored by 
the NOAA-NASA-DoD Joint Center for Satellite Data Assimilation. 
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The Virtual Laboratory for Satellite Training and Data Utilization: 
Maximizing the Use of Satellite Data across the Globe 

 
James F.W. Purdom 

Chair OPAG IOS, CBS, WMO and CIRA,  
Colorado State University, Fort Collins, CO 

 
This talk will focus on the role of international cooperation in maximizing the exploitation of satellite 
data as we move together into the challenges of the 21st century.  Meeting the demands of this 
challenge is possible because of the combined efforts of the World Meteorological Organization 
(WMO) and the world’s producers of operational meteorological satellite data as represented through 
the Coordination Group for Meteorological Satellites (CGMS) in the formation of the Virtual 
Laboratory for Satellite Training and Data Utilization (VL).  The VL was formally established in mid-
May, 2001, with its main purpose being to help maximize the exploitation of satellite data across the 
globe. It is a collaborative effort joining the major operational satellite operators (NESDIS, JMA, 
EUMETSAT and NSMC) with WMO “centers of excellence” in satellite meteorology. The “centers 
of excellence” are five WMO Regional Meteorological Training Centers and the Australian Bureau of 
Meteorology and each is sponsored by one of the major operational satellite operators.  Those 
“centers of excellence” serve as the satellite-focused training resource for WMO Members across the 
globe.   The ITWG, along with the International Precipitation Working Group (IPWG) and the 
International Winds Working Group (IWWG), is one of three supporting science groups affiliated 
with the VL.  
 
Although still in an evolutionary stage, the VL had had major impact on WMO sponsored training 
events hosted in China, Australia (2002), Barbados (2003) and Costa Rica (2005), and has been of 
major benefit to all “centers of excellence” as a part of their routine on site training.  This paper will 
discuss the Vl, how it got to where it is, lessons learned and its future direction.  Included in those 
future directions is the use of electronic notebooks for training; after the training event (beginning 
with Costa Rica), they are left with the trainees for their use in training others within their WMO 
Member State.  Those notebooks contain lectures, training tools (such as multi and hyper-spectral 
analysis tools), links to algorithms (such as precipitation derivation from satellite imagery) and a 
variety of other information useful for on-site and remote training.  This talk will conclude with a 
message for the ITWG on their responsibilities as a supporting science group to the VL and suggest 
pathways forward to enhance training and utilization of satellite sounding data across the globe. 
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MEOS POLAR - A cost effective Direct Broadcast terminal for 
current and future L and X-band polar orbiting satellites 

 
Frank Øynes, Einar Grønås 

Kongsberg Spacetec AS 
 
This paper describes the design of the Kongsberg Spacetec MEOS POLAR terminal for reception and 
processing of data from current and future L and X band satellites. Standard calibration of imaging 
and sounding instruments are provided as well as higher level processing of imaging instruments. The 
key characteristics of the system and processing algorithms are presented. The system is in use by 
meteorological institutes and service providers for providing meteorological, oceanographic and land 
services. The hardware and software of the current implementation and trends for future are discussed. 
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AAPP status report and review of developments for  
NOAA-N and METOP 

 
Nigel C Atkinson and Amy M Doherty 

 
Met Office, Exeter, UK 

 
Introduction 

The ATOVS and AVHRR Pre-processing Package (AAPP) is a software package maintained by the 
EUMETSAT Satellite Application Facility for Numerical Weather Prediction (NWP SAF). The host 
centre for the NWP SAF is the Met Office, with partners ECMWF, KNMI and Météo-France (see 
http://www.metoffice.com/research/interproj/nwpsaf/index.html). 
 
This paper describes the status of the current AAPP release, version 4, which is in use routinely at 
many NWP and research centres worldwide. A new release, version 5, is in preparation and this will 
include a number of enhancements, the most important of which is the capability of processing data 
from the NOAA-N and NOAA-N´ satellites (in addition to data from the current operational 
satellites). Version 5 is scheduled to be released about two months after the launch of NOAA-N 
(renamed NOAA-18 after launch). 
 
Looking further ahead, preparations are underway for AAPP version 6, which will handle METOP 
data. The new IASI instrument in particular poses a number of challenges for pre-processing systems 
and for numerical weather prediction. 
 
Finally we consider the extension of AAPP to new satellites such as NPP and NPOESS. 
 
AAPP Version 4 

Version 4.0 was released in October 2003. Since then there have been 5 updates, as detailed on the 
AAPP web site. Of these, updates 4.1, 4.2 and 4.3 have been superseded and are no longer required. 
Update 4.4 is an important update that contains the following enhancements: 

• Linux compatibility, including ability to run on Windows systems via Microsoft Services For 
Unix 

• Improved robustness in the decommutation program, allowing a higher proportion of passes 
with noisy HRPT data to be processed. 

• Utility to compare output files from different platforms (atovsCompare) 

• Big/little-endian conversions 

• Processing of NOAA-17 (which has a broken AMSU-A1 instrument) to level 1d 

• Extra 1d flag for fewer co-locations than expected in re-mapping AMSU-A to HIRS (useful 
when comparing EARS data with global ATOVS) 

 
Update 4.5 is a routine AMSU-B gross limits update – the instrument calibration counts for certain 
channels have drifted outside the original range. 
 
In addition to the code changes there have been some administrative changes in the way AAPP is 
maintained and distributed: 
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• Formal responsibility for maintaining and distributing AAPP has been passed to the NWP 
SAF. Previously this was handled directly by EUMETSAT. 

• Enquiries and licensing are dealt with by the NWP SAF helpdesk. 

• Update versions of AAPP are held on a Met Office FTP server. 

• The AAPP web page has been integrated with the NWP SAF web page (see Introduction). 

• The “L-aapp”  email forum, to which anybody can subscribe, is still hosted by EUMETSAT. 
The NWP SAF also maintains separately a list of the email addresses of licensed AAPP users.  

 

AAPP version 5 for NOAA-N and N´ 

A beta release of AAPP version 5 is currently under test. The full version is expected to be released to 
users about two months after the launch of NOAA-N. The main changes in AAPP-5 compared with 
AAPP-4 are as follows: 

1. NOAA-N capability (including MHS) 
2. New HIRS calibration method (based on NOAA ‘version 4’  algorithm) 
3. Updated navigation – ability to use 2-line elements 
4. Allow for moon contamination in AMSU-B and MHS 
5. Added NWC-SAF scattering index (Bennartz et. al., 2004) to AMSU-B level 1d 
6. Use of instrument-specific scan characteristics, and removal of many hard-coded parameters  

These are discussed briefly below. 
 

MHS 
A new calibration module, mhscl, has been introduced, together with a new level 1b fomat – 
as defined by NOAA. The format of MHS level 1c is the same as that of AMSU-B level 1c, 
except for the instrument identifier. Similarly, changes are minimal at level 1d. 
 
Users should be aware that the polarisations for the 183.31±1 and 183.31±3 GHz channels are 
different from the equivalent channels in AMSU-B. In both AMSU-B and MHS there is a 
known small scan-dependent bias due to the fact that the reflectivity of the main reflector is 
not quite unity, and depends on polarisation. This effect is allowed for in AAPP-5 for MHS. 
For consistency with previous AAPP versions, it is not applied by default for AMSU-B. 
 

HIRS calibration 
In April 2005 NOAA introduced into operations the new HIRS calibration algorithm 
described by Cao and Ciren (2003). A very similar algorithm has been introduced into AAPP-
5, which should improve the consistency between global and local HIRS calibration. 
 
There will inevitably be some calibration discrepancies in the HIRS ‘partial superswaths’  at 
the beginning and end of a local pass. However, by archiving statistics of the correlation 
between calibration slope, calibration offset and telescope temperature it is hoped to minimise 
these errors. The addition for HIRS/4 of a new Tertiary Telescope temperature sensor may 
help. 
 
2-line elements 
As part of the navigation step when processing from level 1a to level 1b, an orbital prediction 
model is used in order to determine the position and attitude of the satellite as a function of 
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time. AAPP-5 includes the option to use 2-line element data (see http://celestrak.com/ for a 
description) as an alternative to TBUS. The data can be obtained from http://www.space-
track.org/ (once the user has registered). A script is provided to download automatically the 
latest data from the space-track web site. 
 
Experiments show that the accuracy of the orbital prediction is considerably better using 2-
line elements than for TBUS – though the difference is only significant for users who process 
AVHRR. 
 
Moon contamination in AMSU-B and MHS 
AAPP version 4 included code to predict and correct for the presence of the moon in the 
AMSU-A space view – but not AMSU-B. If AMSU-B saw the moon in its space view then 
the affected scan lines were rejected by quality control, so data gaps of up to 5 minutes could 
occur. For AAPP-5 we use the computed position of the moon to predict which, if any, of the 
4 space view samples are likely to be contaminated, choosing the remaining samples for use in 
the calibration. The 4 space samples have an angular separation of 1°, so there is always at 
least one that is uncontaminated. This improves the availability of the data and also its 
reliability since we are not relying on quality control thresholds for rejecting bad data. 
 
The same method is used by NESDIS in generating AMSU-B and MHS level 1b data, and 
will also be used in the EPS ground segment. 
 

NWC-SAF scattering index 
As well as the AMSU-B scattering index that is already present in AAPP, an alternative 
AMSU-B based scattering index has been developed by Bennartz et. al. (2002) in the 
framework of the EUMETSAT Satellite Application Facility to support Nowcasting and Very 
Short Range Forecasting (NWC SAF). This code has been integrated in AAPP and is activated 
when an AMSU-B level 1d product is requested. Unlike the existing scattering index, which is 
only valid over the sea, the new index is designed to work equally well over land. At this stage 
it is considered an experimental tool, as the results have not been validated quantitatively on a 
global scale. To avoid disturbing existing applications, the scattering index and precipitation 
probabilities are written to words in the AMSU-B 1d format that were previously spare (i.e. 
amb1d_prepro(6,*)). 
 
Instrument-specific scan parameters 
To allow for the fact that some of the instruments have unique spot sizes and scan 
characteristics (e.g. HIRS scan position displacements for NOAA-16 and 17), a dedicated 
‘satid.txt’  file has been set up to ensure the correct values are used. This also simplifies the 
introduction of new instruments and platforms, such as METOP. Fundamental and physical 
constants have been standardised in AAPP-5 – previously there were multiple hard-coded 
definitions. 

  

AAPP version 6 for METOP 
There are three main changes for METOP that must be allowed for in the design of AAPP-6: (i) the 
new IASI instrument, (ii) a new direct broadcast format (Advanced High Resolution Picture 
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Transmission, or AHRPT) and (iii) new mechanisms and formats for the distribution of global data. 
The top-level design of AAPP-6 is shown in Fig. 1. 
 

Fig. 1: Schematic for AAPP version 6, showing main data flows for METOP 
 
AAPP-6 will include new ‘ front-end’  modules for the acquisition and decoding of the AHRPT data 
packets that are transmitted at X-band. These modules will convert the ATOVS and AVHRR data into 
standard AAPP level 1a format which can be processed by the existing AAPP calibration and pre-
processing modules. For IASI, the AHRPT data are converted to ‘ level 0’  format, defined by 
EUMETSAT. They are then processed to level 1c by a software suite based on the ‘ IASI OPS’  
(OPerational Software) supplied by CNES, the instrument supplier, for EUMETSAT. Level 1c 
comprises IASI data that have been calibrated, spectrally corrected and Gaussian apodised, together 
with AVHRR data mapped to the IASI grid. 
 
For global data distribution, ATOVS and IASI will be converted to BUFR at EUMETSAT and then 
transmitted to European users via EUMETCast. Regional ATOVS data will also be provided (as in the 
present EARS system). Users outside Europe will have access to ATOVS data via the Global 
Telecommunications System (GTS) or via the internet. AAPP will need to be able to decode these 
BUFR messages. 
 
For the final atovpp pre-processing stage, several new options will be provided: 

1. Map AMSU and MHS to the IASI grid 
2. IASI channel sub-set, based on a pre-selected list of channels, in order to reduce data volume 

METOP AHRPT 
(CCSDS packets) 

ATOVS 

+ AVHRR 

IASI ‘level 0’ 
+ AVHRR 

 

ATOVS 1a/b 

ATOVS 1c 
IASI 1c 
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BUFR decode 

EUMETCAST 
Global IASI 

EUMETCAST 
Global ATOVS 
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ATOVS/IASI 1d 
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existing 
AAPP OPS 

 

NB: IASI 1c = calibrated,  
corrected & Gaussian 
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AAPP extension –  
IASI pre-processor 
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3. Produce IASI eigenvector scores, i.e. the signal to noise ratio for the presence of certain pre-
computed eigenvectors. The number of eigenvectors will be selected by the user. This is a 
more sophisticated way of reducing data volume than simple channel selection, as it attempts 
to preserve as much useful information as possible. 

4. Spatial thinning, e.g. select 1 spot in 4, either a fixed spot or on the basis of a cloud test. Clear 
spots are generally preferred for NWP 

5. IASI cloud detection tests (to be defined) 
 
The eigenvector scores, c, will be generated via  

( )Tc = U N y  

where U are the pre-computed fixed eigenvectors (probably generated from a mixture of theoretical 
and observed noise-normalised spectra), y is the radiance spectrum and N is a matrix that converts y to 
a noise-normalised de-apodised form. UTN has the same dimensionality as UT and can be pre-
computed – so there is no need to de-apodise spectra in real time. Simulations suggest that about 300 
eigenvectors will be adequate to retain most of the useful information in the IASI spectra. 
 
The data volume for raw IASI 1c BUFR is approximately 16 Gbytes per day (EPS test data available 
from EUMETSAT). If we store 300 channels plus 300 eigenvector scores for 1 spot in 4 (as planned at 
the Met Office) and BUFR encode then the data volume of the IASI 1d product will be about a factor 
30 lower than that of IASI level 1c – but still a factor 10 higher than the existing HIRS 1d. 
 

NPP and NPOESS 
NPP (with a launch scheduled for 2008) will contain a new suite of instruments, including CrIS, 
ATMS and VIIRS. It is planned to extend AAPP to accept data from these instruments – i.e. to 
develop 1d products for ATMS and CrIS that are analogous to the 1d products for AMSU/MHS and 
IASI. 
 
The NWP-SAF probably does not have the resources to develop a complete end-to-end system for 
direct readout, but it is hoped to accept Temperature Data Records from the NASA direct readout 
software (see http://directreadout.gsfc.nasa.gov/), and also global NPP data – with distribution formats 
yet to be defined. 
 
Conclusions 
AAPP version 4 is currently available from the NWP-SAF, with about 200 registered users worldwide. 
Version 5, supporting NOAA-N and NOAA-N´, is in the final stages of testing and is planned to be 
released to users about 2 months after the launch of NOAA-N. 
 
Preparations are under way for AAPP version 6, supporting METOP. New modules will be added to 
AAPP to accept the AHRPT data stream and to process IASI data – with various user-configurable 
options to control the output data volume. BUFR decoding and encoding modules will be added. 
 
In the longer term, it is planned to extend AAPP to handle the sounding data from NPP and NPOESS 
– in conjunction with direct readout packages developed elsewhere. 
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The IASI L1 processing software and its integration within AAPP 
 

Philippe Marguinaud 
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The IASI L1 processing software has been developped by Thales under the direction of CNES, for 
direct integration in the core ground segment of EUMETSAT. 
 
The NWPSAF has been authorized by the CNES to modify the software in order to adapt it to the 
needs and constraints of AAPP. The IASI processing software ( IASI OPS ) has therefore been 
interfaced with AAPP modules and libraries, and ported to several popular UNIX platforms.  
 
This presentation gives an overview of the IASI OPS architecture; it describes the inputs and the 
products of IASI L1 processing, some of the inner workings of the software, focussing on practical 
aspects rather than on scientific issues. The performances of IASI OPS on several platforms are also 
presented. 
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1Centre National d'Etudes Spatiales 
2Noveltis – Parc Technologique du Canal 

3ALCATEL SPACE 
 
The Infrared Atmospheric Sounding Interferometer (IASI) is a key payload element of the METOP 
series of European meteorological polar-orbit satellites. It is developed jointly by CNES and 
EUMETSAT. It has been designed for operational meteorological soundings with a very high level of 
accuracy  (Specifications on Temperature accuracy : 1K for 1 km and 10 % for humidity) and also for 
estimating and monitoring trace gases on a global scale. The IASI system includes the 3 instruments, 
a data processing software integrated in the EPS ground segment and a technical expertise centre 
(TEC) implemented in CNES Toulouse. 
 
The measurement technique is based on passive IR remote sensing using an accurately calibrated 
Fourier Transform Spectrometer operating in the 3.7 – 15.5 µm spectral range and an associated 
infrared imager operating in the 10.3-12.5 µm spectral range. The optical configuration of the sounder 
is based on a Michelson interferometer. Interferograms are processed by the on-board digital 
processing subsystem which performs the inverse Fourier Transform and the radiometric calibration. 
The integrated infrared imager allows the co registration of the IASI sounder with AVHRR imager 
on-board METOP. 
 
The second model (FM2) will be the first IASI instrument in-flight (April 2006). It has successfully 
completed a verification program conducted at ALCATEL SPACE premises in Cannes. This paper 
provides the key performance results obtained during this test campaign. 
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Abstract 
The Infrared Atmospheric Sounding Interferometer (IASI), to be flown on Metop as part of the 
EUMETSAT Polar System (EPS), will be used to derive a number of atmospheric parameters. A 
challenging task will be to make proper use of the 8461 spectral radiance samples provided by IASI. 
Despite the development of fast radiative transfer models it will not be possible to make direct use of all 
samples in a variational retrieval scheme or to assimilate them all in numerical weather forecasts because 
of the huge amount of data. As many of the spectral radiances are well correlated with each other it seems 
straightforward to combine highly correlated ones to so-called super channel clusters. The advantages are 
reduced noise of the super channels, when compared to that of measured single spectral samples, and the 
possibility to chose only one of the samples to represent each cluster in radiative transfer calculations.  
The composition of the super channels and their usefulness for the retrieval of temperature and water 
vapour profiles in diverse atmospheric situations is studied by means of RTIASI-5 simulations for 
globally distributed sets of atmospheric and surface situations. A variational retrieval that makes use of 
super channels has been implemented in the core ground segment of the EPS for the generation of level 2 
products. 
 
 
 
Introduction 
 
The Infrared Atmospheric Sounding Interferometer (IASI), that has been built under EUMETSAT- CNES 
co-operation, will be flown on the Metop satellites as part of the EUMETSAT Polar System (EPS) from 
2006 onwards. Details of the IASI instrument are described by Cayla (1993). IASI will deliver high-
resolution radiance spectra that allow to retrieve atmospheric temperature and humidity profiles for 
numerical weather prediction and climate research at accuracies of 1 K and 5%, respectively, at high 
vertical resolution. Trace gases to be derived from IASI include ozone columnar amounts in deep layers, 
and columnar amounts of carbon monoxide, nitrous oxide, methane, and carbon dioxide. Cloud 
parameters measured from IASI are cloud fraction, cloud top temperature, cloud height, and cloud phase.  
 
The IASI Level 2 processor (Schlüssel et al., 2005) makes use of  different retrieval techniques. These 
include statistically based methods like regression on principal component scores (Schlüssel and 
Goldberg, 2002; Goldberg et al., 2003) and artificial neural networks (Turquety et al., 2004). 
Alternatively, a variational retrieval (e.g. Rodgers, 2000) can be included either as stand-alone retrieval or 
be used in combination with a statistical retrieval, where the latter provides the first guess for the former 
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one. The variational retrieval implemented is a simultaneous iterative retrieval seeking the maximum 
posterior probability solution for the minimisation of a cost function 
 

Tbxx1CbxxTmyxy1Emyxy )()())(())(( −⋅−⋅−+−⋅−⋅−=J    ,                     (1) 
 
where x is the atmospheric state vector as calculated iteratively, xb is the background atmospheric state, C 
is the covariance matrix associated with the background, ym is the measurement vector, y(x) is the forward 
model operator at a given state x, and E is the combined measurement and forward model error 
covariance. The minimisation is achieved by the Marquardt-Levenberg method. However, despite the 
availability of fast radiative transfer models, it is not possible to perform a variational retrieval that 
includes separately all 8461 spectral samples in y and ym. Constraints of the near-real time processing with 
today's computer capabilities require that the number of radiances included in the iterative retrieval is 
restricted to about 500. Although this is a strong limitation, the fact that the IASI spectrum contains much 
redundant information and many of the spectral samples are highly correlated with each other, enables the 
inclusion of the entire IASI spectrum in the variational retrieval by the use of super-channel clusters. 
 
 Super-Channel Composition  
 
Redundancy in the IASI spectrum allows the composition of super-channel clusters, in which highly 
correlated spectral samples are combined. Single clusters can be populated by one to many (often 
hundreds) single samples, of which one in each cluster, so-called lead sample, is chosen to represent the 
cluster in the calculation of the forward model operators yL(x) and the related Jacobians. The measured 
radiance of the clusters are given by a weighted average of the contributing samples, where the average 
has to represent the radiance of the lead channel. The more samples contribute to a cluster the lower the 
effective measurement noise will be in the averaged radiance of the cluster. The weighted average is best 
achieved by linear regression of the lead channel radiance against all radiances in the same cluster. The 
weights consist of regression coefficients, taking into account the correlation and the noise of the 
respective samples. The "measured" radiance of a lead channel is calculated as  
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where N  is the number of  spectral samples in a cluster, is the measured radiance of spectral sample i, 

and a
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i, bi are regression coefficients (for the lead channel we have a1=0 and b1=1). The errors in the 
measured radiance  of the lead channel will include measurement and regression errors.  m

Ly

 
 
Data Set and radiative Transfer Calculations 
 
For the generation and analysis of super-channel clusters IASI spectra have been simulated for a globally 
representative set of 53980 atmospheric and surface situations. The basis for this set is the sub-sampled 
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ERA-40 (40 years ECMWF Re-Analysis) as described by Chevallier (2001). The rather smooth 
temperature profiles have been randomly perturbed with 1K/1km double-Dirac dipoles in order to 
represent fine structure in the profiles. Land surface types have been randomly composed of up to three 
types (out of 14 possible ones) and corresponding random fractions. According to the surface types 
emissivity spectra have been composed according to Snyder et al. (1998), where the mean emissivity 
spectra have been randomly varied between the possible limits of each type. Trace gas profiles have been 
taken from climatology, they have been randomly varied between 50 and 150% of the respective trace gas 
amounts. Aerosol types have been randomly selected, and their climatological profiles have been 
randomly varied between 0 and 200%. About half of the data set has been set up to simulate oceanic 
conditions with sea surface conditions where the surface emissivity is parameterised according to the 
wind-roughened sea surface. 
 
For the entire set of 53980 cloud-free situations simulations have been carried out with the fast radiative 
transfer model RTIASI-5 (Matricardi, 2004a, 2004b). The instrument viewing angles for each simulation 
was chosen randomly among the possible values. The resulting Gaussian apodised  radiance spectra are 
normalised with the standard deviation of the respective noise spectra before entering  the correlation 
analysis.  
 
 
Correlation and Regression Analysis 
 
A correlation analysis has been done between spectral samples. Starting at the low wavenumber boundary 
of 645 cm-1  the spectrum has been scanned for samples with a high correlation. All pairs with a 
correlation higher than a threshold are retained in the respective cluster, irrespective of the spectral 
distance between the samples, and each sample must be a member of exactly one cluster. The assumed 
thresholds for the minimum correlation vary between 0.95 and 0.999. The number of super-channel 
clusters obtained varies according to the threshold and generally decreases with rising threshold as seen in 
table 1. At a low correlation of 0.95 the number of super-channel cluster is as low as 47 and it is clear that 
the spectral information which was originally in the IASI spectrum is lost in a sense comparable to a 
broadband filter radiometer. The number of samples within single clusters can reach several hundreds, but 
can also be as low as one. At higher correlation thresholds the clusters are more sparsely populated and 
often contain only single spectral samples with pronounced, individual spectral signatures (Figure 1). 
 
Table 1: Number of super-channel clusters for given correlation thresholds. 

 
Correlation Number of Clusters 

0.95 47 
0.98 113 
0.99 222 
0.995 417 
0.999 1633 
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Fig. 1: Population of super-channel clusters at correlation thresholds of 0.99 (top), 0.995 

(middle), and 0.999 (bottom). 

 
 
The spectral range covered by single clusters is shown in figure 2. It is seen that at the lower correlation a 
spectral range of almost 1000 cm-1 can be covered by single clusters. At increasing correlation the spectral 
range in a single cluster is limited to about 300 cm-1. As mentioned above, the population of the super-
channel clusters also reduces the measurement noise entering the variational retrieval. The noise figures to 
be considered for the lead channels consist of measurement noise and regression errors. At lower 
correlation the latter prevail, while the measurement noise becomes the major part at high correlation 
implying a low regression error. Figure 3 illustrates for a correlation of 0.99 (222 super-channel clusters) 
the effective noise on the lead channel together with the population of the respective super channel. The 
noise (shown for a noise-normalised radiance) is reduced for many clusters by a factor greater than 5. For 
clusters populated with single samples only the normalised noise stays at 1, corresponding to the plain 
measurement noise.  
 

International TOVS Study Conference-XIV Proceedings

361



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Spectral range covered by single super-channel clusters at correlation thresholds of 0.99 
(top), 0.995 (middle), and 0.999 (bottom). 
 
 
Two examples for super-channel populations at a correlation threshold 0.995 are shown in figure 4 
together with the portion of a IASI radiance spectrum. They demonstrate the big differences that are 
possible between super channels and the variety of spectral spacing between different samples within 
single clusters. 
 
 
Conclusion and Discussion 
 
IASI spectral samples can be efficiently combined to super-channel clusters in order to reduce the number 
of measurements entering a variational retrieval or an assimilation of  IASI spectra into numerical weather 
forecast models, whilst retaining redundant information to reduce the measurement noise of the  radiance 
samples entering the retrieval or assimilation scheme.  
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Fig. 3: Normalised noise (blue) of the lead channel radiance after weighted averaging and the 
corresponding population (red) of super channels for a correlation of 0.99. 
 
 
Lead channels are selected to represent the clusters in the radiative transfer simulations used as forward 
model operators. The choice of lead samples made in this study was based on a plain search along the 
wavenumber scale for the next sample that was not already member of a cluster. Likewise, the lead sample 
selection could be optimised with respect to forward model errors, selecting among those samples of a 
cluster the one as lead sample which has the lowest forward model error.   
 
The number of clusters can range from as low as 47 to more than 1633, assuming sample correlations 
ranging from 0.95 to higher than 0.999. The right choice for the number of clusters is to be optimised, 
trading off the noise reduction against spectral information. Operational retrieval or assimilation systems 
clearly require an upper limit of clusters that is suitable for near real-time processing. A number of 222 to 
417 clusters, corresponding to correlations of 0.99 and 0.995, respectively seems to be realistic for such 
systems at present computing capabilities.  
 
The super-channel clusters derived for high correlation thresholds contain many clusters which are 
populated with single samples only. This is desirable when spectral information is needed that is unique in 
single samples and which is not to be smeared by the creation of a highly-populated super-channel cluster. 
Likewise, it is always possible to remove single samples from a cluster and include it as single sample in  
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Fig. 4: Examples of super-channel clusters at a correlation threshold of 0.995. Top: cluster 6 with 
lead sample at 647 cm-1 including 15 samples; bottom: cluster 3 with lead sample at 645.75 cm-1 
including 36 samples. The blue curve is an atmospheric reference spectrum, the red lines 
indicate the positions of the spectral samples. 
 
the retrieval or assimilation,  if the particular spectral information of this sample is needed (e.g. retrieval 
of trace gases). 
 
The spectral range covered by single clusters is not limited to narrow spectral regions, but can cover a 
major part of the IASI spectrum. The drastic change in order of magnitude of the radiances across the 
spectrum is handled efficiently by using noise-normalised radiances. 
 
For a modest number of 222 super channel clusters the noise is reduced substantially, a factor of 5 is 
achieved for many clusters. A variational retrieval that makes use of  this set of super channel clusters has 
been implemented and tested in the EPS core ground segment at EUMETSAT, clearly demonstrating the 
usefulness of this approach.  
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Development of the IASI operational processing and  
distribution system 

 
T. King1, H. Sun1, W. Wolf1, M. Goldberg2, C. Barnet2, and L. Zhou1 

 
1QSS Group Inc 

2NOAA/NESDIS/ORA 
 
Development and testing of the IASI processing and distribution system is ongoing at 
NOAA/NESDIS/STAR.  Level 1C IASI data for 8461 channels will be available to NESDIS/NOAA 
from EUMETSAT shortly after MetOp 1 launch (scheduled for April 2006).  In preparation, an IASI 
simulation system is currently providing pseudo near-real time data for system testing and code 
refinement.  The simulated level 1C data are subset both spectrally and spatially and then placed into 
BUFR format for a number of products including: Level 1C (calibrated, apodized, and navigated) 
brightness temperatures and PCA reconstructed radiances.  This simulation system will allow for a 
smooth and immediate transition to the actual data processing when it becomes available.  System 
validation will consist of comparing the products to collocated radiosonde observations and model 
forecasts. 
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Dissemination of global products from Metop 
 

Simon S. Elliott 
 

EUMETSAT Operations Department, Darmstadt, Germany 
 
Introduction 
 
From an early stage in the commissioning of Metop, EUMETSAT will distribute level 1 and level 2 

global data sets.  These data will be made available using direct dissemination via EUMETCast, and a 

subset of the data will be distributed globally via the GTS.  Level 1b data from AMSU-A, HIRS and 

MHS will be distributed in BUFR both via the GTS and EUMETCast.  The full spectrum of IASI level 

1c data will be available in BUFR via EUMETCast, and it is planned to distribute a carefully selected 

subset of 300 channels via the GTS.  Furthermore, level 2 data from ATOVS and IASI will also be 

distributed in BUFR via the GTS and EUMETCast; these data being at reduced spatial resolution for 

GTS distribution. 

 
Role of EUMETCast in EPS 
 
The original baseline for the direct dissemination of global Metop products in near real time was via 

the EPS NRT (Near Real Time Terminal) system.  This system is specific to EUMETSAT for the 

direct dissemination of global Metop data.  Any data distributed via the NRT system is available to 

EUMETSAT member states and their partners only.  It was also foreseen that the data were to be 

disseminated in special format defined specifically for the Metop products, hereafter referred to as PFS 

(Product Format Specification). 

At request of EUMETSAT’s users, EUMETCast will be used for direct dissemination of global 

products, rather than the NRT system.  Many of the data sets on EUMETCast will be in BUFR. 

 
Description of EUMETCast 
 

EUMETCast is a generic, multi-service dissemination system based on the standard Digital Video 

Broadcast (DVB) multi-cast technology.  Data are relayed from various sources (such as the MTP and 

MSG satellites) via EUMETSAT’s control centre in Darmstadt, to a central up-link site.  The data are 

then sent on via commercial telecommunication satellites to individual users.  Uses of the service can 

take advantage of off-the shelf, commercially available, and inexpensive equipment.  This results in 

the possibility to use relatively low cost reception stations.  For a list of known manufacturers, see 
http://www.eumetsat.int/en/dps/helpdesk/msg_suppliers.html 
In addition to service priority handling, EUMETCast also has a highly configurable encryption 

facility. This is implemented using a EUMETCast Key Unit (EKU) and EUMETCast Client Software. 
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Availability of data sets 
 
Many of the global data sets from Metop will be in BUFR format.  This decision was made because 

BUFR offers the potential to encode any type of data whilst remaining compliant with an international 

standard commonly used in numerical weather prediction. 

Level 1 data 
 
• ATOVS: As part of the EUMETSAT’s EARS service, level 1c data from the AMSU-A, 

AMSU-B and HIRS instruments on the NOAA spacecraft are being operationally disseminated in 

BUFR.  For the sake of continuity, the corresponding level 1 products from Metop will also be 

encoded in BUFR.  The MHS data will be encoded using the same sequence currently employed 

for AMSU-B. 

• AVHRR: The AVHRR level 1 data will be distributed in the format given by the EPS product 

format specification (PFS). 

• IASI: The IASI level 1c data will be encoded in BUFR.  The planned template is described 

in the Annex to this document. 

• ASCAT: The ASCAT level 1 data will be distributed in parallel, encoded in BUFR and the 

format given by the EPS product format specification. 

• GRAS: The GRAS level 1 data will be distributed in parallel, encoded in BUFR and the 

format given by the EPS product format specification. 

• GOME: The GOME level 1 data will be distributed in the format given by the EPS product 

format specification.   

Level 2 data 
 
The baseline for the level 2 profile data from ATOVS and IASI will be encoding in BUFR.  The full 

data set will be distributed via EUMETCast. 

GTS distribution 
 
The distribution of level 2 profile data from ATOVS and IASI on the GTS/RMDCN (Global 

Telecommunication Network/Regional Meteorological Data Communication Network) is part of the 

EPS baseline. The data are a subset of the full ATOVS and IASI level 2 data, and will be distributed 

via NRT/EUMETCast at a resolution compatible with the GTS/RMDCN link capacity. 

Although any type of data can be exchanged via the RMDCN, only data encoded in an appropriate 

format can be exchanged in the context of the GTS. Dissemination of IASI level 1c product in BUFR 

on the GTS is currently limited by the bandwidth of the GTS, but the dissemination of a significantly 

reduced data set is feasible using the BUFR template given in Annex 1. The actual definition of the 

content of a reduced size IASI level 1c product for GTS distribution is being based on a direct 

dialogue with the global user community. Part of this interaction took place at the 14th International 

TOVS Study Conference in Beijing, May 2005.   
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As part of the EARS service, level 1c data from the AMSU-A, AMSU-B and HIRS instruments on the 

NOAA spacecraft are being distributed via the GTS/RMDCN. In a similar way to the EUMETCast 

dissemination, the corresponding level 1 products from Metop will also be encoded in BUFR and 

distributed via the GTS/RMDCN. 

The data distribution mechanisms and formats are summarized in the following table.   

EUMETCast GTS  
Level 1 Level 2 Level 1 Level 2 

AMSUA BUFR - BUFR - 
HIRS BUFR - BUFR - 
MHS BUFR - BUFR - 
ATOVS - BUFR - BUFR 
IASI BUFR BUFR BUFR BUFR 
ASCAT BUFR and PFS BUFR from SAF BUFR BUFR from SAF 
AVHRR PFS - - - 
GOME PFS BUFR from SAF 

(TBC) 
- BUFR from SAF 

GRAS BUFR and PFS  BUFR from SAF 
(TBC) 

- BUFR from SAF 

 

Data grouping and compression 
 
The BUFR supports the compression of data within the format itself.  The efficiency of the 

compression is best for large sets of self similar data.  If data sets are too large, the variability of the 

data can make the compression less efficient.  If data sets are too small, end effects such as headers 

and trailers can dominated the data volume. 

During the encoding of the Metop data global products, the data are grouped in order to (i) maintain 

some physical meaning to group, and (ii) make compression efficient.  For IASI level 1c data, 1 scan 

line is used per BUFR message,  and for the other level 1 data many complete scan lines per message.  

Prior to transmission, the messages grouped into files such that one file is used for each per PDU 

(Product Dissemination Unit) (3 minutes of data, also one granule). 
 

Internet resources 
 
Many tools and documents about BUFR are available from the internet.  Some of the most useful ones 

are given here 

• Software for processing BUFR is widely available, for example via free download from ECMWF: 

http://www.ecmwf.int/products/data/software/bufr.html 

• BUFR tables can be downloaded from WMO: http://www.wmo.int/web/www/WMOCodes.html 

• A BUFR guide is available from WMO: 

http://www.wmo.int/web/www/WMOCodes/Guides/BUFRCREXPreface_en.html 
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Annex - BUFR encoding template for IASI level 1c. 
In the encoding sequence shown below, 14 local descriptors have been used.  These are shaded in 

grey. These descriptors have been used to simplify the encoding process.  They will be defined in the 

co-ordinated BUFR tables as soon as possible.  The information with indices 50 and 51 has been 

added since the ITSC XIV in order to give the relative position of the AVHRR cluster in the IASI field 

of view. 

 
index descriptor description value meaning 

0 0-01-007 satellite id 3 METOP1 
1 0-01-031 id of originating centre 254 EUMETSAT 
2 0-02-019 satellite instrument 221 IASI 
3 0-02-020 satellite classification 61 EPS 
4 0-04-001 year  
5 0-04-002 month  
6 0-04-003 day  
7 0-04-004 hour  
8 0-04-005 minute  
9 2-02-131 change scale +3  

10 2-01-138 change width +10  
11 0-04-006 second  
12 2-01-000 change width to default  
13 2-02-000 change scale to default  
14 0-05-001 latitude (high accuracy)  
15 0-06-001 longitude (high accuracy)  
16 0-07-024 Satellite zenith  
17 0-05-021 Satellite azimuth  
18 0-07-025 Solar zenith  
19 0-05-022 Solar azimuth  
20 0-05-043 Pixel number  
21 0-05-040 Orbit number  
22 2-01-133 change width +5  
23 0-05-041 Scan line number missing  
24 2-01-000 change width to default  
25 2-01-132 change width +4  
26 0-25-070 Frame count / granule 

number 
missing  

27 2-01-000 change width to default  
28 2-02-126 change scale -2  
29 0-07-001 Height of station  
30 2-02-000 change scale to default  
31 0-33-192 GQisFlagQual  
32 0-33-193 QGisQualIndex  
33 0-33-194 QGisQualIndexLoc  
34 0-33-195 QGisQualIndexRad  
35 0-33-196 QGisQualIndexSpect  
36 0-33-197 GQisSysTecSondQual  
37 1-03-010 Repeat next 3 descriptors 

10 times 
 

38 0-25-192 Start channel  
39 0-25-193 End channel  
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40 0-25-194 Channel scale factor  
41 1-05-087 Repeat next 5 descriptors 

87 times 
 

42 1-04-100 Repeat next 4 descriptors 
100 times 

 

43 2-01-136 change width +8  
44 0-05-042 Channel number  
45 2-01-000 change width to default  
46 0-14-192 Scaled radiance  
47 0-02-019 satellite instrument 591 AVHRR/3 
48 0-25-051 AVHRR channel 

combination 
 

49 1-09-007 Repeat next 9 descriptors 7 
times 

 

50 0-05-192 Y angular position of centre 
of gravity 

 

51 0-05-193 Z angular position of centre 
of gravity 

 

52 0-25-085 Fractional coverage of 
AVHRR radiance cluster 

 

53 1-05-006 Repeat next 5 descriptors 6 
times 

 

54 0-05-042 Channel number  
55 0-25-194 Channel scale factor  
56 0-14-193 Scaled mean radiance  
57 0-25-194 Channel scale factor  
58 0-14-194 Scaled standard deviation 

of radiance 
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A Joint Temperature, Humidity, Ozone, and SST
Retrieval Processing System for IASI Sensor Data:

Properties and Retrieval Performance Analysis

Marc Schwaerz and Gottfried Kirchengast

Wegener Center for Climate and Global Change (WegCenter) and
Institute for Geophysics, Astrophysics, and Meteorology (IGAM),

University of Graz, Graz, Austria

Abstract

We show the improved performance of a joint retrieval algorithm of temperature, humidity,
ozone, and SST (more precisely, the latter is the surface skin temperature of the ocean) com-
pared to more specific retrieval setups. The joint algorithm was developed based on optimal
estimation methodology and carefully tested under quasi-realistic conditions (using high res-
olution ECMWF analysis fields). The algorithm contains in a first step aneffective and fast
channel selection method based on information content theory, which leads to a reduction
of the total number of IASI channels (>8400) to about 3.5% only (∼300), which are subse-
quently used in the retrieval processing. We show that this reduction is possible without re-
trieval performance decrease compared to using many more (∼2000) channels. Additionally,
it is shown that using standard climatology fields in the channel selection process does also
not decrease performance while significantly increasing computational efficiency. Finally,
the application and real-data-test of the algorithm with AIRS (Advanced Infrared Sounder)
data, a next step planned, is addressed.

Introduction

The IASI (Infrared Atmospheric Sounding Interferometer) instrument will be part of the core payload
of the METOP series of polar-orbiting operational meteorological satellites currently prepared for EU-
METSAT (first satellite to be launched in 2006). IASI is a Michelson type Fourier transform interferome-
ter which samples a part of the infrared spectrum contiguously from 645 cm−1 to 2760 cm−1 (∼15.5µm
- 3.6µm) with an unapodized spectral resolution of 0.25 cm−1. Compared to existing operational satellite
radiometers, this high spectral resolution instrument allows significantly improved accuracy and vertical
resolution of retrieved temperature and humidity profiles, and also deliversozone profiles and sea surface
temperature (SST). The instrument is also designed for detection of additional trace gases and improved
cloud characterization.

In this study, simulated IASI measurements are used to estimate temperature and humidity profiles
and the surface skin temperature. We used the fast radiative transfer model RTIASI for forward modeling
and simulating the IASI measurements (see subsectionForward Modeling). Due to performance and
numerical reasons a fast channel selection method based on information content theory, which leads to
a reduction of the total number of IASI channels (>8400) to about 3.5% only (∼300), is introduced in
the subsectionChannel reduction procedure. The retrieval of the atmospheric variables is prepared by
following the Bayesian approach for an optimal combination ofa priori data and new measurements
using a fast converging iterative optimal estimation algorithm (Rodgers, 2000) (see subsectionRetrieval
Algorithm).
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The retrieval algorithm is then applied to a quasi realistic METOP/IASI orbit track for September 15,
2002. Results for this case study are presented in the sectionResults. A summary of the work presented
as well as suggested improvements and future steps on the IASI retrieval problem are given in the section
Summary and Outlook.

Data Simulation and Retrieval Methodology

This section briefly describes the retrieval scheme, the forward modeling involved, the main aspects
of the retrieval algorithm itself, and the procedure of information content based channel reduction. The
description follows (Lerner et al., 2002), and (Weisz et al., 2003) and more details can be found there.
Those earlier studies used the same methodology as applied here but were linked to the development of
single parameter (temperature-only and humidity-only) retrieval schemes.

Forward Modeling

For a successful retrieval of atmospheric parameters within the framework of an optimal estimation
approach as adopted here, the underlying physics of the measurement needs to be properly modeled by
a forward model solving the radiative transfer equation. At the same time, a proper modeling of the
”Jacobian matrix” (also termed ”weighting function matrix”, i.e., the derivativeof the forward model
with respect to the state vector) is quite important, especially with regard to computational efficiency,
since (moderate) non-linearities in the problem of interest demand an iterative state estimation.

For simulating the measurement vector and calculatingF(x) = TB (TB: brightness temperature)
and the JacobiansK = ∂F(x)/∂x, the fast radiative transfer model RTIASI (Matricardi and Saunders,
1999) was used, which uses temperature, humidity, and ozone profiles and some surface parameters
(e.g., surface skin temperature, surface air temperature, etc.) as input and then furnishes simulated IASI
brightness temperature measurements and Jacobians of the input atmospheric species for any desired
subset of IASI channels. This model calculates level-to-space transmittances on 43 fixed pressure levels
spanning from 0.1 hPa (∼65 km height) to surface. We used these same levels, the so called ”ATOVS
pressure level grid”, also as our retrieval grid (all 43 levels for temperature, the lowest 28 levels for
humidity).

Retrieval Algorithm

The inverse problem associated with equationy = F(x)+ε, i.e., the retrieval of temperature, humid-
ity, and ozone profiles and of SST,x, from brightness temperature measurements,y, is approached by the
concept of Bayesian optimal estimation described in detail by (Rodgers, 2000). With the assumption of
Gaussian probability distributions and a linearized forward model, we choose a fast converging iterative
optimal estimation algorithm (Rodgers, 2000):

xi+1 = xap + SiK
T
i S−1

ε [(y − yi) + Ki(xi − xap)] , (1)

where the subscripti is the iteration index.xi/i+1 andxap are the iterated anda priori state vectors,
respectively (T, lnq, and SST combined in one state vector), andSi is the retrieval error covariance
matrix, defined by:

Si =
[

S−1
ap + KT

i S−1
ε Ki

]

−1
. (2)

HereSap is thea priori error covariance matrix. The optimization scheme expressed by equation (1)
is usually termed the Gauss-Newton method and provides a reliable maximuma posteriori estimate for
”small residual” inverse problems as the one dealt with here (Rodgers, 2000). In applying equation (1),
the iteration was initialized withx0 = xap and state estimatexi, measurement estimateyi = F(xi),
weighting function matrixKi = ∂F(x)/∂x |x=xi

, and retrieval error covariance estimateSi, were
updated at each iteration stepi until convergence was reached.

Dependent on the quality of thea priori profile, the first or the first two steps may need special aid
with convergence due to linearization errors, which is often dealt with in extending the Gauss-Newton
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scheme to the Levenberg-Marquardt scheme (Rodgers, 2000; Riederand Kirchengast, 1999). We utilized
the more simple but for the present purpose equivalently effective extension introduced by (Liu et al.,
2000) termed the ”D-rad” method. This method leaves equation (1) unchanged, justSε is modified in its
diagonal according to:

Sε(n, n) = max

[

(y(n) − yi(n))2

α
, σ2(n)

]

(3)

wherei is the iteration index,y(n) is the measurement value of channel n,yi(n) = Fn(xi) is the forward
modeled measurement,α is a (free) control parameter set to 4 for this study, andσ2(n) is the variance
of the measurement noise for channel n (the originalSε(n, n) values). (Liu et al., 2000) found the ”D-
rad” extended Gauss-Newton algorithm to perform equally well or better than the Levenberg-Marquardt
algorithm in aiding convergence when a poor initial guess profile was given.

A Priori error Covariance Matrix

For the elements ofSap we used an auto-regressive model variant and adoptedSap to be non-diagonal
such that there exists inter-level correlation and the non-diagonal components fall off exponentially from
the diagonal, i.e.:

Sap(i, j) = σiσj exp

[

−
|zi − zj |

L

]

, (4)

whereσi andσj are the standard deviations at height (log pressure) levelszi andzj , respectively, and
L is the correlation length.L was set to 6 km for temperature, to 3 km for humidity, and to 10 km for
ozone and the standard deviation settings are specified in Table 1. The shape of the curves was set in
this way to approximately satisfy the ECMWF standard deviations for temperature and humidity; for
ozone a fixed value of 20 % over the whole RTIASI pressure range wasused to obtain appreciable errors
since we created the ozone data out of the ”true” data via perturbing them consistently with thea priori
error covariance matrix (c. f. (Rodgers, 2000)) because the daily variations which are obtained from the
ECMWF model are quite small (as seen in inspecting the rms values of ozone ofthe 24 h forecast field
with respect to the corresponding analysis field).

A priori profiles consistent with thea priori error covariance matrix

Pressure [hPa] 0.10 1.50 10.00 1013.25 SST, SAT
Error [K] 4.00 4.00 1.50 1.50 1.50

Humidity
Pressure [hPa] 100.00 200.00 400.00 1013.25
Error [%] 10.00 60.00 60.00 20.00

Ozone
Pressure [hPa] 0.10 1013.25
Error [K] 20.00 20.00

Table 1: Standard deviation values versus pressure values for temperature, humidity, and ozone (the values between this levels
are obtained via linear interpolation in log space).

Measurement Error Covariance Matrix

In order to create an appropriate (and consistent) measurement error covariance matrixSε, we as-
sumed the squared IASI 1c noise values (obtained from Peter Schluessel, EUMETSAT, personal com-
munications, 2000) to be the diagonal elements. Since they are specified at areference temperature
Tr = 280 K the values are modified according to the actual brightness temperature, based on the Planck
law (c. f., (Weisz et al., 2003)).

Finally the temperature modified 1c noise values are superposed with an 0.2 K forward model error
value to roughly account for errors in the forward model (Collard, 1998), (J. Eyre, The Met. Office,
personal communications 2000). The impact of the RTIASI forward modelerror on the IASI retrieval
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accuracy is described in (Sherlock, 2000). Fig. 1 shows the raw IASI1c noise values and the modi-
fied values, according to a brightness temperature calculated for the U.S. standard mid-latitude summer
profile.

Figure 1: Square roots of the diagonal elements of the measurement error covariance matrixSε.

For the off-diagonal elements we assume a correlationcij between the three nearest neighboring
channels of 0.71, 0.25, and 0.04, according toSij = cij

√

SiiSjj , which we also have to account for in
Sε. This produces an error covariance matrix with a rather steep descent from the main diagonal (Peter
Schluessel, EUMETSAT, personal communications, 2000).

Simulation of the measurement vector

Since we do not have true measurements, we add a random noise factor∆y to the simulated mea-
surements in order to generate quasi realistic data. For the noise modeling (receipt obtained from Peter
Schluessel, personal communications, 2000) we first create normally distributed random numbers with
standard deviation values according to the diagonal elements of the measurement error covariance ma-
trix. Since RTIASI calculates apodized radiances and brightness temperatures, respectively, we apodize
this noise with a Gaussian function of a full width at half maximum of 0.5 cm−1 (σ = 0.212 cm−1).

Channel Reduction Procedure

Since the full IASI spectra contain 8461 channels it is essential to reducethis number and somehow
remove redundant information for computational and performance reasons. Hence, our task is to find
a subset of channels which is sufficiently sensitive to the retrieved variables. Therefore we remove the
channels above 2500 cm−1 (spectral range< 4 µm – here residual solar contribution becomes important)
and those channels whose ”foreign” gas emissions contribute significantlyto the measured brightness
temperature (i.e., 1220 cm−1 - 1370 cm−1 and 2085 cm−1 - 2200 cm−1). At this point we have still
about 6200 channels, which is still too much for our purpose.

Therefore we perform a further reduction of the number of channels by utilizing two different meth-
ods: the information content theory and the maximum sensitivity approach.

In information content theory (e. g., (Rodgers, 2000)) one seeks to know how much information is
contained in a possible outcome by knowing it. If we select the channels sequentially by retaining the
channels with highest information content (H) and removing them from subsequent calculations, we may
write:

Hi =
1

2
log2

∣

∣Si−1S
−1

i

∣

∣ , (5)
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whereSi/i−1 is the retrieval error covariance matrix. ForS0 thea priori error covariance matrixSap was
used.

As a simplified and faster alternative of using information content theory we can also use an approach,
which is solely based on the weighting function matrix scaled by the measurementerrors (c. f. (Weisz
et al., 2003)). It is desirable to selectively choose those channels whose instrument noise is small or the
measurement sensitivity to temperature an humidity perturbation is high. This is achieved by using the
following channel selection criterion which maximizes the sensitivity-to-errorratio, a matrix denoted by
H:

H = S
−

1

2

ε K, (6)

whereSε is again the measurement error covariance matrix (with dropping the non-diagonal elements
for this purpose) andK is the Jacobian Matrix.

Results

The algorithm was tested for a quasi-realistic orbit of METOP with a full swathof the IASI instrument
(more than 22000 profiles) with an ECMWF analysis field of September 15, 2002, 12 UTC, as ”true”
field, the 24h forecast of this analysis as first guess for temperature and humidity, and data consistent
with thea priori error covariance matrices for ozone profiles and SST as first guess for ozone and SST,
respectively (method see e. g., (Rodgers, 2000)).

The orbit ranges from Africa over Antarctica, the Pacific Ocean and theArctic region back to Africa
via eastern Europe. The red line delineates the suborbital track of the METOP satellite (see Fig. 2).

Figure 2: Simulated quasi-realistic swath of the IASI instrument. The red linedelineates the suborbital track for which retrieval
performance examples are shown.

The simulation study was done under clear air conditions. One topic we are focusing on is to show
the equivalence of the retrieval results when performing the channel selection scheme on a climatology
versus applying the same procedure on the forecast field (see Fig. 3, for temperature, Fig. 4, for SST,
Fig. 5, for humidity, and Fig. 6, for ozone). Another aspect highlighted isthe comparison of the two dif-
ferent channel selection methods outlined in subsectionChannel reduction procedure for three different
sets of numbers of channels (see Fig. 7).
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Temperature Results

In general we can see that the bias arising in the stratospherica priori data (left panel of Fig. 3) could
mostly be deleted by the inclusion of information from the IASI instrument (see middle and right panel
of Fig. 3).

Figure 3:A priori minus ”true” data and error statistic data for temperature profiles for two different initial data sets. Left panel:
24-hour forecast minus ”true” data for temperature; middle panel: retrieval results for 24-hour forecast data for temperature
and humidity profiles combined witha priori data consistent with thea priori error covariance matrices for ozone profiles
and SST as first guess and the CIRA86aQ climatology (Kirchengast et al., 1999) with suitable ozone profiles obtained from
U. S. standard profiles used for the channel selection process; rightpanel:the same first guess as in the middle panel but using
the forecast data themselves (except for ozone where us. std. profile data were used) for the channel selection process. Legend:
bias (black line), 2 times standard deviation of bias (solid blue line), standard deviation (yellow line), rms (dashed blue line),
theoretical estimate of the rms of the finally accepted best state estimate (dotted green line), diagonal elements of thea priori
error covariance matrices (red line).

A further comparison of the middle and the right panel of Fig. 3 which has theequivalent meaning
of the comparison of the retrieval results for two different data sets usedin the channel selection process
points out that the differences only occur in the second digit. Since the usage of the climatology for the
channel selection process is much more efficient than using the forecastdata, because we have to select
the channels only once (in comparison to a successive selection in the caseof using the forecast data),
we strongly suggest to perform the selection of channels used in the retrieval process on a climatology
rather than on forecast data.

Sea Surface Temperature Results

A closer examination of Fig. 4 shows that the retrieval exhibits better results for the rms than the
theoretical estimate proposes. This can be explained by the fact that the retrieval of SST is highly de-
pendent on the retrieval of the overlying atmosphere. Comparing the error analysis data of the SST only
retrieval (c. f. Fig. 4, (c)) with the results from the joint temperature, humidity, ozone, and SST retrieval
(c. f. Fig. 4, (a-b)) the latter shows a significantly improved performance– including that empirical rms
data are quite consistent with the theoretical estimate whereas the SST only retrieval exhibits a small bias
and deviations of the results which are almost as large as the ones used at input. On a closer examination
of the error analysis data of the single SST retrieval (i. e., splitting it up into low, mid, and high latitudes)
we find that the reason for these large errors lies in the tropics, more precisely, in regions with warm
sea surface temperature. The main physical reason behind this is the significant water vapor continuum
absorption over warm tropical oceans even in the ”atmospheric window” channels (e. g., (Liou, 2002)).
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Figure 4: Error statistic data for SST for three different sets: The initial dataset of panel (a) corresponds to the middle panel of
Fig. 3, panel (b) corresponds to the right panel of Fig. 3, whereas panel (c) is, in contrast to the temperature plot, the result of
an SST only retrieval.

Humidity Results

Comparing the results of the retrieved humidity when using the joint algorithm (see Fig. 5) mostly
the same can be said as in the case of the estimation of temperature. We once morerecognize that the
resulting rms for the middle and the right panel of Fig. 5 is better than the theoretical estimate of it and
once more the results for the different profile sets used in the channel selection process are quite the
same.

Figure 5:A priori minus ”true” data and error statistic data for humidity profiles for two different initial data sets. Panel setup
and legend corresponds to Fig. 3

We tested also a joint temperature-humidity profile retrieval targeted to the between 200 hPa and 500
hPa, a region of special interest to us, in order to check whether the estimated humidity becomes better
and processing significantly faster because of a more limited channel selection for this region. It turned
out, however, that this upper-troposphere-focused approach wasvery moderately faster and, in particular,
the retrieval performance somewhat degraded.
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Ozone Results

Fig. 6 indicates that we get improvements of the ozone data only in regions of high concentration
of ozone (”ozone layer”) due to the fact that the weighting functions of ozone exhibit important peaks
only at this height. Just like in the case of temperature an humidity the results forthe different profile
sets used in the channel selection process are quite the same. In addition, itwas found that the results
for temperature, humidity, and SST are quite independent from the initial guess of the ozone data if it
remains in the domain of linearity or moderate non-linearity, respectively (a few 10% uncertainty level).
This is also true vice versa.

Figure 6: A priori data and error statistic data for ozone profiles for two different initial datasets. Panel setup and legend
corresponds to Fig. 3.

Channel Selection Results

As initial input set for all six cases we used ana priori data set which consists of data consistent with
the a priori error covariance matrices for temperature, humidity, ozone, and SST. The three different
sets of numbers of selected channels were chosen to get approximately 3.5%, 10% and 20% of the full
number of IASI channels which resulted in an averaged number of selected channels per profile of 300
channels (smallest dataset), 887 channels (medium dataset), and 1808 channels (largest dataset).

An intercomparison of the temperature results (c. f. Fig. 7) shows that the theoretical estimation of
the rms is decreasing slightly with increasing number of selected channels. This is not the fact for the
empirical rms which is virtually the same for the small and the medium set but increases significantly
for the case of∼1800 selected channels. Furthermore, the maximum set of selected channels results
in the appearance of slight bias structures which are not present in the two other sets resulting from the
beginning of numerical instabilities of the implemented inversion scheme (large matrices). A comparison
of the two different channel selection methods (IC, top three panels of Fig. 7 and MS, bottom three panels
of Fig. 7) yields no significant difference for the cases with the small and the medium number of selected
channels, only the set with 1808 selected channels shows a slightly better performance in the IC case
which can be traced back to the fact that the IC theory selects fewer linearly dependent channels.

In summary we can say that these results suggest that the simpler MS channel selection approach, in
the case of using a climatology for the selection of the used channels has the same efficiency as the IC
method and closely similar performance. Tentatively the IC results are slightly better, presumably due
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Figure 7: Panel layout as for Fig. 3 (see that legend). Explanation seetext.

to the more even distribution of the selected channels over height, so the IC selection seems generally
preferable.

Summary and Outlook

We presented a retrieval algorithm for determining temperature, humidity and SST from radiance
measurements made by the IASI instrument, scheduled for launch on-boardof the METOP weather
satellite series (first satellite to be launched in 2006). Main features are a sensible channel reduction
procedure followed by an iterative optimal estimation retrieval. The channelreduction algorithm based
on the information content theory makes the retrieval efficient – the procedure results in a reduction of the
number of channels from more than 8400 to about 3.5% only (∼300 channels). The retrieval performance
does not significantly degrade due to this reduction. We also showed that the joint algorithm leads to a
clearly improved performance compared to more specific retrieval setups,such as temperature-only or
SST-only, etc., retrievals.
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We obtain a retrieval accuracy of about 1 K in temperature and 15% to 20% up to ∼400 hPa in
humidity, which is decreasing to about 35% at 200 hPa in humidity with a vertical resolution of 1 km
to 3 km in the troposphere. For the stratosphere we found thata priori data exhibit important influence.
Some challenging areas arose in the mid-latitude regions and at heights with weak sensitivity of the
weighting functions (e.g., the tropopause). For ozone, the best estimate liesnear 10% at a height of about
60 hPa but shows almost no difference to the assumeda priori error at heights lower than 400 hPa or
higher than 5 hPa.

The results of this study provide guidance for further advancements. Our current and future work
plan includes improvements of thea priori covariance matrices for temperature and humidity and the
extension of the joint algorithm to other atmospheric species via an upgrade of the used forward model.

As a future step towards real data, the algorithm will then be applied to AIRS (Advanced Infrared
Radiation Sounder) data, where our domain of particular interest is the upper troposphere and its climatic
variability in humidity and temperature.

Acknowledgments
We thank E. Weisz (SSEC, Univ. of Wisconsin, Madison, WI, U.S.A.) for valuable discussions on

retrieval methodology and U. Foelsche (IGAM, Univ. of Graz, Austria)for support with acquisition of
ECMWF fields. The work of M. S. was financed by the START research award of G. K., financed by
the Austrian Ministry for Education, Science, and Culture and managed under Program No. Y103-N03
of the Austrian Science Fund.

References

Collard, A. D. (1998). Notes on IASI Performance.U. K. MO Forecasting Research Technical Report
No. 256.

Kirchengast, G., Hafner, J., and Poetzi, W. (1999). The CIRA86aQUoG model: An extension of the
CIRA-86 monthly tables including humidity tables and a Fortran95 global moist airclimatology
model. Technical Report for ESA/ESTAC No. 8/1999, IGAM, Universityof Graz, Austria.

Lerner, J. A., Weisz, E., and Kirchengast, G. (2002). Temperature and humidity retrieval from simu-
lated Infrared Atmospheric Sounding Interferometer (IASI) measurements. Journal of Geophysical
Research, 107:10.1029/2001JD900254.

Liou, K. N. (2002).An Introduction to Atmospheric Radiation. Oxford University Press, Oxford.

Liu, X., Zaccheo, T. S., and Moncet, J.-L. (2000). Comparison of Different Non-Linear Inversion Meth-
ods for Retrieval of Atmospheric Profiles. InProceedings of the 10th Conference of Satellite Mete-
orology, pages 293–295, Long Beach, California.

Matricardi, M. and Saunders, R. (1999). A Fast Radiative TransferModel for Simulation of Infrared
Atmospheric Sounding Interferometer Radiances.J. Appl. Optics, 38:5679–5691.

Rieder, M. and Kirchengast, G. (1999). Physical-statistical retrieval of water vapor profiles using SSM/T-
2 sounder data.Geophys. Res. Lett., 26:1397–1400.

Rodgers, C. D. (2000).Inverse Methods for Atmospheric Sounding: Theory and Practice. World Scien-
tific, Singapore.

Sherlock, V. J. (2000). Results from the first U. K. MO IASI RadiativeTransfer Model Intercomparison.
Forecasting Research Technical Report No. 287.

Weisz, E., Kirchengast, G., and Lerner, J. A. (2003). An efficient channel selection method for In-
frared Atmospheric Sounding Interferometer data and characteristics ofretrieved temperature pro-
files. Technical Report Wissenschaftl. Ber. No. 15, IGAM, University of Graz, Austria.

International TOVS Study Conference-XIV Proceedings

381



Calibration and Validation of Metop/ATOVS and AVHRR
products

Éamonn McKernan
Rhea System S. A., Louvain-la-neuve, Belgium

François Montagner, Dieter Klaes, Peter Schlüssel, Yves Buhler
EUMETSAT Darmstadt, Germany

Abstract

The first of three morning-orbiting Metop satellites will be launched in the spring of 2006. It
will embark the AVHRR, AMSU-A, and HIRS instruments, such as are already operating on
the current series of NOAA satellites. Metop will also embark the Microwave Humidity
Sounder (MHS), which replaces the AMSU-B instrument. In collaboration with our partner
organisations, and in particular with the support of NOAA, EUMETSAT has planned out an
extensive list of activities to calibrate ATOVS and AVHRR products from Metop and to
establish and monitor their quality. A Calibration and Validation facility has been procured,
and additional tools will also be made available to select users to extract, visualise and carry
out simple analyses on these products.

Introduction

Currently scheduled to launch in April 2006, the first Metop satellite to be launched (FM-21)
will embark the AMSU-A, MHS, HIRS/4, AVHRR/3, IASI, GOME-2, GRAS and ASCAT
instruments that will measure numerous properties of the Earth’s surface and atmosphere. The
first four of these instruments are of the ATOVS and AVHRR instrument suite. They have
been operated by NOAA for up to three decades in various incarnations and are the subject of
this paper.

Cal/Val activities fall into two major categories. The first category of activities is the core
analysis, involving initial checks and ongoing monitoring. These will tune the processing and
demonstrate performance against the applicable user requirements. In the second category,
more detailed analyses will be carried out on a lower priority basis to refine the processing
and to improve the understanding of the product quality. Through this latter category of
activities, EUMETSAT will demonstrate its commitment both to continual improvement in
the products, and to building upon state-of-the-art scientific results.

Extensive planning has been carried out to prioritise and schedule the pre-launch preparatory
and post-launch analysis activities to calibrate/retrieve the products, to test their internal
consistency, and to validate them against independent reference measurements. This work has
benefited from the experience at NOAA via numerous interactions for input and review.
Additional direction was taken from work done on related instruments such as ENVISAT

                                                          
1 This will be renamed “Metop-A” once in-orbit.
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(e.g. Robinson 2000) and EUMETSAT’s experience with the METEOSAT series of satellite
instruments.

This paper will discuss the activities to be carried out for product Calibration and Validation
(Cal/Val)2 as derived from the objectives and priorities. It describes the CVF as well as a
selection of tools that are available to the user community, and discusses a logical schedule.

Objectives and Priorities

The objectives for ATOVS and AVHRR Cal/Val are to provide data that meet the user
requirements for product accuracy after the commissioning phase, and to achieve state-of-the-
art performance and accuracy throughout the mission lifetime. This involves converting raw
instrument data into geo-located products expressed in terms of recognised physical units. It
also requires testing and revision of processing algorithms and required databases. Finally, it
also calls for the determination of product quality, in terms of precision and accuracy,
guaranteed over the mission lifetime, and assessed by multiple independent means (i.e. cross-
checked against similar instruments).

Two sets of criteria were employed to arrive at an overall determination of activity priorities,
and these priorities have subsequently been employed to schedule tool procurement activities
and to sequence future validation analyses. The set of objective criteria includes the EPS End
User Requirements Document (EURD) product priority (See rightmost column in Table 1
below), product accuracy requirements, cost, and feasibility. More subjective criteria include
geographic coverage, temporal coverage and instrument type. Based upon these criteria,
activities are defined to fall into one of four categories, as explained below:

•  Mandatory activities are critical to the completion of the Commissioning phase
objectives. Anomalies affecting these shall be handled as blocking anomalies, and their
correction shall be given priority over any planned activity.

•  Important activities should be completed during the Commissioning phase. Anomalies
affecting them shall be given priority over other activities of the same priority but not impact
any mandatory activity. It should be noted that many key performance figures can be
assessed only after a synthesis of several “important” activities. When such a synthesis is
performed before the Commissioning Handover Review, it shall estimate how complete each
contributing activity is, and may recommend to delay or revisit the subject in the future.

•  Beneficial activities can be planned as background tasks with lower priority than
mandatory and important activities. They may be postponed until after the
Commissioning phase when contingencies affect higher priority activities. Anomaly
correction for such activities shall not impact any mandatory or important activity.

                                                          
2 “Calibration and Validation” has entered common usage, and so this nomenclature has been adopted
for this paper. However, since Metop planning addresses the generation of geophysical products in
addition to radiances/brightness temperatures, retrieval should be understood also to fall under the
umbrella of “Cal/Val”.
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•  Desirable activities will not be carried out during the Commissioning Phase. However,
should it happen that an opportunity arises and sufficient resources are available, such
activities could be re-introduced in the schedule by the weekly planning meeting, at a low
priority.

Cal/Val outputs include quantitative error estimates characterising the products,
recommendations for changes to the auxiliary data employed for processing or to the
processor itself, or for further (operational) monitoring/validation

Table 1: EURD product priorities (objective requirements)
Parameter Accuracy Requirement (objective) Product Priority

SCENE_RADIANCE 0.25 K for µ-wave and IR channels 1
ATMOSPHERIC_TEMPERATURE 1.0 Troposphere, 1.0 Stratosphere 1
ATMOSPHERIC_WATER_VAPOUR 5% 1
SURFACE_TEMPERATURE 0.4 K sea, 1.0 K land 3
FRACTIONAL_ CLOUD_COVER 5% 1
CLOUD_TOP_TEMPERATURE 1 K 1
CLOUD_TOP_PRESSURE corresponding to < 200 m height error 2
TROPOPAUSE_HEIGHT no requirement 3
CLW 0.01 mm 3
TOTAL_COLUMN_PREC_WATER no requirement 2
Level 1 geolocation
(all four instruments)

1 km along, 1.25 km across track localisation at
nadir

1

Product processing is documented in the Product Generation Specifications and User Guides
available from the EUMETSAT website (http://www.eumetsat.int). Validation involves the
assessment and monitoring of product processing (thresholds, processing options, etc.), as
well of the generated products themselves. The products will be checked for internal
consistency, and also through comparisons. For the comparisons, EUMETSAT will focus on
large, well-understood, operational datasets such as sondes, buoys, Numerical Weather
Prediction, AMDAR (Aircraft Meteorological Data Reporting), other satellites, etc.
Additional case studies will be carried out using specialised instrumentation such as
spectrometers and radiometers deployed on the ground, aircraft, ships, stratospheric balloons,
etc. A detailed listing of the Calibration and Validation activities currently foreseen can be
found in the EPS Programme ATOVS Calibration and Validation Plan.

Cal/Val Facility

To support Cal/Val, a CVF and several tools have been developed. The initial configuration
of the CVF includes nine operational PCs plus two development machines and primary &
backup servers. The primary datastore can accommodate one month’s Metop and NOAA
data, and has access to the full EUMETSAT archive for retrieving additional archived data
and reports. The PCs run IDL and ENVI in a Linux environment, but have been customised to
suit the specific needs of the CVF.

An example CVF display is shown in Figure 1. The CVF has functionality for reading
formatted datasets, generating standardised displays, performing anticipated investigations
(radiative transfer, geolocation modelling, finding collocations, interpolations, etc.), and for
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carrying out automatic (scheduled) reporting. The design was optimised for flexibility, so as
to be further programmable to adapt to future needs.

Fig. 1: CVF Example Display.

Cal/Val Tools

In addition to the CVF, extra tools have been created that can be used by the larger user
community to support investigations of a broader interest. EUMETSAT is eager to hear from
the users about any issues that they may discover when using the products. These tools have
been approved for public release to the user community. Further details about tools can also
be found at http://www.eumetsat.int/en/area4/eps/user_information.html.

The first tool is “EPSView”. It is Java-based and was designed to operate in a standalone
mode. It can generate two-dimensional or geolocated images of product parameters. It
provides for a tree-like drill-down into the full product, and the product can be inspected
down to the bit level, if desired. An example display is given in Figure 2.
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Fig. 2: EPSView Example Display

The next category of tools is IDL-based. These can also be run without a full IDL license
using the (free) IDL virtual machine (http://www.rsinc.com/idlvm/index.asp), although in this
environment do not offer significantly more functionality than the standalone EPSView tool.
The “EPS Product Reader” can read the whole EPS product into memory and can also
selectively read specific product fields and store pointers to these records/fields in the product
object. It is employed by the “EPSMapper” and “EPSiPlotter” tools, and can also be run
separately. EPSMapper can visualise data onto a map projection selected by the user.
EPSiPlotter provides predefined product-specific visualisations for the product to permit more
detailed analyses. These tools were designed for users familiar with IDL programming.

A final grouping of tools were developed for internal analyses but may also have some
limited external applications. “noaa2eps” converts NOAA L1b products into EPS format
products. If there is a need for additional EPS-format ATOVS products prior to launch this
tool can be used to generate them. “Kai” can be used to combine Product Data Units (PDUs)
into full products, e.g. in an Near Real Time (NRT) terminal. Finally, “Eugene” is a tool for
creating, reformatting and modifying data files in various formats including EPS products,
NOAA products and some text formats. It can be used as a command line product reader, or
built as a library to access EPS products from C++ and Python.

Planned Cal/Val Activities

ESA will carry out an initial instrument checkout during the first six weeks after launch. Once
completed, the Post-launch Cal/Val will then begin. An initial product checkout will be
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carried out against range limits, the instrument parameters and products will be visually
inspected for visual anomalies, and tests will be conducted to investigate identified problem
areas (based upon NOAA’s prior experiences with these and related instruments). Trending
will also begin of instrument characteristics and product parameters for monitoring purposes.
NWP data will be employed for monitoring purposes. Outliers will be flagged for visual
inspection on a daily basis to identify sudden changes in the products (or validation datasets).

A joint ESA/EUMETSAT Research Announcement of Opportunity (RAO
http://www.eumetsat.int/en/area4/eps/epsmetop_rao.pdf) process is ongoing that will identify
a number of external activities that can contribute to the scientific exploitation of EPS data
and products. The RAO submissions could contribute to Cal/Val. Tentatively, a campaign
will be carried out using extra radiosonde launches timed to coincide with Metop overpasses.
The sites have not yet been selected, but preference will be given to those with nearby
correlative measurements (radiometers, in-situ sampling, lidar, etc.).

Another key Cal/Val activity is to carry out regular comparisons against globally distributed
measurements from operational networks (radiosondes, buoys and aircraft). Once it has itself
been validated, Level 1 and Level 2 products from IASI will be employed for additional
comparisons of radiances and geophysical products. Analyses will be also carried out using
smaller numbers of high quality and high resolution datasets to improve confidence in the
data. These will serve to validate the remaining products not measured by the operational
networks, and also because the study of single matchups can reveal features that are not
resolvable in bulk statistics

Two more exploratory areas may be investigated once the initial product behaviour has been
established by the above activities. Firstly, recent work has highlighted the importance of
information content when comparing disparate measurements, both due to noise/bias and also
from the weighting functions associated with measurements made by different instruments
(Rodgers and Connor 2002). A more rigorous analysis may therefore be applied as part of a
lower-priority investigation to quantify uncertainties inherent in comparing retrieved
quantities. Secondly, in-orbit experience with MOPITT (Deeter et al. 2002) has shown that it
is sometimes possible to improve the knowledge of certain instrument spectral response
characteristics via appropriate modelling. Given the importance of instrument spectral
response functions to product processing and to the continuity of satellite datasets, this aspect
may be investigated further.

Logic of Activities

Cal/Val activities have been sequenced as follows: Since AVHRR is critical to subsequent
validation activities and as an input to ATOVS and IASI processing, it will be sequenced first.
Its geolocation will be assessed, and then the cloud mask. Subsequently the geolocation and
collocation of the ATOVS instruments will be assessed. After that the temperature and water
vapour profiles will be evaluated against radiosondes, NWP and NOAA platform
measurements. A number of other datasets (satellite-, land-, water- and air-based radiometers,
lidar, in-situ sampling, etc.) may also be used on a lower priority basis. Dry runs of validation
analyses will be carried out before launch for mandatory and important activities using
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NOAA data. This will establish the necessary procedures, guarantee the appropriate tools are
available and allow for faster generation of results post-launch.

Conclusions

Preparations for Calibration and Validation are under way at EUMETSAT. The EUMETSAT
Cal/Val Facility has been procured to calibrate and validate EPS products. The Metop
commissioning phase is scheduled to last the first six months following the launch. During
this phase, the product validation will rely heavily on the use of large, well understood
datasets, complemented by more detailed analyses where practical. Additional tools are
available to the user community for independent analyses, and additional input has been
solicited through the RAO mechanism.
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Abstract 
This paper summarizes design, performance estimates and applications of the National Polar-orbiting 
Operational Environmental Satellite System (NPOESS) Visible Infrared Imager Radiometer Suite 
(VIIRS). VIIRS is progressing toward Engineering Development Unit (EDU) integration and flight model 
assembly for launch on the National Polar-orbiting Operational Environmental Satellite System 
(NPOESS) Preparatory Project (NPP) satellite.  Applications of VIIRS are anticipated to represent 
dramatic improvements over heritage capability from the Defense Meteorological Satellite Program 
(DMSP) Operational Line-scanning System (OLS) and the National Oceanic and Atmospheric 
Administration (NOAA) Polar-orbiting Operational Environmental Satellite (POES) Advanced Very 
High Resolution Radiometer (AVHRR).  VIIRS draws heavily on the NASA Earth Observing System 
(EOS) MODerate resolution Imaging Spectroradiometer (MODIS) currently operating aboard the Terra 
and Aqua satellites, offering similar spectroradiometry at better spatial resolution.  VIIRS on-orbit 
performance simulations based on MODIS data illustrate the dramatic improvements VIIRS will offer 
compared to current operational satellites for meteorology. 
 

Background and VIIRS Design 
The National Polar-orbiting Operational Environmental Satellite System (NPOESS) will replace the 
current military and civilian operational polar-orbiting environmental systems and provide supplemental 
data to the earth sciences community based on Environmental Data Records (EDRs) defined by the 
NPOESS Integrated Operational Requirements Document (IORD). The NPOESS Integrated Program 
Office (IPO) contracted with Raytheon from November 1997 to September 2002 to develop the Visible 
Infrared Imager Radiometer Suite (VIIRS) design, based on the VIIRS Sensor Requirements Document 
(SRD). Raytheon had responsibility for VIIRS EDR performance as well as sensor design and 
development to meet the sensor specification. In September 2002, the Raytheon contract was transferred 
to Northrop-Grumman Space Technology (NGST), and the EDR responsibility was also transferred to 
NGST, with Raytheon under contract to NGST to supply the sensor. The first VIIRS will fly on the joint 
NASA-IPO NPOESS Preparatory Program (NPP) for NPOESS risk reduction. 
 
Figure 1 shows different views of the VIIRS design layout; a functional block diagram is provided in 
Figure 2. Sensor performance is predicted using models developed by Raytheon. VIIRS collects 
radiometric and imagery data in 22 bands from 0.4 to 12.5 μm to support worldwide DoD and civilian 
operations. With direct heritage to the MODerate resolution Imaging Spectroradiometer (MODIS) now 
flying on NASA’s Terra and Aqua Earth Observing System (EOS) (Schueler and Barnes 1998), VIIRS 
data will support EDRs such as sea surface temperature (SST) and soil moisture; atmospheric aerosols 
and suspended matter; cloud base height, cover and layers, particle size, and optical depth; land EDRs 
such as surface temperature, snow cover and vegetation; and ocean EDRs including net heat flux and 
chlorophyll concentration. Many of the required VIIRS data products have been generated by the MODIS  
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Figure 1: Single sensor design contains substantial flight hardware heritage. 
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science team demonstrating VIIRS expected performance.  In particular, with relevant performance 
comparable to VIIRS sensor requirements, MODIS has demonstrated SST, one of three key NPOESS 
EDRs, meeting VIIRS SST EDR accuracy and precision requirements. This provides confidence that so 
long as VIIRS meets its sensor performance requirements, the EDRs will also be met. 
 

VIIRS Predicted Performance 
VIIRS sensor performance is predicted using a comprehensive range of models and simulations for 
signal-to-noise ratio (SNR), modulation transfer function (MTF), radiometric accuracy, polarization 
performance, structural and thermal design and performance and many other performance characteristics. 
Some models are VIIRS-specific, such as the Microsoft Excel SNR and dynamic-range model and the 
reflective and emissive band absolute radiometric error Mathcad models. Inputs to these models are 
derived from other modeling and simulation programs such as the optical transmission, MTF, forward 
and reverse ray tracing, and polarization models in Code V, advanced sensor applications program 
(ASAP) and the SINDA thermal model. SNR, spectral radiance dynamic range, spatial MTF, polarization, 
radiometric accuracy, and structural and thermal performance under operational environments represent 
the primary sensor performance parameters that determine VIIRS overall environmental data record 
(EDR) performance success.  
 
VIIRS performance requirements in each of the 22 spectral bands are largely derived from driving EDR 
requirements for each channel that include horizontal sample interval (HSI), SNR and “typical” radiances 
or scene temperatures at which SNR is specified. VIIRS meets required performance with margin in all 
bands.  
 
HSI is not the same as horizontal spatial resolution (HSR), although for most spectral bands the two are 
very close in value. HSR is defined as half the inverse of the spatial frequency at which the MTF equals 
0.5. The imagery EDR’s fine HSR requirements were met with balanced optical and focal plane MTFs. 
The detector field stops in the moderate resolution (radiometry) bands were sized to provide improved 
HSI for coarser horizontal cell size (HCS) non-imagery EDRs, which also improves detector yield and 
SNR. VIIRS offers HSI <1.3 km nearly to edge-of-scan (EOS) in all bands, though this HSI is required 
only to 43.6 degrees off-nadir. VIIRS offers finer nadir HSI than the Polar-orbiting Operational 
Environmental Satellite (POES) Advanced Very High Resolution Radiometer (AVHRR) and the NASA 
Earth Observing System MODIS instruments, and with better nadir SNR via 3:1 aggregation following a 
patented design approach (Schueler 1997) as illustrated in Figure 3. At edge of scan (EOS), indicated as 
“@3000km” in Figure 3, the HSI (and spatial resolution) is 4:1 finer in the cross-track dimension 
compared to AVHRR and MODIS, yet with comparable SNR, and better than the DMSP OLS. Diverse 
civil and DoD requirements therefore support one another through an integrated single-sensor design that 
balances improved imagery and spectroradiometry.  
 
VIIRS is required to meet sensitivity requirements over a broad range in scene radiance that is defined by 
two typical radiances or temperatures in “dual-gain” bands. In seven bands the saturation radiance and 
SNR requirements at low radiance made it impractical to meet both the dynamic range and sensitivity 
requirements with a single detector-channel gain setting. In these cases, Raytheon could have designed 
two separate detector arrays to meet the EDRs, one with high gain and excellent low radiance sensitivity, 
and another with lower gain and high saturation radiance. MODIS uses this approach for several spectral 
bands because when MODIS was designed in 1990, similar conflicting dynamic range and sensitivity 
requirements could not be met with one detector array. Raytheon since developed a readout integrated 
circuit (ROIC) capacitive transimpedance amplifier (CTIA) unit-cell with automatic gain control to cover 
the dynamic range, called “dual-gain.” This allows the data necessary for the wide range of VIIRS EDRs 
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to be accommodated with fewer detector arrays, reducing cost, data rate, and electronics mass, power, and 
volume. 
 
The predicted SNR for all bands except the Day/Night Band (DNB) from nadir to EOS for both single 
and dual-gain bands have margin of better than 20%. The DNB CCD array provides a minimum SNR 
greater than 5.7 at EOS under its minimum radiance condition. The models used to predict SNR have 
been updated to take into account the most recent estimates of optical transmission based on tests of silver 
mirror witness samples, measured dichroic and spectral filter performance and a reduction in optical 
aperture resulting in an f/6.2 system. Data from on-orbit MODIS and Enhanced Thematic Mapper (ETM) 
instruments were used to predict end-of-life optical transmission degradation due to long-term exposure 
to Earth-reflected ultraviolet radiation. Additionally, measured Noise Equivalent Irradiance (NEI) data 
from Engineering Development Unit (EDU) focal planes indicate that the associated noise allocations in 
the SNR model will generally be achievable and with significant margin for many bands. 
 

Figure 3: VIIRS provides finer spatial resolution and sampling than AVHRR or MODIS in the 
moderate-resolution bands, as well as improved sampling compared to OLS.  

 
The predicted SNR for all bands except the Day/Night Band (DNB) from nadir to EOS for both single 
and dual-gain bands have margin of better than 20%. The DNB CCD array provides a minimum SNR 
greater than 5.7 at EOS under its minimum radiance condition. The models used to predict SNR have 
been updated to take into account the most recent estimates of optical transmission based on tests of silver 
mirror witness samples, measured dichroic and spectral filter performance and a reduction in optical 
aperture resulting in an f/6.2 system. Data from on-orbit MODIS and Enhanced Thematic Mapper (ETM) 
instruments were used to predict end-of-life optical transmission degradation due to long-term exposure 
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from Engineering Development Unit (EDU) focal planes indicate that the associated noise allocations in 
the SNR model will generally be achievable and with significant margin for many bands. 
 
In parallel, the sensor thermal model was updated to provide higher fidelity predictions of internal sensor 
surface temperatures as a function of time in orbit (representative thermal data shown in Figure 4). These 
updated thermal predictions were used in the emissive band radiometric uncertainty model to verify that 
the design will achieve the excellent emissive band radiometric performance predicted at CDR.  
 
A modest band-to-band registration improvement was possible by optimizing the location of the S/MWIR 
and LWIR detector field stops so that their locations better compensate residual pin cushion distortion in 
the overall sensor optical system. The updated band-to-band registration model predicts that the areas 
associated with spatially overlapping instantaneous fields of view (IFOVs) of specified moderate 
resolution S/MWIR and LWIR bands will be matched to better than 82%. 
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Figure 4: VIIRS thermal modeling provides details of internal time-varying temperatures. 
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MODIS Similarity to VIIRS Allows Realistic Simulations 
While MODIS does not precisely emulate VIIRS, particularly in terms of spatial resolution over the entire 
swath, MODIS is the key heritage that led to the VIIRS design.  Most of the MODIS bands offer 1km 
spatial resolution similar to AVHRR, and therefore, near nadir, comparable spatial resolution to VIIRS 
moderate resolution bands as illustrated in Figure 3. Moreover, MODIS has a few bands at 250 and 500 m 
nadir spatial resolution, comparable to the VIIRS imagery bands.  Therefore, by applying near-nadir 
MODIS data to algorithms based on VIIRS-equivalent spectral bands, it is possible to create rather 
realistic VIIRS data simulations that illustrate the anticipated VIIRS on-orbit performance from a visual 
user perspective.  NRL has done this type of simulation work in an effort to provide field users with direct 
insight into the benefits of VIIRS data.   As users have become familiar with MODIS data through actual 
application, these exercises have been more than academic in nature.    
 

Simulated VIIRS Performance Based on Landsat Data 
As shown in Figure 3, VIIRS restricts pixel growth with increasing scan angle, improving the sharpness 
and accuracy of EDRs.  Figures 5 and 6 show examples of the improvement.  Using Landsat data, Figure 
5 simulates AVHRR visible image degradation.  The image, especially this high-resolution zoom, is 
practically unusable at the edge.  In simulating VIIRS in the same way (Figure 6), the degradation is 
practically not noticeable.  The result will be a greatly increased ability to use VIIRS in high-resolution 
forecasting situations.  
 

Simulated VIIRS Performance Based on DMSP OLS Data 
The VIIRS DNB (Lee et al., 2004) can be anticipated by viewing DMSP OLS (Johnson et al., 1994), but 
the DNB images are likely to be far superior.  Unfortunately, it is difficult to simulate this improvement 
due to the lack of higher-resolution data.  However, some reasonable appraisals of likely changes with 
VIIRS can be made.  The IFOV of DMSP OLS at nadir is 2.2 km; with VIIRS DNB it will be 0.74 km.  
Thus, lights (including cities) that one can see in images (e.g., Figure 7) are likely to be far more 
numerous, allowing much more effective use of the data for energy assessment, economic development 
and population studies.  VIIRS will also eliminate a number of image artifacts such as the solar glare 
shown in the upper portions of Figure 8.  The “constant contrast” feature of VIIRS DNB will also 
eliminate the uneven transition from day to night along the day/night terminator seen in many DMSP 
OLS images (not shown). 
 

Summary 
The NPOESS VIIRS is a 22-band single sensor design employing a cross-track rotating telescope 
assembly (RTA) and offering dramatically improved spatial resolution, spectral coverage, and radiometry 
compared to POES AVHRR and DMSP OLS. VIIRS performance has been modeled via an extensive set 
of commercial ray tracing and structural and thermal design programs, as well as VIIRS-specific 
radiometric models developed by Raytheon. These models have been validated against flight hardware 
measurements on earlier programs and on VIIRS engineering development hardware. The predicted 
performance based on these models shows margin against the sensor specification. To provide users with 
a clearer perspective on what these performance predictions mean in terms of real applications capability, 
NRL used MODIS data to simulate VIIRS performance in a number of applications scenarios.  These 
simulations have been compared to current capability to illustrate the dramatic operational improvements 
that VIIRS will offer. 
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Figure 5: Landsat Simulation of AVHRR image shows degradation from nadir to the edge of 

scan. Location: northern Persian Gulf. 
 

 
Figure 6: Landsat Simulation of VIIRS imager resolution shows minor degradation from nadir to 

the edge of scan. 
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Figure 7: OLS nighttime visible showing cities and moonlit clouds. 

 
 
 
 
 
 
 

 
Figure 8: Nighttime visible without moonlight.  Glare (upper portion of image) will be eliminated 

with VIIRS. 
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Initial Joint Polar-orbiting Satellite System (IJPS) Era Processing 
and Beyond at the Information Processing Division (IPD)  

of the National Environmental Satellite, Data and Information 
Service (NESDIS) 
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Many changes are being planned for future data processing at the Information Processing Division of 
the National Environmental Satellite, Data and Information Service (NESDIS).  Many of these 
changes are planned to take place in the Initial Joint Polar-orbiting Satellite System (IJPS) era and still 
more changes are being planned for the National Polar Orbiting Environmental Satellite System 
(NPOESS) era.  The IJPS constellation will consist of the National Oceanic and Atmospheric 
Administration (NOAA)-N, NOAA-N’, Meteorological Operational Satellite (MetOp)-1 and MetOp-
2.  This report will focus on the planned changes to Pre-Product Processing (PPP) such as changes to 
1b format, earth location and calibration.  It will also cover IPD’s plans for processing of Metop 
unique instruments level zero and level one data and plans for pipeline processing to accommodate for 
the slow rate at which Metop data will be received at NOAA.  The report will also briefly examine 
IPD’s role envisioned for the NPOESS Preparatory Program (NPP) and NPOESS era.     
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A Microwave Sounder for GOES-R: A GeoSTAR Progress Report
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Abstract
The Geostationary Synthetic Thinned Aperture Radiometer (GeoSTAR) is a new concept for a
microwave sounder, intended to be deployed on NOAA’s next generation of geostationary weather
satellites, GOES-R. A ground based prototype has been developed at the Jet Propulsion Laboratory,
under NASA Instrument Incubator Program sponsorship, and is now undergoing tests and perform-
ance characterization. The initial space version of GeoSTAR will have performance characteristics
equal to those of the AMSU system currently operating on polar orbiting environmental satellites,
but subsequent versions will significantly outperform AMSU. In addition to all-weather temperature
and humidity soundings, GeoSTAR will also provide continuous rain mapping, tropospheric wind
profiling and real time storm tracking. In particular, with the aperture synthesis approach used by
GeoSTAR it is possible to achieve very high spatial resolutions even in the crucial 50-GHz tempera-
ture sounding band without having to deploy the impractically large parabolic reflector antenna that
is required with the conventional approach. GeoSTAR therefore represents both a feasible way of
getting a microwave sounder in GEO as well as offers a clear upgrade path to meet future require-
ments. GeoSTAR has a number of other advantages relative to real-aperture systems as well, such as
2D spatial coverage without mechanical scanning, system robustness and fault tolerance, operational
flexibility, high quality beam formation, and open ended performance expandability. The technology
and system design required for GeoSTAR are rapidly maturing, and it is expected that a space
demonstration mission can be developed before the first GOES-R launch. GeoSTAR will be ready for
operational deployment 2-3 years after that.

Introduction
The National Oceanic and Atmospheric Administration (NOAA) has for many years operated Polar-
orbiting Operational Environmental Satellite systems (POES) in low-earth orbit (LEO), and
Geostationary Operational Environmental Satellite systems (GOES) in geostationary earth orbit
(GEO). The POES satellites have been equipped with both infrared (IR) and microwave (MW)
atmospheric sounders, which together make it possible to determine the vertical distribution of
temperature and humidity in the troposphere- even under cloudy conditions. In contrast, the GOES
satellites have only been equipped with IR sounders. Geostationary MW sounders have not yet been
feasible due to the large aperture required to achieve sufficient spatial resolution. As a result, and
since clouds are almost completely opaque at infrared wavelengths, GOES soundings can only be
obtained in cloud free areas and in the upper atmosphere, above the cloud tops. This has hindered the
effective use of GOES data in numerical weather prediction. Full sounding capabilities with the GOES
system is highly desirable because of the advantageous spatial and temporal coverage that is possible
from GEO. While POES satellites provide coverage in relatively narrow swaths, and with a revisit
time of 12-24 hours or more, GOES satellites can provide continuous hemispheric or regional
coverage, making it possible to monitor highly dynamic phenomena such as hurricanes.

In response to a 2002 NASA Research Announcement calling for proposals to develop technology t o
enable new observational capabilities from geostationary orbits, the Geostationary Synthetic Thinned
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Aperture Radiometer (GeoSTAR) was proposed as a solution to the GOES MW sounder problem.
Based on a concept first developed at the Jet Propulsion Laboratory in 1998 and intended for the
NASA New Millennium EO-3 mission, GeoSTAR synthesizes a large aperture to measure the
atmospheric parameters at microwave frequencies with high spatial resolution from GEO without
requiring the very large and massive dish antenna of a real-aperture system. With sponsorship by the
NASA Instrument Incubator Program (IIP), an effort is currently under way at the Jet Propulsion
Laboratory to develop the required technology and demonstrate the feasibility of the synthetic
aperture approach – in the form of a small ground based prototype. This is being done jointly with
collaborators at the NASA Goddard Space Flight Center and the University of Michigan and in
consultation with personnel from the NOAA/NESDIS Office of System Development. The objectives
are to reduce technology risk for future space implementations as well as to demonstrate the
measurement concept, test performance, evaluate the calibration approach, and assess measurement
accuracy. When this risk reduction effort is completed, a space based GeoSTAR program can be
initiated, which will for the first time provide MW temperature and water vapor soundings as well as
rain mapping from GEO, with the same measurement accuracy and spatial resolution as is now
available from LEO – i.e. 50 km or better for temperature and 25 km or better for water vapor and
rain. Furthermore, the GeoSTAR concept makes it feasible to expand those capabilities without limit,
to meet future measurement needs.

Instrument concept
As illustrated conceptually in Fig. 1, GeoSTAR consists of a Y-array of microwave receivers, which
are operated in I/Q heterodyne mode (i.e. each receiver generates both a real and an imaginary IF
signal). All of the antennas are pointed in the same direction. A digital subsystem computes cross-
correlations between the IF signals of all receivers simultaneously, and complex cross-correlations are
formed between all possible pairs of antennas in the array. In the small-scale example of Fig. 1 there
are 10 antennas and 45 complex correlations (=10*9/2). Accounting for conjugate symmetry and
redundant spacings, there are 72 uv-samples in this case. Each correlator and antenna pair forms an
interferometer, which measures a particular spatial harmonic of the brightness temperature image
across the field of view (FOV). The spatial harmonic depends on the spacing between the antennas
and the wavelength of the radiation being measured. As a function of antenna spacing, the complex
cross-correlation measured by an interferometer is called the visibility function. This function is
essentially the Fourier transform of the function of brightness temperature versus incidence angle. By
sampling the visibility over a range of spacings and azimuth directions one can reconstruct, or
“synthesize,” an image in a computer by discrete Fourier transform. These techniques are well known
in radio astronomy, but are relatively new to earth remote sensing problems.

The “Y” configuration of the GeoSTAR array is motivated by the need to measure a complete set of
visibility samples with a minimum number of antennas. In principle, one can measure the visibility
function with just two antennas by mechanically varying their spacing and orientation. But this is not
practical for the present application, and would require too much observation time for the sequential
measurements. Instead, GeoSTAR uses a thinned (or “sparse”) array to simultaneously measure all
the required spacings from a fixed antenna geometry. There are many kinds of sparse arrays, and the
“Y” array of Fig. 1 is one of the best in terms of efficient use of antennas and in terms of the
simplicity of the structure - which lends itself well to a spaceborne deployment. As illustrated in Fig.
1, the spacings between the various antenna pairs yield a uniform hexagonal grid of visibility samples.
By radio astronomy convention, the spacings are called the “baselines,” with the dimensions “u” and
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Fig. 1: Antenna array and UV samples

Fig. 2: Atmospheric transmittance in MW bands
(From Grody [1976])

“v.” The primary advantage of the sparse array
is that it uses far less physical antenna aperture
space than the comparable real aperture.

The smallest spacing of the sample grid in Fig. 1
determines the unambiguous field of view, which
for GeoSTAR must be larger than the earth disk
diameter of 17.5° when viewed from GEO. This
sets both the antenna spacing and diameter at
about 3.5 wavelengths, or 2.1 cm at 50 GHz, for
example. The longest baseline determines the
smallest spatial scale that can be resolved. T o

achieve a 50 km spatial resolution at 50 GHz, a baseline of about 4 meters is required. This
corresponds to approximately 100 receiving elements per array arm, or a total of about 300
elements. This in turn results in about 30,000 unique baselines, 60,000 uv sampling points (given
conjugate symmetry), and therefore 60,000 independent pixels in the reconstructed brightness
temperature image, each with an effective diameter of about 0.07° - about 45 km from GEO.

Functionality and performance requirements
In developing the GeoSTAR technology and prototype (see next section) a notional space system
performing at the same level as the Advanced Microwave Sounding Unit (AMSU) system now
operating on NASA and NOAA polar-orbiting LEO satellites was used for design and sizing purposes.
The notional operational GeoSTAR will provide temperature soundings in the 50-60 GHz band with a
horizontal spatial resolution of 50 km and water vapor soundings and rain mapping in the 183-GHz
band with a spatial resolution of 25 km. A possible third band would operate in the 90-GHz window
region. Radiometric sensitivity will be better than 1 K in all channels. These are considered to be the
minimum performance requirements, but the first space implementation could be built to exceed this
minimum performance. It should be emphasized that it is necessary to operate in these bands in order
to provide soundings to the surface. Others have proposed building sounding systems operating at
higher frequencies, where an adequate spatial
resolution can be attained with a smaller
aperture (and thus could be implemented as a
real-aperture system), but since the opacity
of a moist atmosphere increases sharply with
frequency, as illustrated in Fig. 2, it is not
possible to reach the surface under all
conditions at those higher frequencies. In
particular, moist and cloudy tropical
conditions, such as encountered in the
tropical cyclones that are of paramount
interest, can only be fully sounded in the 50-
and 183-GHz bands.

With the notional GeoSTAR system, it will be possible to produce temperature soundings within the
troposphere for most of the visible Earth disc (out to an incidence angle of 60° or more) with a 2-4
km vertical resolution every 30 minutes and humidity soundings with a vertical resolution of 3-4 km
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every 5-10 minutes. GeoSTAR is a non-scanning 2D imaging system, and these soundings are
obtained everywhere at the same time – i.e. there is no time lag between different portions of the
scene as there is in a mechanically scanned system. That also makes this system ideal for derivation
of wind profiles through tracking of water vapor features – although the vertical resolution is
somewhat poor. GeoSTAR produces 2D “snapshots” approximately every 20 seconds. These images
are combined over longer time periods to produce low-noise radiometric images that are then used for
retrievals or directly assimilated into forecast models. It is possible to recover temporal information
at a much higher resolution than the “averaging window” of 30 minutes (in the case of temperature
soundings), and this can be exploited when rapidly evolving processes need to be resolved more
precisely.

In addition to atmospheric profiles GeoSTAR will also be used to measure precipitation. There are
two approaches for this, both depending on scattering. The first method is one developed by Ferraro
and Grody [2000], which uses window channels at 89 and 150 GHz to measure the scattering caused
by ice particles formed in and above rain cells. A second approach has been developed by Chen and
Staelin [2003] and uses a number of channels in the 50-GHz band and the 183-GHz band to derive
precipitation estimates – this is also based on the ice scattering signature. Although there are
limitations with these methods (some stratiform and warm rain conditions are problematic),
GeoSTAR offers the advantage of continuous full-disc coverage and can therefore be used to fill in
the gaps between the narrow swaths of LEO-based systems. In addition, frozen precipitation (snow),
which is difficult to detect by conventional means, can also be observed with these methods.

Prototype
A small-scale prototype has been built to address the major technical challenges facing GeoSTAR.
These challenges are centered around the issues of system design and calibration. (Power consump-
tion has also been a major concern, but recent and continuing miniaturization of integrated circuit
technology has demonstrated that this should no longer be seen as a major issue.) Synthesis arrays are
new and untested in atmospheric remote sensing applications, and the calibration poses many new
problems, including those of stabilizing and/or characterizing the phase and amplitude response of the
antenna patterns and of the receivers and correlators. System requirements need to be better
understood - and related to real hardware. To these ends the prototype was built with the same
receiver technology, antenna design, calibration circuitry, and signal processing schemes as are
envisioned for the spaceborne system. Only the
number of antenna elements differ. Progress on this
system has been rapid in recent months, and the
following discussion will attempt to emphasize the
most recent achievements at the time of writing.

The prototype consists of a small array of 24
elements operating with 4 AMSU channels between
50 and 54 GHz. Fig. 3 shows a photo of the
prototype, which has already evolved considerably
from the earlier concept of Fig. 1. One change
evident in Fig. 3 concerns the basic layout of the Y
array: note that in contrast with Fig. 1 there is no
single horn at the center of the array. The center Fig 3: GeoSTAR prototype
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horn posed a number of unnecessary complications to the system, related to the physical package
(there is not enough room) and the electrical design (to be discussed below). The solution is t o
remove the one horn from the center of the array, stagger the three arms counter clockwise, and
then bring them together so that the three innermost horns form an equilateral triangle. This
staggered-Y configuration eliminates the need for an odd receiver at the center, which simplifies both
mechanical and electronic design. The only penalty is a slight and negligible loss of visibility
coverage.

A simplified block diagram of the GeoSTAR prototype is given in Fig. 4. From left to right in Fig. 4 -
or from front to back in Fig. 3 - the signal starts at the horn aperture with a vertical polarization
(say), and then passes through a waveguide twist which aligns the waveguide to the orientation of the
8-element array arm. Each of the three arms require different twists: the top two arms of Fig. 3 twist
60° in opposite directions, and the bottom arm doesn’t twist at all. This results in all receivers
detecting the same linear polarization, as is commonly required for sounders with channels sensitive
to surface radiation (which is polarized). GeoSTAR is very sensitive to antenna pattern differences
among antennas, and a waveguide twist proved to be the easiest solution to guarantee a precise
polarization match.

The signal in Fig. 4 then passes through an 8-
way calibration feed which periodically injects
a noise signal into all receivers from a
common noise diode source. This signal will be
used as a reference to stabilize the system
against gain, phase, and system noise drifts.
The injected noise signal needs to be in the
range of 1 to 10 K of equivalent noise
temperature at the receiver input.

The noise diode signal is distributed to the
three arms via phase shifters. Each of these
phase shifters consists of a PIN diode and
hybrid MMIC assembly which can switch
between 0° and 120°. Correlations that occur
between receivers of different arms can be
excited by the noise diode with three possible phases using any two of these switches. This capability
is critical to ensure that every correlator can be stabilized with respect to both phase and amplitude.
Without this capability one must otherwise depend on perfect quadrature balance of the complex
correlations, which is predictably not perfect. It is also worth noting that the phase of the noise
diode cannot be shifted among the 8 antennas of a given arm, but that such a capability is not needed
for the staggered-Y arrangement of the antennas. With the staggered-Y all correlations within an
arm represent visibility samples that are redundant to samples that can otherwise be obtained between
elements of different arms. These redundant correlations are not needed for image reconstruction, so
they do not need to be calibrated.

Continuing the discussion of Fig. 4, the antenna signal passes into the MMIC receiver module, where
it is amplified using InP FET low noise amplifiers and then double-sideband downconverted in phase
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quadrature by subharmonic mixers to two IF
signals of 100 MHz bandwidth. The bandwidth
is defined by lumped element filters. A
photograph of a prototype receiver module is
provided in Fig. 5. The local oscillator operates
from 25 to 30 GHz, and is distributed via three
phase shifters. These MMIC phase shifters
periodically shift the phase of each arm by 90°
(180° at RF) to provide a means of switching
the correlator phase and chopping out
correlator biases. Again, the staggered-Y
arrangement of the array proves crucial to this
function since one would otherwise need phase
shifters within each arm. (This was the original
plan, but it proved impractical due to the
timing complexity when switching phase among all 24 receivers.)

The in-phase (I) and quadrature (Q) IF signals from each receiver are then digitized at a clock rate of
110 MHz. For reasons of product availability, the analog to digital converter is presently an 8-bit
device, but this could be replaced with a two-bit or possibly just a one-bit converter to save power.
The correlations only require 1-bit resolution (i.e. the sign bit), and the extra bits are only used t o
monitor changes in system noise temperature. There is a single multiplexer for each arm of the array
- the term “multiplexer” here refers to the fact that eight receivers are combined on a single digital
bus for transmission to the central correlator. An FPGA performing most of the functions of the
multiplexer also includes “totalizers”, which are used to count the occurrences of each ADC output
state so that the threshold levels can be compared with the known Gaussian statistics of the IF
voltage.

Perhaps the most important subsystem is the correlator, which must perform multiplications of all
100-MHz signal pairs in real time. For a spaceborne operational system with 100 elements per arm
discussed earlier, that requires on the order of 20 trillion multiplications per second. To achieve such
a high processing rate with a reasonable power consumption, the correlators are implemented as 1-bit
digital multiply-and-add circuits using a design developed by the University of Michigan. 1-bit
correlators are commonly used in radio astronomy. The correlator for the GeoSTAR prototype,
where low cost was more important than low power consumption, is implemented in FPGAs. An
operational system will use low-power application specific integrated circuits (ASICs). Current state
of the art would then result in a power consumption of less than 20 W for the 300-element system
discussed above, and per Moore’s Law this will decline rapidly in future years.

Early test results
A number of tests have already been done in a laboratory setting, and the results are very encouraging
– no serious problems have been identified so far, and the system is working exactly as expected,
which is a remarkable achievement. Following the laboratory tests, the system was moved outdoors
to observe the sky and the sun. The array was pointed into the path of the sun, and the sun was
allowed to pass through the center of the field of view at an elevation of 45°. Pictures of the basic
setup are shown in Fig. 6. During these tests, the antenna fixture was disturbed several times as

Fig. 5: Prototype receiver module (cover off)
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different sun shields (made of pieces of cardboard) were arranged on the structure to keep the
receivers  from  overheating in the sun, as shown. This activity resulted in several interruptions in
the observations, and it is likely that the uneven temperatures of the antennas resulted in uneven
receiver noise temperatures. Although none of the calibration subsystems were operated during this
test (except the LO phase switching), the results were spectacular and give us confidence that both
system design and performance will exceed expectations.

Fig. 7 shows the raw correlations and the retrieved magnitude and phase for one sample baseline
during the solar transit. The amplitude curve essentially represents the elemental antenna pattern
modulated by a varying atmospheric attenuation. The glitches caused by the mechanical disturbances
discussed above are obvious in the phase plot – and as expected for translations. Nevertheless, the
results are very satisfactory and demonstrate remarkable stability.

We have done some further analysis of the solar data, and Fig. 8 shows a series of reconstructed (but
uncalibrated) brightness temperature images. (An animation of the entire sequence also exists.) These
images were reconstructed using the so-called G-matrix approach and accounts for the elemental
antenna patterns. The most notable feature in these images is the hexagonal-symmetric sidelobe
pattern. Fig. 9 shows a contour plot of this pattern, derived from the observations when the sun was
near the center of the field of view as well as a line plot along a particular azimuth direction. The
most notable feature here is that the pattern is indistinguishable from the theoretical “sinc” function.
In particular, note that the sidelobes are both positive and negative. That makes it possible to apply
simple image processing techniques to achieve an optimal balance of image sharpness (i.e. spatial

a) Initial configuration b) Final configuration
Fig. 6: GeoSTAR prototype outdoors to observe the sun’s transit

a) Raw correlations b) Derived magnitude c) Derived phase
Fig. 7: Sun measurements: One neighboring receiver pair near the center of the array
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resolution) and beam efficiency (i.e. effective sidelobe level). This is one of the most powerful
features of an aperture synthesis system such as GeoSTAR.

Fig. 8: GeoSTAR images of solar transit (times are in PDT)
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Conclusions
The GeoSTAR prototype construction is nearly complete, but very promising measurements have
already been made that indicate excellent performance and in effect constitute proof of the aperture
synthesis concept. In the coming months we will activate the various calibration subsystems and
complete the concept demonstration that has been our main objective. Our efforts are focused on
building a practical low power system which will form the basis of a future spaceborne system. We are
very carefully examining error budgets, and hope to demonstrate a comprehensive and well justified
system calibration based on real hardware.
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Abstract – The Simultaneous Nadir Overpass (SNO) method developed at NOAA/NESDIS has 
been used for the intersatellite calibration in the last few years with excellent results.  The objective 
of this project is to establish and apply an accurate intersatellite calibration procedure to develop 
inter-satellite calibration data sets and characterize inter-satellite calibration bias, which will be 
useful for data users in developing time series from NOAA satellite data from 1980 to 2003. It uses 
the novel approach that takes advantage of inter-satellite calibration using simultaneous nadir 
overpass (SNO) observations at the orbital intersections between each succeeding pair of 
satellites. This will ensure the calibration consistency and quality for long-term climate studies, 
reduce the uncertainties about critical climate trends, and therefore facilitate the construction of 
long-term climate data records. 

 

Introduction 

 The objective of this project is to establish and apply an accurate intersatellite calibration 
procedure to develop inter-satellite calibration data sets and characterize inter-satellite calibration 
bias, which will be useful for data users in developing time series from NOAA satellite data from 
1980 to 2003. It uses a novel approach that takes advantage of inter-satellite calibration using 
simultaneous nadir overpass (SNO) observations at the orbital intersections between each 
succeeding pair of satellites (Figure 1). This will ensure the calibration consistency and quality for 
long-term climate studies, reduce the uncertainties about critical climate trends, and therefore 
facilitate the construction of long-term climate data records. 

 

 

Figure 1. Example Simultaneous Nadir Overpass (SNO) between NOAA-15 and -16 
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Methodology 

 The Simultaneous Nadir Overpass (SNO) methodology is relatively straight forward and 
the results are highly repeatable.  Detailed procedures are as follows: 

1. Predict Simultaneous Nadir Overpasses (SNOs) between each succeeding pairs of NOAA 
satellites using the orbital perturbation model SGP4 and historical two-line-elements (TLEs) 
(Cao, et al., 2004, 2005b) 

2. Level 1B data that contain SNO observations from NOAA-6 to NOAA-17.  Criteria for the 
SNOs: 1).  At the SNO, the distance between nadir pixels of two orbits < 20 km.  2). time 
difference between nadir pixels of the two orbits is less than 30 seconds. 

3. A subset data (56 columns by 31 rows) is extracted initially, and the data converted to both 
radiance and brightness temperature.  

4. A pixel by pixel match is performed for the matchup subset data between the two satellites 
based on the latitude and longitude of each pixel. 

5. Statistics of the biases in radiance and brightness temperature between two succeeding NOAA 
satellites are calculated based on a 4 by 5 box at nadir, or within +/- 5 degrees from nadir. 

6. The time series of the biases are plotted. 

 The results are then analyzed.  Further analysis maybe needed to find the root cause of 
the biases between satellite before the bias can be used for intersatellite bias adjustments. 

  

Data Processing 

 All historical SNOs for NOAA-6 to NOAA-17 satellites have been calculated, cross-checked 
with multiple runs of the software, and validated against HIRS level 1b match-up data sets. The 
algorithm for predicting the SNOs has been published in Cao, et al., 2004. All predicted SNOs for 
NOAA-6 to NOAA-17 have been documented in the report by Cao et al., 2005b.  Intersatellite 
calibration of HIRS with the SNO method for NOAA-6 to -17 have been generated.  Intersatellite 
radiance biases have been calculated for each channel of HIRS.  The biases have been 
characterized in correlation plots between pairs of satellites, tables, and time series plots.  Forward 
calculations with the line-by-line radiative transfer code LBLRTM have been performed for all 
satellites, with sample Arctic, Antarctic, and tropical atmospheric profiles.    

 Further detailed studies on the radiance biases and possible causes have been conducted 
with NOAA-15 to -17 data and the results documented in the paper by Cao, et al., 2005a. Efforts 
have been made to find the source of radiance biases by working with the National Institute of 
Standards and Technology and the HIRS instrument manufacturer with regard to the measurement 
uncertainties of  the HIRS spectral response function (Kaplan, 2002). The following bias model has 
been developed:  

  β= f(τ, ε, ι, ν, e,  g, s, α, o)  (1) 
Where: 
 β = radiance bias 
   τ =observation time differences (this is reduced to a negligible level with the SNO method). 
 ε =blackbody spectral emissivity and discrepancies between skin and bulk temperatures 
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 ι =nonlinearity 
 ν =spectral uncertainty 
 e=calibration algorithm 
 g=geolocation, including location differences and navigation errors. 
 s=scene uniformity and sensor modulation transfer functions (MTF) 
 α=calibration anomaly 
 o=other factors 
 

Preliminary Results 

 Time series plots of radiance bias for each channel show the consistency of the biases 
during the study period.  Arctic and Antarctic data are shown with distinct symbols, while colors 
represent different satellite combinations.  Note that there is a gap for data involving NOAA-8 
(around 1984 to 1986) due to the lack of SNO data and the relative short operating period of this 
satellite  

 

Figure 2. Time Series of Radiance Biases for HIRS Channel 8 (1980 to 2004) that shows small 
median biases 

 Preliminary analysis of these biases suggests the following: a). For the window channels 
such as ch8 and ch19 (Figure 2), the intersatellite biases (median values) are small (< 0.3K) for all 
the satellite pairs.  This is important because in the longwave, channels 1-12 share the same 
HgCdTe  detector, and in the shortwave, channels 13-19 share the same InSb detector.   Good 
agreement for the window channels may suggest that the blackbody calibration is relatively reliable 
for all channels, assuming the blackbody spectral emissivity is relatively flat over the entire spectral 
region of HIRS.    
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Figure 3. Time Series of Radiance Biases for HIRS Channel 3 that shows seasonal radiance 
biases between satellites. 

 

Figure 4. Seasonal biases are highly correlated with the lapse rate 
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b).  The seasonal biases for the stratosphere channels are probably caused by the differences in 
the spectral response functions and the fact that the atmosphere changes with season.  Further 
analysis shows that the seasonal biases are highly correlated with the lapse rate, suggesting that 
the small difference in the spectral response functions plays an important role for the biases 
(Figure 4). 

c). The large biases in Channel 1 can not be fully explained by the forward calculations.  Based on 
past studies, the large biases for this channel are probably caused by the measurement inaccuracy 
and true differences of the HIRS spectral response functions for this channel (Figure 5).  

 

Figure 5. Radiance biases for channel 1 on HIRS NOAA-6 to NOAA-17 

 

d). Radiance biases for channel 10 are not very meaningful for several satellites because the 
channel was changed to a different spectral region for some succeeding satellites. 

e). Results for the short-wave channels are less reliable due to the low signal to noise ratio at 
typical polar temperatures, and reflected solar radiance in these channels. 

 

Conclusions 

 The Simultaneous Nadir Overpass (SNO) method is used in this study to characterize the 
intersatellite calibration biases for HIRS onboard NOAA-6 to NOAA-17 from 1980 to 2003.  The 
SNO method takes advantage of intersatellite calibration with nadir observations that are taken 
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within seconds at the orbital intersections between each succeeding pair of satellites. The low 
uncertainty using this approach allows us to study subtle radiometric and spectral calibration 
differences for HIRS on different satellites.  This provides us an independent check of the 
instrument performance, and helps users better understand the nature of the intersatellite biases in 
constructing long-term time series of satellite data.   

 Analysis of such datasets from 1980 to 2003 reveals unambiguous intersatellite radiance 
differences, as well as calibration anomalies.  The results show that in general, the intersatellite 
relative biases are relatively small for most HIRS channels. The large biases in some channels 
differ in both magnitude and sign, and are likely caused by the differences and measurement 
uncertainties in the HIRS spectral response functions. The seasonal bias variations are found to be 
highly correlated with the lapse rate factor, approximated by adjacent channel radiance differences. 
The method presented in this study works particularly well for channels sensing the stratosphere 
because of the relative spatial uniformity and stability of the stratosphere, for which the 
intercalibration accuracy and precision are mostly limited by the instrument noise. The SNO 
method is simple, robust, and the results are highly repeatable and unambiguous. Intersatellite 
radiance calibration with this method is very useful for the on-orbit verification and monitoring of 
instrument performance, and is potentially useful for constructing long-term time series for climate 
studies.  
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Observations of Microwave Sounding Units (MSUs) have been widely used for the study of the 
global warming issue. Most of the previous investigations focused on the Channel 2 brightness 
temperature (BT) because the peak of the channel 2 observations locates at around 550mb, which is a 
best representative of the deep-layer mean of the lower troposphere (850mb-300mb) temperature. 
However, the weighting function shows that the channel 2 observations contain contributions of 
atmospheric radiation from not only the lower troposphere, but also from a part of the upper 
troposphere and a part of the lower stratosphere. One recent study from Fu et al. (2004) indicated that 
the stratosphere cooling could affect the accuracy of the trend of the tropospheric temperature.  To 
obtain the trend of the lower tropospheric temperature with better accuracy, both the stratospheric and 
upper troposphere impacts should be taken out from the channel 2 observations.  Goldberg (2004) 
suggested a method to combine channel 2 and channel 3 to remove the stratospheric cooling effect 
since the peak of the channel 3 weighting function locates at around 250mb-200mb.   
 
Before combining channel 2 and 3, however, both channel 2 and channel 3 trends need to be 
analyzed.  Zou et al. (2005) have analyzed the channel 2 time series using simultaneously nadir 
overpass (SNO) calibration method. This paper will focus on the trend analysis of channel 3 BT 
observations using the same method developed by Zou et al. (2005).  In particular, one of big issues in 
MSU data analysis is how to reduce the inconsistency among the different satellite observations and 
how to merge the multi-satellite time series.  Zou et al. (2005) showed that using the Mo et al’s (2001) 
new nonlinear calibration algorithm plus the SNO dataset to carefully calibrate each satellite had 
successfully reduced the bias between two satellites with the biases an order of magnitude smaller 
than studies with previous NESDIS operational calibration algorithm for channel 2 data analysis. We 
would like to test Zou et al’s merging method for channel 3. A direct application of Zou’s calibration 
to channel 3 data showed that the bias was not as small as that of the channel 2 data.  More 
investigations (such as choosing a different reference satellite) will be carried out to reduce the biases 
in channel 3 dataset. Once a reliable channel 3 temperature trend is obtained, we would like to see the 
combined trend of the channel 3 and channel 2 data. 
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The last report from the Intergovernmental Panel on Climate Change (IPCC, 2001) pointed out that 
aerosols are one of the major sources of uncertainty in the climate system. Since then, many studies 
have been conducted, most of them focusing on the solar spectrum. Yet, the closure of the Earth 
radiative balance also needs knowledge of the aerosol effect on terrestrial and atmospheric infrared 
radiation. This is why we focus here on remote sensing of aerosol at infrared wavelengths.  
 
We show that it is possible to build an aerosol index over sea using HIRS observations. The algorithm 
is based on a regression using the brightness temperatures of HIRS channel 8 (11.1 µm) and 10 (8.3 
µm) and the sea surface temperature retrieved from TOVS. Great care has been put into 
discrimination between aerosols and possibly remaining low altitude clouds.  
 
Here, we present daily and monthly results over the ocean in the tropics, for the period 1987-1995, 
both for day-time and night-time observations. Validation with in-situ and satellite retrievals are 
presently being conducted; moreover, emphasis will be put on the comparison between visible and 
infrared products. 
 
The global coverage of HIRS, the availability of 25 years of observations and the ability to monitor 
aerosols both during day and night open the way to a very promising archive of mineral aerosol 
products in the infrared. 
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Four years (July 1987 to June 1991) of monthly mean mid to upper tropospheric CO2 mixing ratios 
over the tropics are retrieved from the observations, at 7.30 am (day) and 7.30 pm (night) local time, 
of the meteorological satellite NOAA-10. Analysis of night minus day differences (N-DD) shows 
large diurnal variations of CO2, of the order of 2-3 ppm, during months and over regions affected by 
biomass burning. The patterns of these diurnal variations are in very good agreement with the diurnal 
and seasonal variations of biomass burning activity. We interpret them as the signal of CO2 plumes 
being rapidly uplifted by fire-induced convection into the upper troposphere during the daytime peak 
of fire activity, and then rapidly dispersed at night by large scale atmospheric transport. The upper air 
CO2 diurnal cycle closely follows the seasonal distribution of burned areas from the European Space 
Agency’s monthly Global Burnt Scar (GLOBSCAR) satellite product, which is recognized as yielding 
reasonable estimates of burnt areas for large and presumably intense fires. The largest N-DD values 
are found in 1990 over southern Africa in agreement with the reported inter-annual variability of fire 
activity. However, the magnitude of these extreme signatures, in the order of 5 ppm locally, is larger 
than what can reasonably be expected from either in situ observations or from simulations, suggesting 
some contamination of the N-DD retrieval by fire emission products other than CO2. It is concluded 
from a detailed sensitivity analysis, that the presence of high altitude and large optical depth aerosols, 
or of elevated tropospheric ozone concentrations, as often encountered in fire plumes, may 
significantly contaminate the retrieved CO2 signal (by up to 2-3 ppm for extreme events). The 
possible contaminating effects of undetected fire-induced thin cirrus (optical depths less than 0.05 at 
14 µm), is also quantified.  
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Abstract 
 
In this study we have determined the most appropriate parametrizations of microphysical and optical 
properties of cirrus clouds for radiative flux computations in climate models. Atmospheric and cirrus 
properties retrieved from TOVS observations are given as input to the radiative transfer model to 
simulate fluxes at the top of the atmosphere. These simulated fluxes are then compared to time space 
co-located fluxes retrieved from ScaRaB observations. Three parametrizations of cirrus ice crystal 
optical properties, developed by Mitchell, Baran and Fu, are used for the simulations. These 
parametrizations are based on different physical approximations and different hypotheses on crystal 
shape. The first two parametrizations suppose ice crystals to have the shape of aggregates and the last 
suppose crystals to have the shape of hexagonal columns. Our quantitative study shows that the 
parametrization assuming hexagonal columns seems to be plausible only for cirrus with small ice 
water path (IWP). The assumption of aggregates fits the simulated cirrus albedos for larger IWP. 
From our analysis we conclude that cirrus parametrizations in climate models should use an increase 
of effective ice crystal diameter (De) with IWP instead of an increase of De with temperature. 
  
Introduction 
 
Cirrus clouds occur widely in the atmosphere and play an important role in the climate system. Due to 
their complex microphysical characteristics (consisting of non-spherical ice crystals of various shapes 
and sizes), however, their physical and radiative properties are still not completely understood. 
Therefore most climate models still use ice spheres or hexagonal columns in the computation of cirrus 
radiative properties.  
Nevertheless, the effect of replacing spheres by more realistic ice crystal shapes in the radiation 
computations of a GCM can lead to large changes in the radiative longwave (LW) and shortwave 
(SW) fluxes (up to 10 and 25 Wm-2 respectively) which themselves drive the dynamics of the 
atmosphere (Kristjansson et al. 2000). For reliable predictions of climate change it is therefore 
essential to find realistic assumptions on ice crystal shapes and sizes which form the cirrus clouds and 
to compute their radiative properties accurately. 
 
TOVS – ScaRaB data set 
 
The TOVS Path-B data set (Scott et al. 1999) provides atmospheric temperature and water vapor 
profiles as well as cloud and surface properties at a spatial resolution of 1° latitude x 1° longitude, 
from 1987 to 1995. Their relatively high spectral resolution yields reliable cirrus properties, day and 
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night (Stubenrauch et al. 1999). For large-scale semi-transparent cirrus (visible optical thickness 
between 0.7 and 3.8) observed from NOAA-10 satellites bulk microphysical properties have been 
retrieved, using spectral cirrus emissivity differences between 11 and 8 μm (Rädel et al. 2003, 
Stubenrauch et al. 2004a). 
The ScaRaB radiometer on board the Russian Meteor-3/7 satellite provided Earth Radiation Budget 
observations from March 1994 to February 1995 (Kandel et al. 1998). The inclination of the orbit 
(82.6°) is such that all local hours are observed within 104 days. In addition to the two ERBE-like 
broad-band LW and SW channels, the ScaRaB instrument has two narrow-band infrared (IR) and 
visible (VIS) channels for improved cloud scene identification.  
For cloud detection and for the determination of their properties the ISCCP method (Rossow and 
Garder 1993, Rossow and Schiffer 1999) was applied to the ScaRaB IR and VIS radiances. For 
complementary cloud property information, the ScaRaB data set was collocated with original ISCCP 
data during daytime. The ScaRaB-ISCCP daytime data set has then been collocated with quasi-
simultaneous (Δt < 30 minutes) TOVS large-scale semi-transparent cirrus data from NOAA-11 and 
NOAA-12 observations. For the period from March 1994 until August 1994 we are left with 4130 
cases: 1570 cases over land and 2560 cases over ocean. The sun zenith angle lies between 50° and 70° 
and relative azimuth is less 40° (forward scattering) or larger than 140° (backward scattering). For the 
cirrus radiative flux analysis we use the SW albedo of 1570 isolated cirrus over ocean, which have 
been selected as cirrus with the IR emissivity computed from the ScaRaB VIS optical thickness close 
to the TOVS IR emissivity (Stubenrauch et al. 2004a, Eddounia 2004). The SW albedo has been 
computed from the SW reflectance measured under a specific viewing angle by applying Angular 
Direction Models (ADMs) based on cloud properties and developed using a neural network approach 
and Monte Carlo radiative transfer simulations (Briand 2000).  
 
Cirrus radiative flux analysis  
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Fig. 1: Scheme of cirrus radiative flux analysis.  
 
Fig. 1 presents the analysis scheme. For this analysis we use quasi-simultaneous data of atmospheric 
and cirrus properties from TOVS and their associated radiative fluxes at the top of the atmosphere 
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(TOA) from ScaRaB as well as the MetOffice radiative transfer model (Edwards and Slingo 1996). 
Cirrus IR effective emissivity, cloud-top pressure and temperature are given as input to the model, 
together with an expression for the effective ice crystal diameter De. Atmospheric temperature and 
humidity profiles for the radiative transfer computation are taken from the Thermodynamic Initial 
Guess Retrieval (TIGR) data set (Chevallier et al. 1998) for the situation closest to the TOVS 
observation. One can choose between three different flux parametrizations using single scattering 
properties of ice crystals with an assumed shape of hexagonal columns (Fu 1996), aggregates made of 
plates (Mitchell et al. 1996) and aggregates made of columns (Baran et al. 2003). The cloud 
geometrical thickness is fixed to 100 hPa (≈2km). The ice water path (IWP) is computed from the 
cirrus IR effective emissivity by using look-up tables established by radiative transfer computations 
(Key and Schweiger 1998), depending on IR effective emissivity and De. The single scattering 
properties used in these radiative transfer computations have to be the same as in the chosen flux 
parameterisation. The simulated radiative fluxes are then compared to those observed by ScaRaB.  

 
Fig. 2: Difference of observed and simulated isolated cirrus SW albedo as function of IWP. 
Simulations have been made by using single scattering property parametrizations a) for ice 
aggregates made of columns (Baran), b) ice aggregates made of plates (Mitchell) and c) for 
ice crystals with the shape of hexagonal columns (Fu), with De between 20 and 90 μm. 
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Best suited parametrizations of De for climate model simulations 
 
We first evaluate the coherence of the single scattering property parametrizations in the thermal and 
solar spectrum. Therefore we compare the simulated cirrus SW albedo to the observed cirrus SW 
albedo as a function of IWP, varying De between 20 and 90 μm. Figs. 2 present the difference 
between observed and simulated cirrus SW albedo as function of IWP for six different De’s, assuming 
the ice crystals to have the shape of aggregates or hexagonal columns. From these figures we deduce 
the following: 

• The parametrization assuming ice crystals as hexagonal columns (by Fu) seems to be 
plausible only for small IWP. 

• If one assumes ice crystal aggregates (parametrization by Baran), the simulations fit the 
observed cirrus SW albedo within less than 2% by increasing De from 20 to 90 μm for IWP 
between 25 and 65 gm-2. 

 
For a more quantitative analysis we have computed for each cirrus observation an average <De>IWP, 
by varying  De between 10 and 90 μm and weighting by the squared inverse of the difference between 
observed and simulated SW albedo, as: 
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Fig. 3 presents <De>IWP as a function of IWP for the three parametrizations. For all shape assumptions 
De which fits best the observations if it increases with IWP. 

 
 Fig. 3: <De>IWP as a function of IWP for the three ice crystal single scattering property 
parametrizations. 
 
In a last step we test the best suited parametrization of De for cirrus radiative flux computations by 
comparing distributions of differences between observed cirrus SW albedo and simulated cirrus SW 
albedo, assuming 

1) a constant De = 55 μm,  the global average from TOVS observations (Rädel et al. 2003) 
2) De increasing with IWP as shown in Fig. 3 
3) De increasing with cloud temperature as it is actually used in the MetOffice climate model. 
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From Figs. 4 we conclude that the best suited De parametrization for cirrus radiative fluxes would be 
De increasing with IWP. A more detailed description of the analysis and results is given in (Eddounia 
2004) and a publication in English is in preparation. 
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Fig. 4: Distributions of differences between observed cirrus SW albedo and simulated cirrus 
SW albedo, assuming constant De and De increasing with IWP (left) and assuming De 
increasing with IWP and De increasing with cloud temperature (right). 
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ABSTRACT 
This paper presents the automated pixel-scale neural network classification methods being 
developed at National Satellite Meteorological Center (NSMC) of China to classify clouds by 
using NOAA/AVHRR and GMS-5 satellite imageries. By using Terra satellite MODIS imageries, 
a automated pixel-scale threshold techniques has been developed to detect and classify clouds. 
The study focuses on applications of these cloud classification techniques to the HUAIHE and the 
Yangtize River drainage basin. The different types of clouds show more clearly on this cloud 
classification image than single band image. The results of the cloud classifications are the basis 
of studying cloud amount, cloud top height and cloud top pressure. Cloud mask methods are 
widely used in SST, LST, and TPW retrieval schemes. Some case studies about cloud mask and 
cloud classification in satellite imageries, which relate with the study of Global Energy and Water 
Cycle Experiment (GEWEX) in the HUAIHE and the Yangtize River drainage basin are 
illustrated. 
Key words: cloud mask and classification, neural network, satellite imagery, MODIS data. 
 

1．INTRODUC TION 
Cloud mask algorithms are based on the fact that the spectral behavior of clouds and earth 

surfaces are different in window channels. Higher reflectance and lower temperature than the 
underlying earth surface generally characterize clouds. The main difficulties of cloud detecting are 
that the earth surface characteristics (which varies with the surface type, the atmospheric 
conditions, the sun and satellite respective positions) is very complex so that the contrast between 
the cloud and earth surface characteristics may be very low under certain circumstances. In 
addition, some cloud types such as thin cirrus, low stratus at night, and small cumulus are difficult 
to detect because of insufficient contrast with the surface radiance. Cloud edges cause further 
difficulty since the instrument field of view will not always be completely cloudy or clear.  

Three techniques may be applied to cloud detection. Clustering techniques, which are scene 
dependent methods, mainly use pixel values of the entire scene through histogram analysis or 
other calculations to segment the image according to pre-defined rules; Artificial neural networks, 
the advanced multidimensional regression techniques, are capable of treating predictions and 
predictors in a very flexible way (allowing nonlinear relations).  Multi-spectral threshold 
techniques are based on pixel-by-pixel analysis of radiance where cloud-free and cloudy pixels are 
identified if pixel radiance pass a sequence of threshold tests. The chosen method should be 
                                                        
∗ This Work is Supported by the National Science Foundation of China(49794030) 

International TOVS Study Conference-XIV Proceedings

424



 

efficient in term of computing time, make the maximum use of channels, be easily adapted (e.g., if 
one channel is missing), and be mature. Moreover, it should be possible to easily tune the 
algorithm. The clustering techniques have been considered to be too scene-dependant. Artificial 
neural network techniques are promising methods, but it is sensitive to the learning data set[1] [2] [3] . 
One of the main advantage of the multi-spectral threshold technique is that it is relatively easy to 
adapt thresholds to varying meteorological conditions, earth surface types, viewing geometry 
using external data, for example, Numerical Weather Prediction (NWP) model forecasting, 
Radiation Transfer Model (RTM) calculations, climatological atlas [4] [5] [6]. This physical approach 
will also allow an easy tuning of the cloud mask prototypes to other spectral characteristics. One 
of the main disadvantages is that the thresholds need to be tuned frequently. 

This paper first presents the automated pixel-scale neural network methods being developed in 
NSMC to do cloud detection and cloud classification. The data set used in this study are mainly 
from Advanced Very High Resolution Radiometer (AVHRR), the Geostationary Meteorological 
Satellite (GMS) imageries. Then the automated pixel-scale threshold cloud detection and 
classification technique is presented by using Earth Observation Satellite (EOS) Moderate 
Resolution Imaging Spectrometer (MODIS) imageries.  

 
2. NOAA/AVHRR NEURAL NETWORK CLOUD CLASSIFICATION 

TECHNIQES  
The field of neural networks can be thought of as being related to artificial intelligence, 

machine learning, parallel processing, statistics, and other fields. The attraction of neural networks 
is that they are best suited to solving the problems that are the most difficult to solve by traditional 
computational methods. We use the Back-Propagation (BP) neural network in this cloud 
classification study, which is used wildly in many fields.  

The BP learning process works in small iterative steps: one of the example cases is applied to 
the network, and the network produces some output based on the current state of it's synaptic 
weights (initially, the output will be random). This output is compared to the known-good output, 
and a mean-squared error signal is calculated. The error value is then propagated backwards 
through the network, and small changes are made to the weights in each layer. The weight changes 
are calculated to reduce the error signal for the case in question. The whole process is repeated for 
each of the example cases, then back to the first case again, and so on. The cycle is repeated until 
the overall error value drops below some pre-determined thresholds. At this point we say that the 
network has learned the problem "well enough" - the network will never exactly learn the ideal 
function, but rather it will asymptotically approach the ideal function. 

AVHRR has five channels of visible, near-infrared, and thermal infrared spectrum. The 
channels spectrum characteristics are: channel 1, 0.58-0.68μm, channel 2, 0.725-1.10μm, 
channel 3, 3.55-3.93μm, channel 4, 10.3-11.3μm and channel 5, 11.5-12.5μm, respectively. 
The AVHRR Global Area Coverage (GAC) data provides collection of data from all spectral 
channels for global, and world wide users can receive HRPT direct broadcasting data stream 
locally. Each pass of the satellite provides a 2399 km (1491m) wide swath. The satellite orbits the 
earth and measures the temperature of clouds and the sea surface. The AVHRR applications have 
extended far beyond these original objectives, however, simple mapping of cloud patterns is still 
an important application, especially at high latitudes where data from geostationary satellites are 
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severely distorted (due to earth curvature).  
In this study, the sample database of clouds, land and water is built based on AVHRR 5 

channels data which includes more than thirty thousands 8*8 pixels samples and more than twenty 
thousands one pixel samples. Theory analysis and experiment show that not only 5 channel data 
can be used to distinguish clouds and land and water but also the band combination with each 
other can do so. For example, the differences of AVHRR channel 4 and 5 can be used to 
distinguish water particle cloud and ice particle cloud because the biggest absorption difference 
between water particles and ice particles is near 12μm. Based on theory analyses and 
experiments, 80 features are extracted from 5 channels AVHRR data for 8*8 pixels samples, 
which involve spectrum features, gray features, channel difference features and the gray scale 
statistical features. 20 features are selected using step-by-step distinguish analysis method, which 
includes spectrum features, gray features. 20 features are extracted from 5 channel AVHRR data 
for single pixel samples. 

The inputs of our AVHRR automatic cloud classification system are 5 AVHRR channels data 
and outputs are classified gray image. Cloud classified image involves cumulonimbus, cumulus 
congestus, cumulus, cirrus, middle cloud, low cloud and land, water and unknown pixel.  
   Cloud classification experiment of sample database is done using neural network method. 
This neural network model has 20 input nodes, 2 hidden layers and 4 output nodes (20-40-15-4). 
More than three thousands samples selected randomly are used to train the neural network model. 
The other independent samples are used for testing. Testing result shows classification accuracy is 
about 78% for single pixel sample database and 79% for 8*8 pixels samples database. Table 1 
shows classification experiment results. Although classification accuracy of 8*8 pixels samples is 
a little better than single pixel sample, but when neural network model is used in the practical 
application to one satellite image single pixel cloud classification neural network model is better.  

 

Table 1.  Single pixel cloud classification experiment results 
Calcul-
ation 
Fact 

1 2 3 4 5 6 7 8 9 Right 
sample 
number

s 

Total 
numbers 
of each 
types 

Accu-r
ate 

ratio 
% 

1 2207 157 25 335 21 0 0 0 45 2207   2835 77.0 
2 158 1119 41 457 0 0 0 0 158 1119 2091 53.0 
3 29 3 684 76 133 223 121 0 0 684 1269 53.0 
4 145 214 3 7186 435 0 3 0 194 7186 8374 85.0 
5 38 6 10 450 1822 1 47 0 13 1822 2400 75.0 
6 8 0 554 107 126 1648 413 0 0 1648 2856 57.0 
7 1 0 5 0 2 0 1935 33 6 1935 1982 97.0 
8 0 1 2 0 1 1 28 330 13 330 376 87.0 

 Total Accurate ratio of cloud classification      77.8%    
 
Figure 1 is a clouds classification case study using trained neural network model, figure 1(a) 

is classified color image of NOAA-11 at 5:00 on July 20 in 1992（UTC），the region is 30。

~35。N，

140。

~145。E, it located the north-east region of HUBEX experiment area. figure 1(b) is channel 4 
cloud image at the same time. In this case, cumulonimbus (red), cumulus congestus (purple), 
cumulus humilis (light purple), cirrus (cyan), middle cloud (yellow), low cloud (pink), land 
(green), water (blue), and unknown (black) is marked. But some of multiple level clouds and 
boundary pixels are not recognized because of having no such samples in learning sample set. 
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Figure 1. Cloud and surface classification case study. 

Figure 1(a) is NOAA-11 at 5 on July 20 in 1992（UTC），the region is 30。~35。N，140。~145。E 

classified color image, figure 1(b) is channel 4 cloud image at the same time. 
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                 (c) 
    Figure 2. 1999062406 GMS-5 IR1(a), VIS(b) and classified color image(c) 
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3. GMS-5 NUERAL NETWORK CLOUD CLASSIFICATIONT TECHNIQUES 
The GMS series are satellites in geostationary orbit at 140° east longitude. Monitoring 

weather conditions, they are one link in World Weather Watch sponsored by the World 
Meteorological Organization. Observation data consisting of cloud distribution pictures sent from 
these satellites is used in many fields including TV and newspaper weather forecasts. GMS-5 has 
four channels of visible and thermal infrared spectrum. The channels spectrum characteristics are: 
channel 1, 0.55-0.90μm, channel 2, 6.5-7.0μm, channel 3, 10.5-11.5μm, channel 4, 11.5-12.5μ

m.  

Sample database of clouds, land and water is built based on GMS-5 four channels data which 
includes several thousands of one pixel samples. Sample database is also collected from the 
GMS-5 satellite imageries from June to August in 1998. GMS-5 has two window channels with 
little atmospheric absorption. They can show thermal characters of surface well. The water vapor 
channel detects middle-high level water vapor in the atmosphere. Additionally there is a visible 
band. Theory analysis and experiment show that not only four channels data can be used to 
distinguish clouds and lands and water but also the difference between channels can do so. For 
example, the brightness temperature difference between channel 3 and channel 4 can be used to 
distinguish thin cirrus. On the basis of theory analyses and experiment, 20 features are selected as 
the input of the cloud classification neural network model.  

Figure 2 is a clouds classification case study using trained neural network model, Figure 2(a) 
is infrared channel (channel 3) satellite imagery of GMS-5 at 6:00 on June 24 in 1999（UTC），the 
region is 0。~60。N，70。~150。E. Figure 2(b) is the visible (channel 1) satellite imagery at the same 
time. Figure 2(c) is GMS-5 cloud classified color image at the same time. In this case, water, land, 
low-level cloud, middle-level cloud, multi-level cloud, cirrus and cumulonimbus are showed with 
different color. The low-level cloud in the up-right of the imagery is clearly shown in the 
classification image but it is hard to be distinguished in the infrared imagery. Over the HUAIHE 
and the Yangtze Rive drainage basin there are a MEIYU front cloud system lasted from June 22 to 
July 3. 
 
4. MODIS CLOUD MASK AND CLOUD CLASSIFICATION USING 

MULTI-SPECTRAL THRESHOLDING TECHNIQUE  
 
4.1 MODIS DATA 

The 36 channel MODIS data offers the opportunity for multi-spectral approaches to cloud 
mask and cloud classification more accurately. The spectrum characteristics of the 36 channels are 
shown in table 2. MODIS cloud mask and classification algorithm is very complex.  
 
4.2 CLOUD MASK AND CLASSIFICATION METHODS FOR MODIS 

The multi-spectrum threshold algorithm is applied to MODIS imagery for cloud mask and 
classification. For nomenclature, we shall denote the satellite measured solar reflectance as R, and 
refer to the infrared radiance as brightness temperature (equivalent blackbody temperature 
determined using the Planck function) denoted as BT. Subscripts refer to the wavelength at which 
the measurement is made. The multiple thresholds cloud mask and cloud classification algorithm 
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is to start with single pixel (1000m field of view) tests. Thresholds are changed with space and 
time.  

 
4.2.1 CHARACTERISTIC ANALYSIS ABOUT SOME OF THE MODIS BANDS  

MODIS has a unique capability since it has measurements at three wavelengths in the 
window, 8.6, 11, and 12μm. Three spectral regions mentioned are very useful in determination of  

Table 2.  MODIS bands used in the MODIS cloud mask algorithm. 
  Band       Wavelength(mm)                Used in Cloud Mask 
1 (250 m)         0.659            Y     (250 m and 1 km) clouds, shadow 
2 (250 m)         0.865            Y       (250 m and 1 km) low clouds 
3 (500 m)         0.470            N 
4 (500 m)         0.555            Y                snow 
5 (500 m)         1.240            Y               shadow 
6 (500 m)         1.640            Y                snow 
7 (500 m)         2.130            Y                aerosol 
   8             0.415            N 
   9             0.443            N 
  10             0.490            N 
  11             0.531            N 
  12             0.565            N 
  13             0.653            N 
  14             0.681            N 
  15             0.750            N 
  16             0.865            N 
  17             0.905            N 
  18             0.936            Y               low cloud 
  19             0.940            Y                shadow 
  20             3.750            Y                 cloud 
 21/22            3.959       N(21)/Y(22)          window, shadow 
  23             4.050            Y                 shadow 
  24             4.465            N 
  25             4.515            N 
  26             1.375            Y                thin cirrus 
  27             6.715            Y                high cloud 
  28             7.325            N 
  29             8.550            Y                  cloud 
  30             9.730            N 
  31             11.030           Y                  cloud 
  32             12.020           Y                  cloud 
  33             13.335           N 
  34             13.635           N 
  35             13.935           Y                high cloud 
  36             14.235           N 

 
cloud free atmospheres. Because the index of refraction varies quite markedly over this spectral 
region for water, ice, and minerals common to many naturally occurring aerosols, the effect on the 
brightness temperature of each of the spectral regions is different, depending on the absorbing 
constituent. 

As a result of the relative spectral uniformity of surface emittance in the IR, spectral tests 
within various atmospheric windows (such as bands 29, 31, 32 at 8.6, 11, and 12μm, respectively) 
can be used to detect the presence of cloud. Differences between BT11 and BT12 are widely used 
for cloud screening with AVHRR measurements, and this technique is often referred to as the split 
window technique. Saunders and Kriebel(1988) [7] used BT11 - BT12 differences to detect cirrus 
clouds----brightness temperature differences are greater over thin clouds than over clear or 
overcast conditions. Cloud thresholds are set as a function of satellite zenith angle and the BT11 

International TOVS Study Conference-XIV Proceedings

429



 

brightness temperature. [8] [9] 
In difference techniques, the measured radiance at two wavelengths are converted to 

brightness temperatures and subtracted. Because of the wavelength dependence of optical 
thickness and the non-linear nature of the Planck function (BT), the two brightness temperatures 
are often different. The basis of the split window and tri-spectral technique for cloud mask lies in 
the differential water vapor absorption that exists between different window channel (8.6 and 11μ
m and 11 and 12μm) bands. These spectral regions are considered to be part of the atmospheric 
window, where absorption is relatively weak. Most of the absorption lines are a result of water 
vapor molecules, with a minimum occurring around 11μm. Since the absorption is weak, BT11 
can be corrected for moisture absorption by adding the scaled brightness temperature difference of 
two spectrally close channels with different water vapor absorption coefficients; the scaling 
coefficient is a function of the differential water vapor absorption between the two channels. This 
is the basis for sea surface temperature (SST) retrieval. 

A tri-spectral combination of observations at 8.6, 11 and 12 µm is suggested for detecting 
cloud properties by Ackerman et al. (1990) [10]. Strabala et al. (1994) [11] further explored this 
technique by utilizing very high spatial-resolution data from MAS (MODIS Airborne Simulator). 
The physical premise of the technique is that ice and water vapor absorption peak in opposite 
halves of the window region; so that positive 8.6 minus 11 µm brightness temperature differences 
indicate cloud while negative differences, over oceans, indicate clear regions. The relationship 
between the two brightness temperature differences and clear-sky have also been examined using 
collocated HIRS (High Resolution Infrared Radiation Sounder) and AVHRR GAC global ocean 
data sets. As the atmospheric moisture increases, BT8.6 – BT11 decreases while BT11 – BT12 
increases. 

CO2 slicing (Smith and Platt 1978; Wylie and Menzel 1989) [12][13] is a useful method for 
sensing cloud amount and the height of clouds. Simple tests using the CO2 channels are useful for 
cloud mask, particularly high clouds. Whether a cloud is sensed by these bands (MODIS bands 
33-36) is a function of the weighting function of the particular channel and the altitude of the 
cloud. MODIS band 35 (13.9μm) provides good sensitivity to the relatively cold regions of the 
atmosphere. Only clouds above 500 hPa will have strong contributions to the radiance to space 
observed at 13.9μm; negligible contributions come from the earth’s surface. Thus a threshold test 
for cloud versus ambient atmosphere and a histogram test should reveal clouds above 500 hPa. 
This test will be used in conjunction with the near infrared thin cirrus test discussed. 

Visible reflectance test is a single channel test whose strength is discriminating to bright 
clouds over dark surfaces (e.g., stratus over ocean) and weakness is clouds over bright surfaces 
(e.g., snow). Two different channels are used in this test dependent on the ecosystem. The 0.66μ
m (band 1) is used over oceans, land and snow/ice regions. The 0.88μm reflectance test is also 
applied over snow/ice and desert scenes.  

The reflectance ratio test uses channel 2 divided by channel 1 (R0.87/R0.66). This test makes 
use of the fact that the spectral reflectance at these two wavelengths is similar over clouds (ratio is 
near 1) and different over water and vegetation. Using AVHRR data this ratio has been found to be 
between 0.9 and 1.1 in cloudy regions. If the ratio falls within this range, cloud is indicated. 

Clouds that are low in the atmosphere are often difficult to detect with infrared techniques. 
The thermal contrast between clear-sky and low cloud is small and sometimes undetectable. 
Reflectance techniques, including the reflectance ratio test can be applied during daylight hours 
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over certain ecosystems. Use of the MODIS band 18 at 0.936μm also offers help under daytime 
viewing conditions. Gao and Goetz (1991) proposed a ratio test using spectral channels near 0.94, 
1.04, and 1.14 µm. Reflectance of many surfaces is linear between these wavelengths while 
absorption by water vapor is different across this spectral region, allowing discrimination between 

cloud and the ground using a band ratio 04.114.194.0 2/)( RRR + . MODIS does not have channels 

at these three wavelengths; however, other water vapor channels in the near-infrared may prove 
useful for cloud detection over land. A reflectance ratio of band 18 over band 16 (0.865 µm, an 
atmospheric window with surface reflectance characteristics similar to channel 18) could be used. 

The physical principle detecting snow using 1.64μm is the fact that the differences in 
reflected solar radiation between the 0.645 and 1.64μm bands contain information regarding 
cloud particle phase due to distinct differences in bulk absorption characteristics between water 
and ice at the longer wavelength. The visible reflectance, suffering no appreciable absorption for 
either ice or liquid water, is relatively unaffected by thermodynamic phase. However, if the cloud 
is composed of ice, or if the surface is snow covered (similar in effect to large ice particles), then 
the reflectance of the cloud at 1.64μm will be smaller than for an otherwise identical liquid water 
cloud.[11] [12] [13]  

The detection of cloud shadows is a problem. Clear-sky scenes that are potentially affected 
by shadows can be theoretically computed given the viewing geometry, solar azimuth and zenith 
angles, cloud edges distribution and cloud altitude. This approach requires too much CPU, and all 
the information (e.g., cloud altitude) is not available to the cloud mask algorithm. Therefore, as 
with clouds, solar reflectance tests can be explored for a cloud shadow detection algorithm. For 
MODIS data, the cloud masking algorithm checks for shadows can be based on reflectance at 0.94, 
0.87 and 0.66 µm. A shadow is determined present if R0.936 < 0.12 and R0.87/R0.66 > 0.9 [14][15]. 

Over land during the day, BT3.9 > BT4.0 because there is more reflected solar energy at 3.9 
µm. In shadowed regions the incident solar radiation at 3.9 µm is reduced, and the brightness 
temperature differences are smaller. The issues of shadows caused by mountainous terrain also 
need to study. These shadows would be directly calculable from digital elevation maps, solar 
geometry considerations, and the cloud mask. The first two considerations would indicate the field 
of view where terrain shadow could occur; the last would determine whether sunlight is available 
to cause the shadow [17].  

 
4.2.2 CLOUD MASK AND CLOUD CLASSIFICATION TEST CASES 

A simple cloud mask test is done using some thresholds as follows: BT11, BT11- BT12, BT11- 
BT8.6, BT13.9, R0.66, R0.87, R0.87/ R0.66, R1.6. By applying one of these thresholds, a pixel will be 
classified as cloud or non-cloud. Different thresholds testing give different results. When 
multi-thresholds method is applied, pixel will be classified as cloud if most of the thresholds 
testing flag this pixel as cloud. After above processing, land-sea mask data is applied to imagery to 
distinguish the land and water body. Figure 3 is an example of the cloud mask using MODIS data 
over China (6 July 2001). The left image is composed image of band1, band2 and band4 and the 
right one is cloud mask image, green regions are land, blue regions are water, white areas are 
cloudy.  

These thresholds, BT11, BT11- BT12, R0.66, R1.6, BT13.9, are used in the cloud classification test 
on the basis of cloud mask. Figure 4 is an example of the cloud classification using MODIS data 
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over China (6 July 2001). The left image is composed image of band1, band2 and band31 and the 
right one is cloud classified imagery. In cloud classified imagery, the green regions are land, blue 
regions are water, white cumulonimbus, cyan areas are cirrus, and dark yellow areas are low-level 
cloud. Over the Yangtse Rive drainage basin there are outer cloud system of the tropical cyclone. 
 
 

  
 

Figure 3. An example of the cloud mask using MODIS data over China (6 July 2001) . 

 The left image is combination by ch1/2/4 and the right one is cloud mask image,  

green regions are land, blue regions are water, white areas are cloudy.  

  

 

  Figure 4. An example of the cloud classification using MODIS data over China (6 July 2001) . 

The left image is composed image of band1, band2 and band31 and the right one is cloud classified imagery. 

 In cloud classified imagery, the green regions are land, blue regions are water, white cumulonimbus, 

 cyan areas are cirrus, and dark yellow areas are low-level cloud. 
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5. CONCLUSION 
This paper discussed cloud mask and cloud classification methods using the different satellite 

data. Some conclusions can be drawn from the study as follows:  
(1) The different cloud classification methods have their advantage and disadvantage. In this 

paper we discussed the automated pixel-scale neural network method, the automated 8*8 
pixels neural network method, and the automated pixel-scale multi-spectrum thresholds 
technique to detect and to classify clouds. For neural network cloud classification methods it 
has higher classification accuracy for one better sample database, but if some case did not 
occur in this sample database the neural network model can not recognize it. A perfect sample 
database that it includes almost all case in the different season and in the different area will 
need large resources. For pixel-scale multi-spectrum threshold technique it is relatively easy 
to adapt thresholds to varying meteorological conditions, earth surface types, viewing 
geometry using external data. One of the main disadvantages is that the thresholds need to be 
tuned frequently. 

(2) Using MODIS data, we can distinguish between cloud free and cloudy situation more exactly 
and recognize the different types of clouds more easily. Snow and low cloud is more easily 
distinguished using MODIS bands 6 (1.64μm), and bands 6 is helpful for distinguishing 
between the ice cloud and water cloud. MODIS has measurements at three wavelengths in the 
window, 8.6, 11, and 12μm, which are very useful in determination of cloud free 
atmospheres, and their combination are helpful in determining the thin cirrus.  

(3) It shows that using pixel-scale methods are more suitable for practical application than 8*8 
pixels scale methods through testing using AVHRR data. Although classification accuracy of 
8*8 pixels samples is a little better than single pixel sample, but when neural network model 
is used in the practical application for a satellite image single pixel cloud classification neural 
network model is better. 

(4) Although the spatial resolution of the GMS-5 data is lower than AVHRR and MODIS data, 
but its higher time resolution makes it reflect weather system evolution process better. It can 
show clearly that the meso-scale convective cloud clusters in the MEIYU front evolve with 
time. 

(5) Cloud mask result is the foundation of other studies such as SST and LST  (land surface 
temperature), TPW (total precipitable water) retrieval and vegetation study using these 
satellite data. The output of cloud classification can be used to modify the NWP output cloud.  
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abstract 
 
Geostationary (GEO) weather satellites have differed from low-Earth orbiting (LEO) weather 
satellites in that they have not carried microwave radiometers. The reason is that to get LEO 
resolution from GEO, one needs an antenna forty times as large.  Even scaling the small AMSU 
antenna requires a 6-meter dish.  As discussed elsewhere, a 3-meter antenna still provides adequate 
spatial resolution for measuring precipitation and an initial guess for infrared soundings in cloudy 
conditions.1  The higher temporal sampling possible from GEO also permits improved monitoring of 
severe storms, but an objection to developing a GEO microwave sounder has been that tropical 
storm inner core temperature profiles would not be adequately resolved with such an antenna.   
 
This paper demonstrates how inner core temperatures may be measured from GEO using a 3-meter 
antenna and post-processing.  Because this trades sensitivity for resolution, radiometer system noise 
must be as low as possible.  Other sources of error sources imperfect boundary temperature 
knowledge and antenna pattern uncertainty.  Simulations and covariance analyses suggest that the 
required system noise temperatures, although not yet commercially available, are not beyond the 
state-of-the-art.  Although one might have to choose between inner core temperature soundings and 
hourly full-disk soundings, it would eliminate one more objection to flying a modest size microwave 
radiometer at geostationary altitude. 
 
Problem 
 
A microwave sounder has been proposed as a Pre-Planned Product Improvement (P3I) for the 
GOES-R series of geostationary environmental satellites.  The first GOES-R satellite is to be ready 
for launch in 2012, but the microwave sounder would probably not be ready until 2015.  It is to 
provide temperature and humidity soundings, precipitation, sea surface winds and tropical storm 
inner core temperature profile.  Its performance requirements are summarized in Table 1. While the 
temperature, humidity and precipitation requirements are relatively easy to meet, the sea surface 
wind and inner core temperature requirements are more difficult.  Possible solutions to the inner core 
problem are discussed here. 
 
The term “warm core anomaly” refers to the increased temperature around the eye of a tropical 
storm.  At the 250 mb pressure level, the temperature can be as much as 20 K higher than its 
surroundings.  This temperature elevation indicates storm strength and can only be measured 
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remotely using microwave radiometers.  Although soundings are typically done at 60 GHz to get 
surface temperatures, inner core temperatures are also observable at 118 GHz because of their 
altitude.2

 
Table 1.  GOES-R Microwave Sounder Requirements 

 
 Temperature 

Sounding 
Humidity 
Sounding 

Precipitation Sea Surface 
Winds 

Warm Core 
Profile 

Resolution 
(km) 

 
100 

 
30 

 
30 

 
25 

 
20 

Sensitivity 
(K) 

 
1 

 
1 

 
1 

 
1 

 
1 

Frequency 
(GHz) 

 
54-60 

 
183 

 
118-183 

 
20 

 
54-60 

Bandwidth3

(MHz) 
 

200 
 

500 
 

500 
 

200 
 

200 
 

 
Even with large antennas, resolving inner core profiles is difficult. This can be seen from 
simulations where horizontal temperature distribution is modeled using a Gaussian function whose 
peak value decreases by 1/e at a radial distance of 20 km 
 

( )22

1)( rrceTTrT −
∞ −⋅Δ+=                                                    (1) 

 
This formula is based on a paper by Greg Holland.4  Here   is the background temperature, ∞T TΔ  is 
the warm core temperature anomaly,  is the core radius, and cr r  is the radial distance from the core 
center  ),( 00 yx
 

2
0

2
0

2 )()( yyxxr −+−=                                                       (2) 
 
Figure 1 shows that a 6-meter antenna operating at 60 GHz from GEO captures less than 40% of the 
warm core temperature anomaly from GEO altitude.  Even a 24-meter antenna recovers only 55% of 
the peak temperature. Launch vehicle size and the need to control antenna dimensions to a fraction 
of a wavelength, however, make 3 meters about the largest practical diameter for an antenna 
operating at up to 183 GHz.  
 
Hypothesis 
 
If we had a 3-meter antenna at GEO and could oversample the inner core region, we might be able to 
estimate its temperature profile.  On the surface, that might appear to violate the diffraction limit, but 
diffraction applies to a fixed view and does not consider signal strength5.  Because of numerical 
error, post-processing trades signal strength for spatial resolution.  Rather than give up on a GEO 
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microwave sounder due to the difficulty of flying a large, tightly-controlled antenna, we would try to 
improve sensitivity and then trade surplus sensitivity for spatial resolution.   
 

Figure 1.  Warm Core Temperature Profiles Resolved from GEO 
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Sensitivity Tσ  depends on system temperature , integration time sT τ  and bandwidth B  
 

τσ BTsT =                                                               (3) 
 
One way to improve sensitivity is to reduce system noise temperature.  This can be done by 
amplifying the signal with a low-noise amplifier as soon as it is received.  A second is to increase the 
integration time, i.e. scan more slowly.  This not only reduces the noise but increases the signal.  A 
third is to increase bandwidth.  The greater the bandwidth, the more random the noise and the 
quicker it integrates to zero.  If the system temperature were 1000 K, the integration time were 1 
second, and the bandwidth were 100 MHz*, scan time would be under a minute and the sensitivity 
would be 0.1 K.  If the antenna field-of-view and inner core width were 100 km and 20 km 
respectively, it would take 6 twenty-kilometer samples to scan across the inner core.  In two 
dimensions, that would be 36 samples.  At one second a sample, measuring the inner core 
temperature profile could take less than a minute. 
 
In a sense, this is an estimation problem.  Given noisy observations of the warm core anomaly, we 
are asked to determine its amplitude.  Depending on what is known from visible and other 
observations, we would solve for one or many states.  Post-processing options could include: 
 

1. scaling the observed temperature peak 
2. solving for inner core temperature model parameters 
3. deconvolving to recover the actual temperature profile6 

                                                 
* The narrow bandwidth AMSU stratospheric sounding channels are not needed in a geostationary microwave instrument. 
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All three approaches assume that the antenna pattern is known.  In addition, the first assumes that 
the shape of the temperature profile is known, i.e. it only changes in amplitude.  The second assumes 
that the spatial temperature distribution can be parameterized and one estimates a few parameters 
which include the temperature peak.  The third estimates the full spatial distribution of brightness 
temperature throughout the scene.  Because of the broad spatial extent of the antenna pattern, there 
are always more object points that contribute to the image than there are observations.  Solving for 
the object points requires a priori information, such as might come from a preliminary scan.     
 
Design 
 
An essential first step in the simulations is to produce a brightness temperature image Y  from the 
brightness temperature object X .  Although we could use commercial convolution routines, we need 
a record of everything that has been done for the deconvolution method.  So, we develop our own 
convolution method.  If the columns of the image and object are concatenated to produce vectors yr  
and , the convolution becomes a matrix multiplication   xr

 
xGy rr
⋅=                                                                     (4) 

 
The convolution matrix G  represents the antenna pattern or sampling kernel.  The size of the 
convolution matrix is M2-by-N2 where M and N are the size of the image and object respectively.  
The kernel, object and image matrices are all square.  As an example, Figure 2 shows a 3-by-3 
kernel superimposed on a 4-by-4 object.  The valid image is only 2-by-2 because there are only two 
vertical and two horizontal positions where the kernel does not extend beyond the ends of object.  
The 4-by-16 convolution matrix  is shown on the right.  The rows of G  are the columns of the 
sampling kernel, and each successive row shifts one to the right until the kernel reaches the bottom 
of the object.  Then, the kernel jumps to the top of the object matrix and shifts one column to the 
right.  The convolution matrix is band diagonal. 

G

 
Figure 2.  Object and Convolution Matrix 

 

 
 
 
Convolving the kernel with the object gives an image.  Although the kernel, object and image all 
have one kilometer resolution, this is unnecessary for our processing.  So, we pixelate to a ground 
sample distance of our choosing.  Figure 3 shows the antenna pattern used to generate the truth data 
in solid blue.  It goes out to the second nulls.  The pixilated pattern used for modeling was sampled 
at the green circles and taken only to the first null.  This was done to be conservative and to reflect 
some of the inevitable uncertainty as to the actual antenna pattern. 
 
 

International TOVS Study Conference-XIV Proceedings

438



Figure 3.  True and Assumed Antenna Patterns 
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Recall that the a priori observations are included to provide temperature information around the 
edges of the scanned region.  They are not needed near the inner core and are inaccurate due to the 
sharp peak there.  For this reason, we mask out those a priori observations as shown in Figure 4.  
The blue x’s are the scanned observations, and the green o’s are the a priori observations.   
 

Figure 4.  Scanned and A Priori Observations 
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In the first method, we assume that the inner core temperature profile follows the Holland model and 
only estimates its amplitude.  This assumes that the background, location and radius are known, 
perhaps from visible observations.  If the inner core location and size are approximately known, the 
background can be computed from preliminary scan results by leaving out the inner core region.  
Visible observations are typically geolocated to kilometer accuracy.  So, if the warm core anomaly 
occurs at the center of the eye, it should be possible to locate it from visible observations to 
kilometer accuracy as well.  Inner core radius is apt to be more difficult because the core size seen 
with visible light may not be the same as that seen with microwaves.  If the radius is known, the 
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observed temperature elevation  can be scaled according to the fraction of the warm core 
anomaly  it is expected to represent 

oTΔ
f

 
fTT oΔ=Δ                                                               (5) 

 
Expected fractions for a ten kilometer radius are shown in Figure 5. 
 

Figure 5.  Expected Fractions 
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In the second method, we still assume that the brightness temperature profile follows the Holland 
model.  Now, though, we estimate the inner core location, radius and temperature elevation.  To 
choose between candidate profiles, we compute a loss function  equal to the sum of all the squared 
brightness temperature differences between the observed image temperature vector 

J
yr  and the image 

temperature vector gr  computed from the candidate profile 
 

( ) ( )gygyJ T rrrr
−−=                                                          (6) 

 
The profile that gives the smaller loss function is chosen over the one that gives the larger one.   
 
For the third method, we again minimize the sum of the squared observation errors, but this time we 
have less accurate a priori observations as well.  We use the Newton-Raphson method with the 
convolution matrix acting as the derivative.  The brightness temperature state vector , given an a 
priori estimate  having covariance  and observations 

xr

0xr 0S yr  having covariance W  is7  
 

( ) ( gyWGWGGSxx TT )rrrr
−++=

−1
00                                           (7) 
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Observations 
 
The first method, i.e. scaling, works as long as the core location and radius are known.  If the 
assumed radius is high or low, we under- or overestimate the warm core temperature anomaly.  
Figure 6 shows the effect of error in the assumed inner core radius for a 3-meter antenna operating at 
60 GHz.  Over the range of radii from 5 to 20 kilometers, the observed peak increases at a rate of 0.5 
K per kilometer.  For a 10 kilometer core radius, the scaling factor is about 4, and a one kilometer 
error in the assumed core radius gives a 2 K error in the temperature elevation.  The suitability of 
this method depends on the accuracy with which inner core radius can be known by other means.  
 

Figure 6.  Radius Sensitivity 

 
 

The second method, i.e. four-parameter estimation, does quite well.  It converges from a poor initial 
guess as shown in Figure 7.  It also matches the temperature elevation to better than 1 K accuracy.  It 
is more reliable than scaling because it does not depend on precise knowledge of the core location 
and radius from visible measurements.  This method does depend on the inner core temperature 
profile following the Holland model.  How robust it is to such errors needs further study. 

 
Figure 7.  Method 2:  Four-Parameter Estimation 
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The third method makes no assumptions about the inner core structure.  Figure 6 shows the peak 
recovery error for one thousand cases.  The bottom plot is for 60 GHz and 20 km ground samples.  
The mean error is 5 K and the standard deviation is 3.4 K.  Finer sampling does not help.  The top 
plot is for 118 GHz and 10 km ground samples.  The mean error is 0.4 K and the standard deviation 
is 2.8 K.  However, if the 118 GHz oxygen absorption band could be used, the inner core 
measurements obtained with a 3-meter antenna should be quite satisfactory.  Using 118 GHz is 
conceivable because the inner core temperature elevation occurs at 250 mb (10 km).  Above that 
altitude, ice crystal scattering is not the problem that it is for low altitude sounding.  

 
Figure 6.  Deconvolution Error at 118 GHz and 60 GHz 
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Conclusions 
 
Even though the 60 GHz beamwidth for a 3-meter antenna at GEO is much wider than the inner core 
of a tropical storm, the warm core temperature elevation can be estimated.  Three methods were 
considered here.  All three require knowledge of the antenna pattern and oversampling.  The first 
method estimates the warm core anomaly by scaling the observed profile and works if the inner core 
radius is known.  The second estimates the four model parameters, i.e. temperature anomaly, inner 
core radius and location, and is accurate to 1 K as long as the form of the inner core temperature 
profile matches the model.  The third makes no assumptions about structure, estimates the entire 
temperature profile and captures the 20 K temperature anomaly assumed here with a mean error of 5 
K.  If 118 GHz can be used instead of 60 GHz, the mean error falls below 0.5 K.  Noise at any given 
point either at 60 and 118 GHz is about 3 K.  This initial investigation suggests that the warm core 
temperature anomaly of tropical storms can be measured from geostationary orbit with an antenna of 
moderate size.  
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Abstract 
Tropospheric wind is a top priority NPOESS EDR that can be retrieved by tracking high spatial resolution 
altitude-resolved water vapor sounding features in imagery provided by a humidity imaging sounder. A 
Wedge-filter Imaging Spectrometer (WIS) can provide the required humidity imagery and has already 
been studied for application in geostationary orbit by Puschell, Huang and Woolf. The Wind Imaging 
Spectrometer and Humidity-sounder (WISH) described here would incorporate the same technology and 
could be developed in time for flight on the NPOESS C2 spacecraft. WISH would take advantage of 
payload capacity available for P3I demonstrations in NPOESS and would serve as a risk reduction and 
technology demonstration for future NOAA environmental satellite missions.  
 

Introduction 
Tropospheric wind is among the top priority NPOESS Pre-Planned Product Improvement (P3I) EDR 
candidates. This EDR can be retrieved by tracking high spatial resolution altitude-resolved water vapor 
sounding features in imagery at appropriate temporal sampling provided by a humidity imaging sounder. 
A Wedge-filter Imaging Spectrometer (WIS) can provide the required humidity imagery and has already 
been studied for application in geostationary orbit by Puschell, Huang and Woolf (2001). The 
geostationary WIS would use spatially variable wedge filter spectrometers to collect earth radiance with 
~2 km resolution over a broad infrared (710-2900 cm-1) spectral region at 1% spectral resolution. The 
resulting sensor is a compact, lightweight, and rugged imaging sounder with better sensitivity, spectral 
resolution, spatial resolution and full disk coverage time than the current multispectral GOES imager. The 
Wind Imaging Spectrometer and Humidity-sounder (WISH) could incorporate the same Raytheon WIS 
technology and is suitable for flight on the NPOESS C2 or C3 spacecraft. WISH would take advantage of 
the payload capacity available for P3I demonstrations in NPOESS and would serve as a risk reduction and 
technology demonstration for future NOAA environmental satellite missions.  
 

Wedge imaging spectrometers 
WIS technology has been developed and patented at Raytheon since 1990.  As shown in Figure 1, the 
WIS is based on a hybridized sensor chip assembly (SCA) that combines a multi-layer “wedge” 
interference filter and an area detector array with a readout circuit. The “spectral” dimension is parallel to 
the filter taper (exaggerated in the illustration), with the thin edge transmitting the shortest wavelength. 
Blocking filters reduce out-of-band response across the filter.  Jeter, et al (1996) built and demonstrated 
aircraft-based visible, near-infrared (VNIR) and short-wave infrared (SWIR) WIS sensors.  Lencioni and 
Hearn (1996) discussed an advanced GOES imager concept that included a visible/near-infrared WIS.  
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Puschell, Huang and Woolf (2001) described a Geostationary Wedge Imaging Sounder (GWIS) concept 
for the 3.5-14 μm spectral region.   

Figure 1.  Wedge Imaging Spectrometer concept. 

 
A principal advantage of the WIS over alternative approaches is its relative simplicity, as shown in Figure 
2. The WIS does not require the complex aft optics used in other spectrometers.  This feature offers 
several benefits including a compact, easily ruggedized instrument design and an uncomplicated layout 
that result in minimal sensor integration and test time, thereby reducing cost and delivery time with 
respect to other approaches. 

 
Figure 2.  The Wedge Spectrometer offers a simple optical layout compared with other 

approaches 
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Long Wave Infrared (LWIR) WIS Sensor Chip Assembly 
Recently, Raytheon extended WIS technology to the LWIR (8.0-11.8 µm) by building a WIS SCA using 
PV HgCdTe detectors (Figure 3).  
 
This 320 (spatial dimension) by 210 (spectral dimension) SCA uses 40 µm detectors to cover the 8.0-
11.8 µm spectral region with ~1.5% point bandwidth and optical transmittance of ~80% (Figure 4). The 
210 spectral axis elements can be processed to provide roughly 27 non-overlapping bands or as many as 
210 overlapping spectral channels.  This SCA is designed for use at cryogenic operating temperatures.  
Therefore, it can provide the high radiometric sensitivity needed to enable its use in infrared hyperspectral 
imaging from space.  
 
In addition to this LWIR SCA and the VNIR and SWIR sensors mentioned above, Raytheon has also 
applied wedge filter technology in the midwave infrared (MWIR) region.  High performance wedge filter 
spectrometers can be built for wavelengths out to 14 μm and beyond and with point bandwidths 
substantially below 1%.   This combination of performance capabilities makes WIS technology a 
promising candidate for space-based imaging and sounding. 

 

 
Figure 3.  Hybridized WIS SCA hardware. 
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Spectral Range: 8-11.8 μm
Array Size

Spatial: 320
Spectral: 210

Detector Size:  40 μm
Orthogonal Channels: 27
Point Bandwidth: 1.5%
Tranmission: ~80%

Spectral Range: 8-11.8 μm
Array Size

Spatial: 320
Spectral: 210

Detector Size:  40 μm
Orthogonal Channels: 27
Point Bandwidth: 1.5%
Tranmission: ~80%

Figure 4.  Characteristics of a recent Raytheon LWIR wedge filter. 

Wind Imaging Spectrometer and Humidity-sounder (WISH) Concept 
WISH consists of two spectrometers that provide data for retrieving wind vectors at different altitudes in 
the troposphere by observing Earth in the 6.7-μm water vapor band.  The method for retrieving wind 
vectors from WISH data is described by Huang, et al. (2005).  The WISH system retrieves wind vectors 
by analyzing movement of water vapor features between observations of the same Earth region made with 
the two spectrometers.  As shown in Figure 5, one of the WISH spectrometers is pointed 50 deg ahead of 
nadir along track while the second spectrometer is pointed 50 deg aft of nadir along track.  Approximate 
time between measurements of the same Earth region is about 5.3 min.  During that time, a water vapor 
feature appears to move ~8 pixels for a 20 mph wind.   
 
WISH measures emitted Earth radiance in 210 spectral channels that cover the 5.7 – 8.7 μm spectral 
region with 10 cm-1 spectral resolution.  Spatial resolution is 290 m from the NPOESS satellite altitude of 
833 km.  This spatial resolution enables accurate water vapor measurements across a relatively short 
baseline in time.  WISH uses actively cooled PV HgCdTe detector arrays to achieve radiometric 
sensitivity better than 0.1 K across the entire spectral region even for a 220 K scene temperature.   
 
WISH is compatible with accommodation aboard any of the NPOESS satellite configurations, as shown 
by comparing preliminary WISH characteristics with a recent assessment of NPOESS system resources 
available for Pre-Planned Product Improvements (P3I) described by Naegeli et al. (2004). Figure 6 shows 
how the approximate WISH nadir deck footprint compares with deck area currently available in the 
NPOESS 1330 configuration. Table 1 summarizes how power, mass and data rate expected to be 
available for a NPOESS P3I sensor compares with preliminary WISH characteristics. Based on this initial 
assessment of sensor volume, mass, power and footprint size, WISH can be accommodated within any of 
the NPOESS configurations. However, the data rate required for continuous data collection and 
transmission is about 36 Mbps, which exceeds the available data rate by about a factor of ten.  The 
simplest approach to reduce data rate for this technology risk reduction demonstration instrument is to not 
transmit all data to the ground, such as by selecting only part of the full swath for continuous transmission 
to Earth or by transmitting full swaths only from selected regions.  
 
WISH is a low risk and relatively low cost approach for making tropospheric wind measurements. It is a 
relatively small, low impact instrument that is based entirely on existing technology.  Additional work is 
needed to define better the expected absolute radiometric accuracy of WISH, to determine impact of 
spectral calibration and spacecraft pointing knowledge on wind vector determination and to optimize the 
design against a more detailed set of mission and sensor requirements.   
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Summary 
A Wind Imaging Spectrometer and Humidity-sounder (WISH) that incorporates recent MWIR/LWIR 
Raytheon technology developments offers a practical, low risk approach for measuring water vapor winds 
using spacecraft capacity available in NPOESS.  Due to its relatively high spatial resolution (290 m) 
compared with previous water vapor sounder concepts, WISH can measure water vapor winds accurately 
with only a ~5 minute measurement baseline.  Additional work is needed to optimize the WISH sensor 
design and assess its radiometric and spectral calibration performance.   
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Table 1. NPOESS Satellite Power/Mass/Data Rate Budget Status (July 2004) compared with 
preliminary WISH characteristics. 

NPOESS Orbit 2130 1330 1730 WISH 
P3I Sensor Power Allocation (W) 326 326 326 <75  
Satellite Power Margin (W) 1,407 234 1,013  
P3I Sensor Mass Allocation (kg) 365 365 365 <80  
Satellite Mass Margin (kg) 609 189 216  
P3I Data Rate 1394 (Mbps) 3.2 3.2 3.2 36 (continuous) 
P3I Data Rate 1553 (Kbps) 200 200 200  
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Figure 5.  WISH consists of two wedge spectrometers that measure wind by 
observing the same Earth region twice with ~5 minute measurement separation in 

the 6.7 micron H2O band from NPOESS. 
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Figure 6. NPOESS 1330 satellite configuration. 
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Abstract

(A)TOVS1 data over open sea have been operationally assimilated into the DMI-HIRLAM2

system since December 2002 after long tests in a pre-operational setup.
The forward model used operationally at DMI to calculate model derived brightness tem-

peratures for ATOVS data is RTTOV73 developed in the Numerical Weather Prediction SAF4

project setup by EUMETSAT5. November 2004, RTTOV8 was released and has subsequently
been implemented in HIRVDA6 at DMI. Here we present comparisons between results from
using RTTOV7 (with FASTEM7-2) and RTTOV8 (with FASTEM-3). The coefficient files
presently available for RTTOV8 use RTTOV7 optical depth predictors so the main difference is
the FASTEM version.

This study shows essentially neutral impact by changing from RTTOV7 to RTTOV8.
The statistics for brightness temperatures from channels 1-3 and to some extend from channel

4 (these channels are essentially not used in the analysis) when compared to model derived
brightness temperatures are very different in the two set-ups and is the result of the change in
surface emissivity calculations.

Introduction

(A)TOVS AMSU-A8 level 1c data (brightness temperatures) over open sea have been opera-
tionally assimilated into the DMI-HIRLAM system since December 2002 after long tests in a
pre-operational setup. Impact studies (e.g., Amstrup, 2001; Schyberg et al., 2003; Amstrup,
2002; Amstrup, 2003; Amstrup, 2004; Amstrup and Mogensen, 2004) have demonstrated the

1(Advanced) TIROS Operational Vertical Sounder
2Danish Meteorological Institute - HIgh Resolution Limited Area Model
3Radiative Transfer model for TOVS, release 7
4Satellite Application Facility
5EUropean organisation for the exploitation of METeorological SATellites
6HIRLAM Variational Data Assimilation
7FAST Emissivity Model
8Advanced Microwave Sounding Unit-A
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Model Identification G N E D

grid points (mlon) 202 194 272 182

grid points (mlat) 190 210 282 170

No. of vertical levels 40 40 40 40

horizontal resolution 0.45◦ 0.15◦ 0.15◦ 0.05◦

time step (dynamics) 120 s 50 s 50 s 18 s

time step (physics) 360 s 300 s 300 s 216 s

Figure 1: The DMI-HIRLAM regions, geographical coverage and resolution speci£cations.

positive impact of these data in the HIRLAM 3D-Var system, in particular in winter periods.
Initially only locally received NOAA16 AMSU-A data were used operationally since we had
problems processing the locally received NOAA15 AMSU-A data. Later NOAA17 were added
after an impact study (Amstrup, 2003) and at the same time additional data from EARS9 were
added. However, after the failure of NOAA17 we resolved the problem encountered previously
with NOAA15 and after an OSE impact study (Amstrup, 2004) NOAA15 AMSU-A data also
became part of the operational suite. See Schyberg et al. (2003) for further details concerning
the use of ATOVS data in the HIRLAM 3D-Var system.

The operational system has always used RTTOV7 (Saunders et al., 1999; Matricardi et al.,
2004) as the radiative transfer model to derive brightness temperatures from the forecast model
parameters. November 2004 a new version of RTTOV, RTTOV8, became available. It includes,
along many other changes, a new version of FASTEM which should improve the model derived
brightness temperatures for the channels “seeing” the surface, i.e., in particular channels 1-
4. These channels are presently not used in the DMI-HIRLAM 3D-Var since the observation
errors assigned to these channels are very large. Here, we present some statistics and results
from a parallel experiment from January 2005 using either RTTOV7 or RTTOV8 in the 3D-Var
analyses.

Set-up of the experiments

In this study a local version of the HIRLAM (Sass et al., 2002; Amstrup et al., 2003) was used –
it is the former operational model and is still run in parallel with the new operational setup. The
model is regional and nested with four different regions (see figure 1 for an illustration and table
of the position and resolution for the various models). The largest area model (DMI-HIRLAM-
G) has lateral boundaries from ECMWF10, whereas the inner models have lateral boundaries
from their surrounding HIRLAM model. The DMI-HIRLAM analysis and forecasting system
consists of a 3 dimensional variational data analysis system (Gustafsson et al., 2001; Lindskog
et al., 2001) with an assimilation window of 3 hours, and a forecast model with 40 vertical levels
reaching the 10 hPa pressure level - above this a climatological model is applied for data needed
in the radiative transfer model.

9EUMETSAT ATOVS Retransmission Service
10European Centre for Medium-Range Weather Forecasts
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Figure 2: Positions (with green dots) of active (after data thinning) NOAA15/NOAA16 data used in the
analysis valid on 06 UTC 20050112.

In the “Observing System Experiment” made here we used January 2005 with 3 hour data as-
similation cycles (using the HIRLAM 3D-VAR system) and a 48 hour gridpoint forecast with the
DMI-HIRLAM-G and DMI-HIRLAM-E models. In the HIRLAM 3D-VAR system the following
observation types (and observation quantities) were used: SYNOP, DRIBU, SHIP (pressure),
TEMP (temperature, wind and specific humidity), PILOT (wind), AIREP (temperature and
wind), QuikScat (near surface wind), AMV11 (wind) from Meteosat-8 and NOAA15/NOAA16
AMSU-A level 1c brightness temperatures over open sea. Figure 2 shows an example for the
06UTC cycle on January 12th with very good coverage of AMSU-A data in the Atlantic. The
data were screened using the following checks: 1) Bad reporting practices, 2) Black list check,
3) First guess check, 4) Multi-level check, 5) RDB check, and 6) Redundancy check. The final
thinning for AMSU-A data in DMI-HIRLAM was 0.9◦.

Bias correction and error statistics

An important issue in the use of satellite radiances is bias correction. The variational analy-
sis system implicitly assumes that observations have Gaussian error distributions and are bias
free. For satellite radiances the “errors” compared to model derived radiances come from the
observations itself as well as from the forecast model via the radiative transfer model and from
the radiative transfer model itself. For bias-correction a Harris-Kelly (Harris and Kelly, 2001)

11Atmospheric Motion Vectors
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scheme with 7 predictors from the background model (model first guess) is used: 1) a constant
displacement, 2) thickness between 1000 hPa and 300 hPa, 3) thickness between 200 hPa and
50 hPa, 4) the surface temperature, 5) the integrated water vapor content per area from the
surface up to the top of the atmosphere, 6) the square of the observation zenith angle and 7)
the observation zenith angle. For bias statistics locally available data from a 5.5 month period
from June 1st to November 15th was used. This is the same period that was used to make the
operationally bias correction coefficients (made after the interruption of NOAA17 AMSU-A data
in late October 2003). In order to be sure that the same set of data is used as basis, the coeffi-
cients were recalculated using RTTOV7 as well. Figures 3 and 4 show the number of brightness
temperature innovations (observed minus RTTOVx model derived from a 3 h forecast) in 0.1K
intervals for channels 4 through 10 for NOAA15 and NOAA16 using RTTOV7 or RTTOV8.
Overlayed is the best fit (smallest root mean square (rms) value) Gaussian distribution. The
left hand sides show the raw observational data and the right hand sides show the bias corrected
observational data. The figures clearly show that the “shoulders” in the raw data essentially is
removed in the bias corrected data and also that the width of the best fit Gaussian distributions
are reduced for most of the channels in the latter. The biases has also changed to values very
close to 0.

The initial studies that were done for NOAA16 (Schyberg et al., 2003) showed a considerable
latitude dependency of the scatter of the observed versus model derived brightness temperatures.
Accordingly, the bias corrections have been divided into three latitude bands in the operational
implementations. For this study the limits are: south of 45◦N; between 45◦N and 65◦N; and
north of 65◦N. Figure 5 shows the statistics for the difference between observed and first guess
derived brightness temperatures for NOAA15 and NOAA16 AMSU-A data. In this figure the
divisions in latitude bands are done so that approximately the same numbers are used in the
statistics for each band. Note that the divisions are not the same for NOAA15 and NOAA16
data. This is due to the available data at DMI in the period for which the bias correction
coefficients were made. Some latitude dependency can be seen in some of the channels. For the
first 4 channels there is also a considerable difference in the bias statistics between RTTOV8
and RTTOV7 derived brightness temperatures. For RTTOV8 the statistics for channel 4 are as
good as for the other channels effectively used in the analysis system.

The observation error covariance matrix has been chosen diagonal with the same values for
NOAA15 and NOAA16. The values for channels 1-3 (“surface channels”) and for channel 4 are
so large that effectively only channels 5-10 are used (see table 1). Examples of the effect of
bias correction for NOAA15 in the operational DMI-HIRLAM-G model are found in figures 6
and 7. These figures also show the benefit of using FASTEM3 (Figure 6, RTTOV8) instead of
FASTEM2 (Figure 7, RTTOV7) for channels 3 and 4 in the raw data statistics and to a lesser
extend in the bias corrected data.

Table 1: The values in the diagonal of the observation error covariance matrix.
All off-diagonal elements are 0.

channel 1 2 3 4 5 6 7 8 9 10

error (K2) 900 900 900 90 0.35 0.35 0.35 0.35 0.70 1.40
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Results from “impact” study

The results from the “impact” study using either RTTOV7 or RTTOV8 in the 3D-Var data
assimilation are given in terms of standard observation verification where forecast results are
compared to standard SYNOP and radiosonde observations using an EWGLAM12 station list.
Results of forecasted 12 h precipitation against observations from SYNOP stations at 06UTC
and 18UTC are given in terms of standard contingency tables.

Figure 8 shows bias and root mean square (rms) errors for the surface variables 10m wind,
mslp (mean sea level pressure) and 2m temperature; for the upper level variables temperature,
wind speed and geopotential height at 850 hPa, 500 hPa and 250 hPa; and for relative humidity
at 850 hPa and 500 hPa as function of forecast length. In this plot the G4C results should
be compared to the G4E results and the D1C results should be compared to the D1E results.
Basically the scores are very similar with some scores marginally better in one set of the runs
and some scores marginally better in the other set of the runs. The most noticeable difference
is the consistently better 10m wind bias scores in the model runs using RTTOV8 than in the
comparable model runs using RTTOV7.

Figure 9 shows the bias and rms of 10m wind speed and 2m temperature on an hourly basis
for the DMI-HIRLAM-E runs for Danish stations that all provide observations every 10min.
January was very warm in Denmark with an average temperature 3.6◦C above normal. This is
probably part of the reason for the negative bias in temperature. For 2m temperature the run
(D1E) using RTTOV7 has slightly better scores than the run (D1C) using RTTOV8. For 10m
wind speed, the run using RTTOV8 has somewhat better bias scores.

Tables 2 and 3 show contingency tables of precipitation accumulated over 12 hours (from 6
to 18 hour or from 30 to 42 hour forecasts) using EWGLAM stations that do report 12 hours
accumulated precipitation. The numbers in these tables are obtained by counting the number
of observed and predicted precipitation amounts in each of five classes. The five precipitation
classes are (precipitation amounts in mm): P1 < 0.2, 0.2 ≤ P2 < 1.0, 1.0 ≤ P3 < 5, 5 ≤
P4 < 10 and P5 ≥ 10. P is either F (forecast) or O (observation) in the tables. The “sum”
rows and columns are the sums of the numbers in the given observation classes or forecast
classes, respectively. Note that the observed values are uncorrected values. Thus, small observed
precipitation values are most likely underestimated, and some “observed” 0mm/12 h values may
not be a real measurement at all, but merely a standard number used (this occasionally do
happen for some Danish stations). The numbers in the tables are quite similar for the two set
of runs, except for the O1/F1 class being better in 30 to 42 hour forecasts for the runs using
RTTOV8.

Overall, the verification scores are neutral with respect to using RTTOV7 or RTTOV8 in
the 3D-Var analysis system. However, the statistics show a possible benefit of using channel 4
in the analysis system when using RTTOV8.

Conclusions and future prospects

As expected the impact on the DMI-HIRLAM 3D-Var data assimilation system of changing the
radiative transfer model from RTTOV7 to RTTOV8 is fairly small since the 3 “surface channels”
1-3 and also channel 4 essentially are not used and the main difference between the setups is
the FASTEM version. However, more data is rejected in the run using RTTOV8. This is due
to the different characteristics of channels 1 and 2 that are used for cloud cover rejection.

12European Working Group on Limited Area Model
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Furthermore, the initial statistics for channel 4 is better when using RTTOV8 than when
using RTTOV7 and the observation error should be reduced for this channel in order to benefit
from the data.

The use of channels 6-10 over land and over sea-ice is presently under investigations using
RTTOV8. For this, surface temperature and integrated water vapor content are not used as
bias predictors. The 5 predictors used are the same as over open sea.

RTTOV8 is computationally more expensive than RTTOV7 on the DMI NEC SX-6 vector
computer. The implementation of RTTOV8 was also more complicated and took much longer
time than the implementation of RTTOV7. Nevertheless, RTTOV8 should also be part of the
operational system in the near future.
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Figure 3: Statistics (observed minus £rst guess derived brightness temperatures) of NOAA15 AMSU-A
(upper) and NOAA16 AMSU-A (lower) data for channels speci£ed in the £gures. Left is for raw
data and right is for bias corrected data. RTTOV7 has been used for model derived brightness
temperatures.
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Figure 4: Statistics (observed minus £rst guess derived brightness temperatures) of NOAA15 AMSU-A
(upper) and NOAA16 AMSU-A (lower) data for channels speci£ed in the £gures. Left is for raw
data and right is for bias corrected data. RTTOV8 has been used for model derived brightness
temperatures.
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Figure 5: Statistics (observed minus £rst guess derived brightness temperatures) of NOAA15 AMSU-A
(left) and NOAA16 AMSU-A (right) data for channels speci£ed in the £gures. RTTOV7 (upper)
and RTTOV8 (lower) has been used for model derived brightness temperatures. Latitude
dependency.
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Figure 6: Daily bias- and rms-values (level 1c (OBS − FG) brightness temperature departure (in K)) for
NOAA15 AMSU-A channels 2-10 in January 2005. Red values for uncorrected and blue for
bias corrected values. RTTOV-8 used and for DMI-HIRLAM-G area.
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Figure 7: Daily bias- and rms-values (level 1c (OBS − FG) brightness temperature departure (in K)) for
NOAA15 AMSU-A channels 2-10 in January 2005. Red values for uncorrected and blue for
bias corrected values. RTTOV-7 used and for DMI-HIRLAM-G area.
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Figure 8: Observation veri£cation against EWGLAM stations for parameters speci£ed in the plot.
G4E/G4C is DMI-HIRLAM-G area models and D1E/D1C is DMI-HIRLAM-E area models. The
G4E/D1E run has used RTTOV7 and the G4C/D1C run has used RTTOV8.
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Figure 9: Average bias and rms values in January 2005 of 2 m temperature (upper) and 10 m wind
speed (lower) as function of forecast length and the corresponding observations valid at the
same time for a number of Danish stations for which observations are given (at least) once per
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Table 2: Contingency table(s) for 0501 (6–18 h forecasts). EWGLAM station list.

D1E (RTTOV7) 200501 D1C (RTTOV8) 200501
obs→
↓ for

O1 O2 O3 O4 O5 sum obs→
↓ for

O1 O2 O3 O4 O5 sum

F1 6867 336 83 23 26 7335 F1 6837 291 70 28 26 7252

F2 3501 1100 438 33 11 5083 F2 3532 1135 476 32 10 5185

F3 1244 1182 1720 322 67 4535 F3 1238 1194 1710 326 65 4533

F4 71 80 318 258 108 835 F4 75 78 295 247 113 808

F5 10 17 65 75 115 282 F5 11 17 73 78 113 292

sum 11693 2715 2624 711 327 18070 sum 11693 2715 2624 711 327 18070

%FO 59 41 66 36 35 56 %FO 58 42 65 35 35 56

G4E (RTTOV7) 200501 G4C (RTTOV8) 200501
obs→
↓ for

O1 O2 O3 O4 O5 sum obs→
↓ for

O1 O2 O3 O4 O5 sum

F1 6603 298 59 5 3 6968 F1 6683 305 67 5 3 7063

F2 3796 1190 513 49 11 5559 F2 3739 1196 542 48 16 5541

F3 1231 1140 1702 326 81 4480 F3 1197 1133 1671 356 82 4439

F4 57 76 301 254 125 813 F4 68 69 292 228 116 773

F5 6 11 49 77 107 250 F5 6 12 52 74 110 254

sum 11693 2715 2624 711 327 18070 sum 11693 2715 2624 711 327 18070

%FO 56 44 65 36 33 55 %FO 57 44 64 32 34 55

Table 3: Contingency table(s) for 0501 (30–42 h forecasts). EWGLAM station list.

D1E (RTTOV7) 200501 D1C (RTTOV8) 200501
obs→
↓ for

O1 O2 O3 O4 O5 sum obs→
↓ for

O1 O2 O3 O4 O5 sum

F1 6688 445 162 42 30 7367 F1 6805 434 165 49 32 7485

F2 3620 1028 537 57 18 5260 F2 3528 1030 521 44 20 5143

F3 1460 1189 1542 338 72 4601 F3 1435 1197 1572 344 82 4630

F4 117 97 334 211 103 862 F4 116 91 329 209 99 844

F5 24 25 59 73 103 284 F5 25 32 47 75 93 272

sum 11909 2784 2634 721 326 18374 sum 11909 2784 2634 721 326 18374

%FO 56 37 59 29 32 52 %FO 57 37 60 29 29 53

G4E (RTTOV7) 200501 G4C (RTTOV8) 200501
obs→
↓ for

O1 O2 O3 O4 O5 sum obs→
↓ for

O1 O2 O3 O4 O5 sum

F1 6166 324 101 21 7 6619 F1 6245 336 125 23 11 6740

F2 3930 1120 532 48 21 5651 F2 3872 1092 519 52 19 5554

F3 1691 1219 1640 361 111 5022 F3 1664 1233 1643 372 103 5015

F4 103 97 305 228 102 835 F4 105 99 287 214 113 818

F5 19 24 56 63 85 247 F5 23 24 60 60 80 247

sum 11909 2784 2634 721 326 18374 sum 11909 2784 2634 721 326 18374

%FO 52 40 62 32 26 50 %FO 52 39 62 30 25 50
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Implications for modelling ocean surface emissivity for AMSU, 
ATMS and CMIS from the Windsat mission 

 
Stephen English and Brett Candy 

UK Met Office 
 
The Windsat mission is the first to put a fully polarimetric microwave radiometer into space. That 
means it can measure the full Stokes vector for a range of frequencies. The 3rd and 4th elements of the 
Stokes vector are primarily sensitive to the ocean surface wind vector whereas the first two elements 
are sensitive to a wide range of atmospheric and surface parameters. New modelling efforts for 
Windsat have enabled the modelling of the variation of sea surface emissivity with wind direction and 
azimuthal look angle and this has given very encouraging results for Windsat. The standard deviation 
of the brightness temperature difference between observed and modelled (from background) is 
reduced by around 10% when these azimuthal variations are taken into account. This result will hold 
for SSM/I, CMIS and may extend to AMSU and ATMS. This poster will present the Windsat results 
and consider the relevance for AMSU and ATMS. 
 

International TOVS Study Conference-XIV Proceedings

465



 
 

The Second International Precipitation Working Group  
(IPWG-2004) Workshop 

 
Ralf Bennartz 

 
During 25-28 October 2004, the second session of the International Precipitation Working Group 
(IPWG) was hosted by the Naval Research Laboratory (NRL) Marine Meteorology Division (MMD) 
in Monterey, California, United States.  This event brought together the world’s leading experts in 
quantitative precipitation estimation.  Over fifty participants from more than nineteen countries 
spanning all WMO Regions attended.  WMO sponsored participants from Argentina, Brazil, Costa 
Rica, Peru and Spain.  
 
IPWG’s genesis started with encouragement from the WMO, who had strongly encouraged the 
Coordination Group for Meteorological Satellites (CGMS) to participate in the formation of an 
International Precipitation Working Group with active participation by WMO and the Global 
Precipitation Climatology Program (GPCP) within the framework of CGMS.  The first session of 
IPWG was held in Madrid, Spain in September 2002.  One important outcome from the first session 
was the establishment of an inventory of precipitation algorithms for routinely produced precipitation 
estimates, and the establishment of a now-ongoing and expanding series of validation programs for 
satellite-based (and several NWP model) precipitation estimates.  
 
Topics discussed during the second session included: international projects and satellite programmes; 
operationally-oriented precipitation datasets; validation and error analysis; and research activities.  
After several days of intensive and in-depth presentations, IPWG reconvened in three working 
groups: Operational/Techniques; Validation Activities; and Research Activities.  The 2nd IPWG 
session ended with a formal presentation of letters of appreciation from the WMO (presented by Dr. 
Hinsman of the WMO) to the outgoing IPWG co-chairs, Dr. Vincenzo Levizzani and Dr. Arnold 
Gruber. 
 
The new incoming IPWG co-chairs were announced, who will be Dr. Joe Turk of NRL-MMD and Dr. 
Peter Bauer of the European Centre for Medium Range Weather Forecasts (ECMWF).  The next 
IPWG meeting is tentatively planned for autumn 2006.   IPWG recommendations will be considered 
at the 33rd session of CGMS (CGMS-XXXIII) to be held in Japan in November 2005. 
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Implementation of AMSU-A usage over sea-ice in
DMI-HIRLAM

J. Grove-Rasmussen and B. Amstrup
E-mail: jgr@dmi.dk and bja@dmi.dk
Danish Meteorological Institute

Lyngbyvej 100, DK-2100 Copenhagen, Denmark
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Figure 1: The previous operational DMI-HIRLAM regions, geographical coverage and resolution specifi-
cations.
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Figure 2: Percentage of observed data at a specific position being retransmitted through EARS with an
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Data flow
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Forward model and emissivity
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Bias correction and error statistics
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Figure 3: The ATOVS AMSU-A data assimilated for January 8th 2005, 15:00 UTC. Blue diamonds are
over ocean and green over sea-ice.
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Figure 4: Observation verification (bias and rms, EWGLAM station list) results for January 2005 of sur-
face parameters and geopotential height, temperature and wind for pressure levels specified
in the plot. The OSE experiment was done with the DMI-HIRLAM-E model (see figure 1). The
upper curves are rms and lower curves bias, red without ATOVS over sea-ice and blue with
ATOVS over sea-ice.

International TOVS Study Conference-XIV Proceedings

471



&$,+)+:1�q#$,/<F?@�8#9#9�85p3T.'5H*�.1&9#eQ�!�5()+!�?D,/�7&e34.'5H#$����5 G 0�)+0"68, G  ")+0�:_���2K=M����� "!�#$!;.`Q'�85B&9�7!S��)+6O�P)-*B^D,/<=)+0�:_!
0�� G #95m!',�#9.A&$,+)+:1�q#�^y.1&()/#$)/Q'�P)-*B^D!'6O#8aA�����\^@.1&$)/#$)/Q'�\)+*B^D!'6O#$&H!�5$�_.'?D&9�85$Q'�7 )+0�#$���%�FK���b � �P!'0" �#$���
�'Y�x��Dbo!F^D!�5m!'*B�8#9�85(&;}T:'�8.'^@.'#9�70q#$)-!',����7)/:1�s#8nc#9�7*B^@�85(!�# G 5(�\!'0" �k�)-0" �&$^y�8�7 y�mnIk����85$�7!'&B*B.1&$#H.'3�#$���
.'#$���85�^r!�5(!'*B�8#9�85(&��D!7Q'�e0�� G #95m!',@#9.BQ'�85$<\&(,+)/:1�s#{^@.1&$)/#$)+Q'��)-*B^D!'6O#8a��
.1&9#d5$�7*�!�5$��!�?D,/��)+&z)/#z#$�"!�#��2K=�fb
�"!'&�?y�8�70p)+*B^"5$.`Q'�7 �nS�8Q'�70p#$��. G :1��#$����!' " D)/#$)/.10"!',' "!�#$!�!�5$��6m�"!'0"0��7,+&�^@�7!��C)+0":��")/:1��)+0�#$�"��!�#$*B.1&9^D�"�85$�'a

Conclusion and future work
�����H.'?D&9�85(QS!�#$)/.102!'&$&()+*�)+,+!�#$)+.10%�OhC^@�85()-*B�70q# G &$)-0�:Z!' " ")+#$)/.10"!',�&$�7!S��)+6O�B "!�#$!_&$��.Rk�!_0�� G #95m!',�#9.%&$,+)+:1�q#
^@.1&$)/#$)/Q'�u)+*B^r!'6O#8n�k��")+6m�
kj�u�OhC^@�76O#�#9.%)+0"6O5$�7!'&$�H?C<;5$�768!',-6 G ,+!�#$)+0�:\#$���u?D)+!'&�&9#$!�#$)-&9#$)+68&�#9.%6O.RQ'�85H*B.'5$�
k�)+0s#9�85{&$�7!'&9.10P!'0D P*B.= ")/3T<H#$����68,/. G  P68,/�7!�5()+0":p!',/:'.'5()/#$�D*%ns!'&{#$����.10"� G &9�7 P)+&c3T. G 0" �#9.�?@� G 0"5$�7,+)+!�?D,+�
.RQ'�85�,+!'0" %!'0D ;&9�7!S��)+6O�'a

���"�j!'&$&()+*�)+,+!�#$)+.10e&9<=&9#9�7*N)+&f&$#$!�?D,/��3T.'5�QS!�5m)+!�#$)/.10e.'3D#$���{�7*Z)+&$&$)/Q=)/#$)/�7&7nR? G #o&9#$)+,+,s&9.1*B�jk{.'5(�p0��8�7 "&f#9.
?@�� ".10���34.'5z#$����.'^"#$)+*Z!',r�7*Z)+&$&$)/Q=)/#ö<BQS!', G �7&{#9.B?@�� ��8#9�85(*�)-0��7 �a�J�^"#$)+*Z!',+,/<u#$�����7*�)+&$&()/QC)+#�<�&$��. G ,+ �?@�
 ��8#9�85(*Z)+0��7 \?D!'&9�7 \.10%���FK=M�����k�)+0" �.`k 6m�"!'0"0��7,-&8n=.'5jk�)/#$�\#$�����7*�)+&$&$)+QC)/#ö<B?@�7)+0�:u!�3T5$�8��^D!�5(!'*��8#9�857a
J�0",+<;!Zkj�7!��] ��8^@�70" "�70"6O<_.10]�7*Z)+&$&$)/Q=)/#ö<_)-&��Oh=^@�76O#9�7 F!'&�!',+,f#$���u6(�"!'0D0��7,+&�k�)/#$�]k{�7)/:1�s#$)+0�:P3 G 0"6O#$)/.10
5$�7!'6m�")+0�:_#$���u:'5$. G 0D ]!�5$�u:1)/Q'�70FQ'�85$<F,/.Rk�kj�7)/:1�s#�}�&9�8�B�f!�?D,+�\XR�mae	�0F#$���B&9�7!S��)+6O�u5$�8:1)/.10F�7*�)-&$&$)/Q=)/#$)/�7&
3T5$.1*�#$���HJpKC	 � �eK=��� *�)/:1�s#d^"5$.`Q'�e?@�8#9#9�85�#$�"!'0;!�E�hC�7 ;QS!', G �'a

���"��#9�7*B^@.'5(!',rQ�!�5()+!�#$)/.10P.'3g#$����?D)+!'&{^"5$�7 ")-6O#9.'5(&�)+&j)+0P:'�70��85(!',y5(!�#$���85z&$*�!',-,~nq? G #{!u,+!�5$:'��6O.10"&9#$!'0s#
 ")+&$^D,+!'6O�7*B�70s#�)+&d ��85()+Q'�7 %34.'5� "!�#$!B.RQ'�85�&9�7!S��)+6O��!'0" ;,+!'0" gnC�7&$^y�768)-!',+,/<Z3T.'5�#$���e,+.Rkj�85�6(�D!'0"0��7,+&8a

���"��,+!'0" A& G 5(3T!'6O��*�!'&$�F)+&�#9.
?y�u5$�8Er0��7 2#9.
6O.10s#$!')+0�.10",+<],+!'0" A!'0D A0�.%?@.'5( ��85CD8.10��
}T#$����D8.10��
.��Ò#$���_6O.1!'&9#B,+)+0"�`��!'&u)/#�)-&�!�#H^"5$�7&9�70s#8nIk����85(�P&9.1*B�_&9�7!S��)+6O�%!'0" �.=6O�7!'0�)-&�)+0D68, G  ��7 �a;���")+&e5(�7 G 6O�
#$����!'*B. G 0s#d.'3f D!�#$!H!RQS!')-,+!�?D,/��!'&d!',+,y?@.'5( ��85qD8.10��7&dk�)+#$�Z3T5(!'6O#$)/.10"!',@,+!'0D \!'0D \)-6O��&(��. G ,+ P?@��)/:10".'5$�7 �a
�.Rkj�8Q'�85Z#$���_.'?D&9�85(QS!�#$)/.10D&�.`Q'�85Z,+!'0" �?@�76O.1*B�7&B!2*B.'5$�%��.1*B.':'�70"�8. G &B&$!'*B^D,+�'aA� ���85(�_,-!'0" �5m)+&9�7&
�")/:1� }�*B. G 0s#$!')+0�. G &p5$�8:1)/.10"&H!'0" ��'a²:�a
#$���%��5$�8�70",+!'0D �)+6O�\&$���7,/3m�e "!�#$!
&$�". G ,+ A?@�Z5(�����76O#9�7 �.'5 G &9�7 
k�)/#$�%!�3 G 5(#$���85d5$�7 G 6O�7 
6(�"!'0"0"�7,g&9�7,/�76O#$)/.10ga

�j< G &$)-0�:_.'?D&9�85$Q�!�#$)/.10"&p.RQ'�85u&9�7!S��)+6O�Z�Oh=#95(!;)-0�34.'5m*�!�#$)/.10�)+&e:1!')+0��7 A�7&9^@�768)+!',-,/<])+0�#$���\��5$�8�70D,+!'0" 
!�5$�7!=a;��&p#$�"�Z!'*B. G 0s#p.'3d#$�")-&e "!�#$!;#ö<s^@�\ "!�#$!
)+&� ��8^@�70" ")+0":\.10�&9�7!'&9.10�nI!%3 G 5$#$�"�85�&9#$!�?D,+��^@.1&$)/#$)/Q'�
)+*B^r!'6O#�)+&d�Oh=^y�76O#9�7 
k����70 G &()+0�:B "!�#$!B.`Q'�85�,+!'0D �a

���"�
Q'�85$#$)+68!',��Oh=#9�70"&$)/.10 .'3e���;	ö���	����f��� )+&�^"5(�7&9�70q#$,+< X8xc�"b�!�k�)+#$�Ò68,+)+*Z!�#9.1,/.':'< !�?@.RQ'�F#$�")+&
,/�8Q'�7,~aI	|#z)+&�6O.10"&()+ ��85$�7 P#9.�#9�7&$#{#$����*B�8#$��.= P?s<Z&(�")/3T#$)+0�:�#$����#9.'^ G ^skz!�5( "&�.'5d!',/#9�85(0"!�#$)/Q'�7,+< G &9��!'6O# G !',
 "!�#$!�345$.1* #$��� �z� �;��� )+0 #$�")+&B5$�8:1)+.10�.'3�#$���
!�#$*B.1&$^D���85$�'a����"!�#�#$�"�85$�])+&�^y.1&()/#$)/Q'�;)+*B^r!'6O#�.10
�2K=��bÒk����70 G &()+0�:u "!�#$!��")/:1� G ^
)+0_#$���e!�#$*B.1&$^D���85$�p6O. G ,+ %�"!7Q'��#$���p)+*�^D,+)+68!�#$)/.10P#$�"!�#�&(�")/3T#$)+0�:u#$���
*B.= ��7,"#9.'^ G ^Ckz!�5( "&�!'0D P���70D6O��:1!')+0\!'686O�7&$&z#9.u*B.'5$��6m�"!'0"0��7,-&{*�)+:1�q#j�"!7Q'��!p^@.1&$)+#$)/Q'��)+*B^r!'6O#�.10\#$���
�'Y�x��Dbo!u,/�8Q'�7,�nC.'5d�8Q'�70
�")/:1���85z,/�8Q'�7,+&8aI�A�e&(��. G ,+ \!',+&9.u^"5$�8^r!�5$��3T.'5�U�J�����X%�u!'0D %���2K=M��������]�K ���
!'0" %#$�"�p�")/:1�_5$�7&$.1, G #$)/.10%)+0"345(!�5(�7 \&$. G 0" ��85(&7a

Acknowledgments
���")-&�kj.'5$�Ò)+&P^D!�5$#$,/<�Er0"!'0"6O�7 #$��5$. G :1��! � M�� � ��K=�I�V5$�7&9�7!�5(6m��34�7,+,+.Rk�&$�D)/^ .10��I��J���K ���FK=M
!'&$&$)-*�)+,+!�#$)/.10_)+0_5(�8:1)/.10"!',gU�� b{&8a
 4Ê ·�§9¶(¯eÀR§�¶z°s§�º¥§�ª�x"µ�§�¨~¨~«Rµ�§
 �9 ¿o½�§�¶m¯�¶(¯�³�À7§9¶{¢4½�§
  : ·�®¬½|µ�©[��¶9ºO§I¡f«S±d®»³`®²R��ÀR©¥«`¯�³R§|µ

International TOVS Study Conference-XIV Proceedings

472



�����%���j���n�y���
��*�&9#95 G ^�n���a_}~w�x'x1�1�ma 	|*B^r!'6O#�.'3%U�J�����X7[�!'0" U�J����HX�Bl�I��J���K ���2K=M���� 5(!' ")+!'0D6O�  "!�#$!

)-0 #$�������;	ö���	����f��� ������������!'0"!',/<=&$)+&�!'0" 3T.'5$�768!'&9# &9<=&9#9�7* �2vq!'0 G !�5(< !'0" �"�8?"5 G !�5$<
w�x'x1�CalK=68)/�70s#$)/ED6_���8^@.'5$#Px1�`��x1[Cn���!'0D)+&$� �
�8#9�8.'5$.1,/.':1)+68!',�	|0D&9#$)/# G #9�'aO���f�����[�,�� , f �¡�¢�£g¤'¡�¢�¥���¦f§
¨ ��� ¨,©mª ¤�¥�«3�m¤3¬	m�3®m¤	¢f¯�«��m�,°f±f±,²f�,³	¯�±f²�´�±,µ�¡���¢�¦ra

��*�&9#95 G ^�n"��a�}~w�x'x��s�mad	|*�^D!'6O#�.'3IU�J�����X7[P!'0" ;U�J����HX7[Z�I��J��eK%���FK=M����N5(!' ")-!'0"6O�e "!�#$!Z)-0%#$���
���
	����	�������� ������������ "!�#$!\!'&$&$)-*�)+,+!�#$)/.10%&$<C&9#9�7*V�z0�.RQ'�7*�?@�85�!'0" ] ��76O�7*�?y�85�w�x'x1�Ca·¶¹¸sº¼»E½�¾
¿ÁÀ�Â'Ã » À%Ä0Ä)À º¥n"�qYC�»w'�'Y�ÅCwS�fBsa

��*�&9#95 G ^�n@��a/nf�
.':'�70"&9�70gnÆ�Ba�Kya/ngU�)/�7,+&9�70�n�U�a@��a/n� G �7&$&7n���a/ng!'0" 2U�)/�7,+&9�70gn�v"a@��a�}~w�x'x1�1�maB���7& G ,/#$&
3T5$.1*N���;	ö���	|������� ^"5(�O��.'^y�85m!�#$)/.10"!',C#9�7&9#$&I^"5m)/.'5f#9.�#$��� G ^D:'5(!' ��z)+0u���76O�7*�?@�85�w�x'x1wCar�f�76(�"0D)+68!',
���8^@.'5$#Zx1�`�öw�x=n���!'0")+&(�Ò�;�8#9�8.'5(.1,/.':1)+68!',�	|0"&$#$)/# G #9�'aÇ���,�3�>�J�,�	 f , _¡�¢�£j¤y¡�¢�¥m�3¦,§ ¨ ��� ¨,©�ª ¤1¥�«	�6¤3¬�6���È3¥,¯�«��6�,°�±,±f²��3Éf¯�±f²�´m°f±@¡0��¢f¦ra

��0" ��85(&9�70gn@KyaI}�X7t't	�1�mae�;.10s#$�",/<;!�5$#$)-6�&9�7!\)+6O�H&$)/:10"!�# G 5(�7&�3T.'5 G &9��)+0
^D!'&$&$)+Q'��*�)+6O5(.Rkz!7Q'��!',/:'.'5()+#$�"*�&8a
�f�76(�D0")+68!',g���8^y.'5(#�t	�`�(X%�Cny��!'0")+&(�;�;�8#9�8.'5$.1,+.':1)+68!',�	�0"&9#$)+# G #9�'a

� G &$#$!�3T&$&$.10�nCU�a/n=�{�85(5$�'nC��a/nCnY.'5(0"i G )+&$#8n=Kya/nC G !'0":�nfÊHa �~�Ha/n��f)+0" "&9�'.':�n=��a/n=U�!7Q�!'&$6 G@Ë�7&8n"��a/n"�;.':'�70"&$�70�n
��aIKya/n{!'0" �����.'5(&9#9�7)+0D&$&9.10�n�Kyad}~w�x'x�XR�ma����"5$�8�O�� ")+*B�70D&$)/.10"!',IQ�!�5()+!�#$)+.10"!',{ D!�#$!F!'&(&$)+*�)+,-!�#$)/.10�3T.'5
!�,+)+*�)/#9�7 �!�5(�7!�*B.= ��7,~acb{!�5$#�	¥�j���70��85(!',�34.'5(* G ,+!�#$)+.10 !'0" �#$���
?D!'6$�C:'5$. G 0" Ò�85$5$.'5Z6O.10D&9#95(!')+0s#8a
Ì À »s»ÎÍ Ã nrY'�����²�qw'Y�Åq�'�q[Ca

�!�5$5()+&8n1��a'!'0" n���7,+,+<'n1�ua�}~w�x'x�XR�ma@�Ò&(!�#9�7,+,+)/#9�j5(!' ")+!'0D6O�O��?D)+!'&o6O.'5$5$�76O#$)/.10�&(6(���7*B�z3T.'5I "!�#$!�!'&$&$)+*Z)+,+!�#$)/.10�a
Ï>Ð�Ñ�ÐÎÒCÐgÓ ÀpÄ)À�Ô º Ô » Ð�Õ Ô%Ö Ð n�X7w3Bs�+XO�qY'��ÅrXO�q[	�Ca

��8k�)+&9.10�no��a�!'0" � 0�:1,+)-&$��nfKya{}�X7t't't1�ma;��)/5$?@.'5(0"�H5(�8#95()/�8Q�!',+&�.'3d&$0�.`k !'0" �)-6O�Z& G 5$3�!'6O���7*�)-&$&$)/Q=)/#�<F!�#
*Z)+,+,+)+*��8#9�85okz!7Q'�7,+�70�:'#$�"&8aÆ×[Ø�Ø@ØÙÌ�º[½�Ú Ã Ð Ô Ú�Û À�Ô�Ã�Ö ¸ À Ú Ö¼À ½�Ú6Ü Ò À ¾ Ô3Ä)À Õ À Ú Ã ¸sÚfÝ'n=�3B=}T�s�m�+X%�3BCX¼ÅrX%�3B�t=a

��)-0" "&9�'.':�n���a/n"� G &$#$!�3T&$&$.10�nCU�a/n�U�!RQS!'&(6 G@Ë�7&8n"��a/n��
.':'�70"&9�70gn���a=Kya/n= G !'0�:�nfÊHa �~�ua/n=��!'0�:�n�Ê�a/n=��0D �5¼Þ�n
M�a/n"�j�85$5$�'nD��a/n�����.'5(&9#9�7)-0"&$&9.10�nDKya/n�!'0" %��!'0q#$!��'.'�C�'.�n�v�ag}~w�x'x�XR�ma�����5(�8�O�� ")+*B�70"&()/.10"!',rQS!�5()-!�#$)/.10"!',
 D!�#$!Z!'&$&$)-*�)+,+!�#$)/.10_3T.'5�!P,+)+*�)+#9�7 %!�5$�7!Z*B.= ��7,~arb�!�5$#�	$	m�rJ�?D&9�85$Q�!�#$)/.10
�D!'0" ",+)+0":H!'0" ]!'&$&$)+*Z)+,+!�#$)/.10
�Oh=^@�85()+*B�70s#$&8aßÌ À »s»�Í Ã nDY'���p�²�'�fB%Åq�q[	�Ca

�ZY!�#[D7,/�857n � ad}�X7t'tS�s�ma b�!'&$&$)/Q'�%*�)-6O5$.Rkz!7Q'�
&()/:10"!�# G 5$�7&H.'3�,+!'0" "&$68!�^@�7&H)+0�k�)+0s#9�857a Ó À%Ä)ÀvÔ º Ô » Ð>à Ä ¾ Ô�Ã Ð
á_â�ã�Ã Ð nrYS���»wS�"X¼ÅCw'[�x=a

K=!'&$&7nc��aI�a/n�U�)/�7,+&9�70�nIU�af��a/n{v���5$:'�70"&9�70�n�v"aoM�a/n���*�&9#95 G ^gnI��a/n��p*�)/#8n���a/n�!'0" �;.':'�70"&$�70�n��BacKya
}~w�x'x1w1�ma �����
.'^@�85(!�#$)/.10D!',����
	����	|������� &9<=&9#9�7* �Bw�x'x1w�Q'�85m&$)/.10�a��f�76(�D0")+68!',����8^@.'5$#\x1w`�öYCn
��!'0")-&$���
�8#9�8.'5$.1,/.':1)+68!',H	�0"&9#$)/# G #9�'aä���,�����[�f�	 , f �¡�¢�£g¤'¡�¢3¥m��¦f§ ¨ ��� ¨f©6ª ¤�¥�«	�m¤3¬	��3��È3¥f¯�«��m�f°f±,±f°,�É,¯�±,°,´�±�å�¡���¢f¦ra

K=! G 0D ��85(&8n��ea/ny�
!�#95()-68!�5( ")~n"��a/nD!'0" ;�j5 G 0"�7,~n�bfa�}�X7t't't1�maz��0;)+0�^"5(.RQ'�7 _3�!'&9#�5(!' ")-!�#$)/Q'��#95(!'0"&93T�85�*B.= ��7,
3T.'5�!'&$&()+*�)+,+!�#$)+.10P.'3I&$!�#9�7,-,+)/#9��5(!' ")-!'0"6O��.'?D&9�85$Q�!�#$)/.10"&7a Ï>ÐæÑ�ÐÎÒ¹ÐgÓ ÀpÄ)À�Ô º Ô » Ð�Õ Ô%Ö Ð n�X7w'YC�+XO�1x�B%ÅrXO�qw'YCa

K=6m�q<C?@�85$:�nf�a/no�f!'0" ��7,+) G &8n���a/nf����.'5(&9#9�7)+0D&$&9.10�noK@a/n��dQ'�8#9�857n��ja/nf��)/:10��7&8nIJHa/nf��*�&9#95 G ^gn���a/n�� G &9#$!�3�&��
&$.10�npU�a/n�vmY!�5$Q=)+0��70gn��a/np!'0" ���)+0" D&9�'.':�np��au}~w�x'x1�1�ma ��&$&$)+*�)-,+!�#$)/.10�.'3B�I��J���K  "!�#$! )-0l#$���
�	�������� ����������� &$<C&9#9�7*;a��f�76(�"0")-68!',����8^y.'5(#\[�x=n��	���������aç���f�����[�,���d¤�¯ ª «�£è¡�¥f�£j¤y¡0 ª �
¬	�mÈ�6��� ¨,©mª ¤fé�«3�m¤3¬�jê3�	É�È�é1��ë�È	��¬�¯f�6ê	�3Éfë�µ,±�¡���¢,¦Da

International TOVS Study Conference-XIV Proceedings

473



 
Recent Development of ATOVS usage in Korea Meteorological 

Administration 
 
 

Sang-Won Joo, Eun-Joo Lee, and Seung-On Hwang 
 

Numerical Weather Prediction Division, Korea Meteorological Administration, Seoul, Korea 
 
 
 

Abstract 
 

The ATOVS radiance data has been assimilated operationally at the Korea Meteorological 
Administration since December 2004. The 1dVar is applied as a quality control before the radiance 
assimilation. The bias correction is done in 1dVar and bias corrected innovation is passed to the 3dVar. 
The scan angle and air mass bias correction is performed. The predictors for the air mass bias correction 
is AMSU A 5,7, and 9 channels and SST. The observation error is not fixed but computed from the 
innovation and background error covariance in radiance space at every soundings. The observation error 
helps to present the details of atmospheric situation. The analysed ozone profile is used for the radiative 
transfer model. The impact is small yet but it can be important to assimilate ozone channels in future. The 
forecast results of direct assimilation are verified. The impact is significant most of the area including the 
Northern Hemisphere. Typhoon track is well predicted and it is assumed that strength and location of the 
north pacific high pressure is precisely analysed with the help of ATOVS data.  
 
 
1. Introduction 

Many operational centers adapt variational method as a numerical weather prediction (NWP) analysis 
scheme. The variational analysis method is global minimization and can get more balanced analysis than 
the traditional optimal interpolation method, which is local minimization in getting the analysis. Another 
advantage of the variational analysis is that it can assimilate asynoptic data such as satellite radiation 
effectively by using observation operator, while the traditional optimal interpolation is difficult to 
assimilate asynoptic data (Coutier et al., 1998; Deber and Bouttier, 1999; Lorenc et al., 2000; Rabier et al. 
1998). The Korean Meteorological Administration (KMA) has replaced the traditional statistical 
interpolation method at the end of 2003 in order to get a better analysis over the ocean by assimilating 
satellite radiance data directly.  

In this study, the direct assimilation of ATOVS data is developed and the method is described in Section 
2. The analysis and forecast results with the direct assimilation are compared with that of the operational 
one at KMA in Section 3. The summary and discussion is in Section 4. 
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2. Method 

a) 3dVar 
The 3 dimentional data assimilation method is originated from the Japan Meteorological Agency 

(Takeuchi and Tsuyuki, 1999). The analysis variables are vorticity, unbalanced divergence, unbalanced 
surface pressure and temperature, and logarithm of specific humidity on hybrid sigma level and in 
spectral space. The incremental method is adapted with the resolution of inner loop of T63 and outer loop 
of T213.  

The background error covariance is a block diagonal matrix. It is assumed that the horizontal error 
correlation is uncorrelated by using the spectral coefficient under the condition with the homogeneity and 
isotropy. The error correlation between variables is removed by using the unbalanced part of the variables. 
The linear balance equation is used to remove the balance component between mass and wind field and 
the constraints of the balance vary depending on the latitude (Daley, 1996). However the vertical 
correlation is explicitly considered to make the background error covariance block-diagonal. The 
latitudinal dependency of the vertical error correlation is considered. 

For operational use, the typhoon bogus technique is applied to the background before the analysis 
depending on the Fujita formulation (Fujita, 1952). The global model at KMA is spectral model of which 
truncation is T213 and therefore the background of the analysis is spectral coefficient and the analysis 
increment in spectral space is directly used as an initial filed of the global model. 

 
b) Direct Assimilation 

For the satellite data assimilation, the ATOVS level-1d radiance data is used directly in the 3DVAR 
system. As the 3dVar in KMA has no outer loop, all the radiance data passed to the analysis is used in the 
minimization, and therefore the quality control of the radiance data is extremely important. The 1dVar is 
processed before the direct assimilation as a quality control. The bias corrected radiance innovations 
which is successfully minimized in the 1dVar can be passed to the 3dVar for the direct use of radiance. In 
1dVar, the innovation of HIRS 1-8, 10-15 and AMSUA 4-11 are calculated only over the ocean and cloud 
information retrieved from the NESDIS is used to calculate the cloudy radiance. If the bias corrected 
departure of window channel (HIRS 8 is used) exceeds 1.5 degree, the cloud information is assumed to be 
wrong and the data is rejected. If the calculated radiance exceeds 350K or less than 150K, the data is 
rejected.  The number of innovations of which absolute values are less than 4 degree are less than 4 
channels the sounding is rejected.  

  The bias correction is based on the method proposed by Eyre (1992) and the channel predictors of 
the air mass bias are HIRS 1 AMUS-A 5, 7, and 9. Scan angle bias correction coefficients depend on the 6 
binned satellite zenith angles (0-5degree, 5-15, 15-25, 25-35, 35-45, 45-above) and the direction is 
ignored. The control variables in 1dVar are temperature, specific humidity on the standard pressure levels 
up to 10hPa, surface pressure, and horizontal winds over the sea surface. The other data necessary for the 
radiative transfer model ( RTTOV version 7 is used in this study) is from climatology( i.e. ozone profile), 
from NESDIS retrieved profile( i,e. temperature above model top and humidity above 300hPa), and from 
NOAA surface analysis( i.e. SST). 

 The background error of 1dVar is independently calculated from the 3dVar background error. The 
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3dVar background errors are calculated from the difference between 24 and 48 hours forecasts of spectral 
coefficient on model’s hybrid sigma level using the NMC method. However, the 1dVar background errors 
are calculated from 24 and 48 hour forecasts difference of physical variables   converted into physical 
space of standard pressure level and the Gaussian grid.  

The observation error of the radiance is calculated for each radiance observation. The observation error 
is calculated by using the relationship between innovation and background error in the radiance space. 
This method can help to get the objective value of the observation error and can be directly related to the 
current situation of the weather. The details are in Joo and Lee(2002). 

The 3dVar formulation and flow charts are in Figure 1. In figure 1,  is the cost function, incJ η  
stands for the control variables, D means innovations, H is tangent linear of observation operators and it 
is radiative transfer model for radiance observation. xδ  is control variables multiplied by the 
background error, and the superscript T and -1 mean matrix transpose and inversion respectively. B 
means background error covariance matrix, R is observation error, xb means background, y is observation, 
H�is observation operator. 

 

Figure 1. Schematic diagram of direct assimilation in KMA. The symbols are explained in the text.  
 

c) Basic state update 
The basic state of tangent linear operator is not fixed during the minimization and it is necessary to 

update the basic state at every iteration. However, it requires lots of computing time and most of the 
centers do not update the basic state of the tangent linear operator. The radiative processes are highly non-
linear compared to the other transforms in observation operator and it it necessary to check the validity of 
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the fixed basic state during the minimization. For simplicity, the 1dVar is used instead of 3dVar. The 
1dVar analysis results from a fixed basic state are compared with that of updated one. The correlations of 
the results are shown in table 1. Except the upper level humidity retrievals, most of the results show high 
correlation coefficient and even in the radiative processes are highly non-linear, it might be reasonable to 
use the fixed basic state during the minimization. With this results, the basic state is fixed during the 
minimization in this study.  

 
Table 1. The correlation and linear regression coefficient between the 1dVar analysis with updating the 
basic state of observation operator and that of fixed basic state. 

 

 
d) One point observation experiments 

At 125E and 30N, a radiance innovation of which departure is +3 degree is assimilated to verify the 
spread of information. The temperature and humidity increments are shown in figure 3. Most of the levels, 
analysis increment of temperature is positive as expected. However, there are negative increments near 
the tropopause. The reason is assumed to be caused by the negative error correlation structure in 3dVar. 
The temperature error correlation structures are shown in figure 3. The humidity is dew point depression 
and positive value means decrease of humidity in the atmosphere. The positive innovation in humidity 
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channel means less humidity in the observation and analysis becomes drier than the background. The 
results are the same as we expected and direct assimilation is working properly.    
Figure 3. Analysis increment of temperature(left), dew point depression(center), and wind vector and 
geopotential height(right) caused by the one point radiance observation located at 125E/30N.  

3. Results 

a) RAOB fits 
Analysis results are verified against collocated radiosonde observation from 14 December 2003 to 28 
December 2003 (Fig. 4).  
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Figure 4. Averaged analysis verification against RAOBs from 14 December 2003 to 28 December 2003. 
3dOi, 3dVar and direct stand for the verification of 3dimentional optimal interpolation, 3dVar without 
direct assimilation of ATOVS data, and 3dVar with direct assimilation respectively. 
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As a reference, the analysis results of 3dOI are also shown. The bias is much reduced with the direct 
assimilation especially over the stratosphere, while there is no improvement in the troposphere. It means 
that the satellite data is more effective in the stratosphere than in the troposphere as the in-suit observation 
is limited in the stratosphere. In the northern hemisphere and the tropics, the bias is increased at the model 
top. The reason is not clear yet and need more investigation on this problem. The standard deviation is 
improved mainly over the stratosphere like bias and it is most distinctive over the northern hemisphere. In 
the troposphere, the standard deviation is smallest in the 3dOI case. The initialized filed is also verified to 
find out the reason of better fit of 3dOI. The RAOB fit of background, analysis, and initialized filed are 
shown in Fig. 5. The 3dOI analysis fit well to the RAOB, however, the initialized filed move away from 
the RAOB and come close to the background. It means the 3dOI analysis is done locally and fit well to 
the nearby RAOB but the analysis field is not well balanced. Therefore during the initialization process, 
the analysis moves away from the RAOB to keep the balance. On the contrary, the 3dVar shows no 
changes between analysis and initialized filed. It means the 3dVar analysis is already well balanced and 
can get more optimal solution than the 3dOI. 
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Figure 5. Averaged RAOB fits of background, analysis and initialized filed against RAOBs from 14 
December 2003 to 28 December 2003. The 3dOi, 3dVar stand for the verification of 3dimentional optimal 
interpolation, 3dVar respectively. 
 

b) Forecast verification 
The global 10 day forecasts are produced with assimilating the ATOVS radiances. The radiances are 

assimilated 6 hourly in the global numerical weather system in Korea Meteorological Administration and 
10 day forecast is produced at every 12 UTC. The experiment period is from 24 December 2003 to 7 
January 2004 for the winter season and from 4 April to 31 July 2004 for the spring and summer season. 
The experiment is referred as DG3V hereafter. Another experiment named G3VR is performed which is 
identical to the DG3V except assimilating the ATOVS data in retrieved form instead of radiance itself. 
The 10 day forecast of both experiments are verified against it own analysis. Figure 6 shows the results 
for the 500hPa geopotential height in the northern hemisphere, the tropics and the southern hemisphere.   
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Figure 6. Anomaly correlation of 500hPa geopotential height forecast for the DG3V and G3VR 
experiments. Left panel is for the winter case and right panel is for the spring and winter case. Top , 
middle and bottom is for the Northern Hemisphere, Tropics, and the Southern Hemisphere, respectively. 

 
In the winter case, the impact of radiances is positive all the area and most significant in the Northern 

Hemisphere and the positive impact become stronger after 5 day forecast. For the spring and summer case, 
the impact is almost neutral in the Northern Hemisphere and in the Tropics, and positive impact is shown 
in the Southern Hemisphere.  

 
c) Typhoon Track Forecast 

The radiances are assimilated only over the ocean in this study as the surface emissivity over a land is 
very difficult to calculate accurately. The typhoon track is strongly affected by the surrounding air flow 
over the ocean and the accuracy of typhoon track forecast can be used to estimate the quality of analysis 
over the ocean. Therefore the error of typhoon track forecast is verified to evaluate the analysis over the 
ocean by assimilating the ATOVS data. All the typhoons which come near the Korean peninsula during 
the experimental period are used to calculate the track error and the averaged errors are shown in Fig. 7. 
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The typhoon track errors are much reduced with the help of radiance assimilation. The typhoon track 
error is reduced about 200km at 72 hour forecast and the peak error reduction is about 450 km at 168 hour 
forecast. 

Mean Diff of TY Track  Error(CNTL-EXPR)
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Figure 7. Difference of mean track errors of Typhoon forecasts in 2004(G3VR-DG3V).  

4. Discussion 

The impact of radiance assimilation in the Korea Meteorological Administration’s global numerical 
weather forecast is evaluated. The general performance showed positive impact in analysis and forecast. 
Especially, the typhoon track forecasts are quite much improved.  

However, after long term parallel experiment, it shows a drift of upper level temperature forecast in the 
tropics. The fit of background to the radiance observation was increasing especially at the stratospheric 
channels (Fig. 8).  

Figure 8. Time series of radiance innovation from 2 April to 31 December 2004 for AMSUA channel 5, 6, 
7, 8, 10, and 11. 

 
It resulted in a degrade of forecast skill in the tropics. With extensive investigations, it was found that 

the increasing innovation was caused by the bias correction method applied in radiance assimilation. The 
bias correction in this study based on the Eyre(1992)’s method and therefore the bias correction moves 
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observation to the average value of background. If the model forecast has strong bias, the bias cannot be 
corrected by the radiance assimilation if the bias correction is applied. In KMA, there is a strong warm 
bias at the stratosphere (see Fig. 8). The bias correction is only applied at the tropospheric channel 
radiances to correct the warm model bias at the stratosphere. No bias correction at the stratospheric 
channels can help to reduce warm bias at the stratosphere temperature forecast. However, it makes the 
forecast temperature warmer below the tropopause (Fig. 9), and is found to be caused by a negative 
temperature background error correlation between stratosphere and upper troposphere. 
 

Figure 9. Difference of zonal mean temperature between DG3V and G3OI (The DG3V and G3OI is 
explained in the text). 

 
The bias correction is applied not only for the tropospheric channels but also for the stratospheric 

channels and the same cycle experiments as DG3V are done (This new experiment is named BIAS). The 
results show no model drift and forecast results are better than the DG3V experiment (Fig. 10), but the 
warm model bias at the stratosphere remains. It is necessary to find a way to remove warm model bias at 
the troposphere in the future. 

 

Fi ure 10. One month averaged root mean square error of 500hPa geopotential height forecast for the 
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On the assimilation of AMSU-A & -B raw radiances over land at 
Météo-France 

 
Fatima Karbou, Elisabeth Gérard, and Florence Rabier 

Météo-France/CNRM/GMAP 
 
 
If AMSU-A and -B raw radiances are operationally assimilated over oceans in many NWP systems, 
their assimilation over land is still limited. At best only channels that are not sensitive to surface are 
considered. Efforts are performed at Météo-France to use more AMSU channels over land when the 
surface is reliably described with previously calculated AMSU emissivity maps.  
 
The purpose of this work is to describe the research developments undertaken to assimilate AMSU 
radiances over land together with some preliminary assimilation results. 
 

International TOVS Study Conference-XIV Proceedings

484



Assimilation of SSM/I radiances in the NCEP global data 
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Prediction (NCEP), Tokyo, Japan 

** National Centers for Environmental Prediction (NCEP), Camp Springs, MD, USA 
 
Abstract  
A technique for the assimilation of Special Sensor Microwave Imager (SSM/I) data in the National 
Centers for Environmental Prediction’s (NCEP’s) global data assimilation and forecast system is 
described.  Because the radiative transfer (RT) model used here does not yet allow for cloud/rain 
effects, it is crucial to properly identify and exclude (or correct) cloud/rain-contaminated radiances 
using quality control (QC) and bias correction procedures.  Both procedures require an accurate 
estimate of the total column cloud liquid water (CLW).  The CLW is used in a frequency dependent 
cloud detection component of the QC and as a predictor in the bias correction algorithm. 
 
A two-month data assimilation experiment from July to August 2004 using the Gridpoint Statistical 
Interpolation (GSI) analysis system and the NCEP operational forecast model reveals that SSM/I 
radiance assimilation has significant positive impact on the analyses and forecasts.  It adds moisture 
in the NH and tropics, and slightly reduces the moisture in the mid- to high-latitudes of the SH. 
Although the moisture added appears to be slightly excessive in the tropics, it reduces model spin-up 
of precipitation and substantially improves the dynamic fields.  In addition, it improves forecast skill 
globally, especially in measures of the 200hPa vector wind error in the tropics.  In terms of hurricane 
track, the SSM/I radiance assimilation produces more cases with smaller errors and reduces the 
average error. No disruption of the Hadley circulation is found by introducing the SSM/I radiance 
data. 
 

1. Introduction 
In the operational global data assimilation system (GDAS) at the National Centers for Environmental 
Prediction (NCEP), most satellite data are assimilated as radiances into the Spectral Statistical 
Interpolation (SSI) 3DVar analysis system (Parrish and Derber 1992; Derber and Wu 1998).   
The radiances are assimilated using the Community Radiative Transfer Model (CRTM) with Optical 
Path Transmittance (OPTRAN) algorithm (Kleespies et al. 2004) and surface emissivity models, such 
as FASTEM (English and Hewison 1998) for microwave instruments over the ocean.  The SSI will 
be replaced by Gridpoint Statistical Interpolation (GSI, Wu et al. 2002) analysis scheme which is used 
in this study.  For Special Sensor Microwave Imager (SSM/I), precipitation and ocean surface 
wind-speed estimates are assimilated operationally (Treadon et al. 2002; Yu et al. 1997).  However, 
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no atmospheric moisture information from SSM/I in rain-free areas is utilized in the GDAS.  Past 
attempts to assimilate retrieved total column water vapor (TCWV) disrupted the Hadley circulations 
by moistening the lower troposphere in the tropics (Treadon et al. 2002).  The direct assimilation of 
SSM/I radiance has three advantages over the TCWV and wind speed retrieval assimilation; 1) better 
handling the vertical observation information by accounting for weighting functions in radiative 
transfer (RT) calculation, 2) processing the moisture and wind signals consistently through RT and 
ocean surface emissivity model, and 3) simplifying description of observation errors.  The inclusion 
of the cloud condensation in forecast variables (Moorthi et al. 2001) has made the model climatology 
more consistent with the SSM/I data response in the assimilation system.  This paper describes the 
processing and results of the SSM/I direct assimilation. 
 

2. Quality Control 
SSM/I pixels over land or sea-ice are removed because of the relative difficulty in estimating an 
accurate surface emissivity, skin temperature and CLW.  Identification of sea-ice is based upon a 
daily sea-ice analysis at NCEP.  Pixels are used only when all observed brightness temperatures 
(TBs) range between 70 to 320 K and TBv + 2 K < TBh, where TBv (TBh) is vertically (horizontally) 
polarized TB.  Also, a rain check from Ferraro (1997) excludes any pixels with a scattering index 
over 10. 
 
Cloud-contaminated channels are identified and removed when CLW retrieval values from Weng et al. 
(1997) exceeds predefined criteria (clw0) depending on its frequency.  The clw0 are determined so that 
amount of liquid water absorption, which is proportional to CLW under the Rayleigh approximation, is 
equal at every frequency.  When CLW threshold of English et al. (2000), 0.1 kg/m2, is applied to the 
SSM/I 37-GHz channels, clw0 criteria listed in Table 1 are obtained.  Table 1 shows that channels at 
higher frequency are more likely rejected by the cloud-QC.  Finally, a gross check screens out 
outliers by rejecting channels if |O-G| > σo or 6.0 K, where O, G and σo are observed TB, first-guess 
TB, observation error, respectively.  σo, listed in Table.2, is calculated from the standard deviation of 
O-G, and modified based on Chouinard and Hallé (1999).  
 

Table.1: The criteria (clw0) of cloud-QC for each channel 
Channel 19V,H 22V 37V,H 85V,H 

clw0 (kg/m2) 0.35 0.27 0.10 0.024 

 
Table.2: Observation error σo assigned to SSM/I. 

Channel 19V 19H 22V 37V 37H 85V 85H 

σo [K] 1.60 2.26 2.01 1.48 2.28 1.43 2.33 

 
 

3. Bias Correction  
The bias correction for SSM/I is implemented using the operational bias correction scheme in GDAS 
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(Derber and Wu 1998).  The scheme consists of a slowly varying component and an air-mass 
dependent component. The former is intended to remove the bias across a scan, and is computed at 
each scan position from QC-ed O-G differences accumulated for the latest 30 days.  The air-mass 
dependent component is expressed as a linear equation with five predictors: a constant, the scan angle 
path (always set to zero for SSM/I), the CLW, the integrated lapse rate over the simulated weighting 
functions and the square of the integrated lapse rate.  The regression coefficients are included as 
analysis variables and are determined globally along with other analysis variables.  Figure 1 
illustrates the clear dependency of O-G residuals on CLW over the ocean, suggesting that CLW 
predictor plays an important role in the bias correction.  The integrated lapse rate is integration over 
all model levels of the lapse rate dT multiplied by the difference of vertically adjacent transmittance dτ, 
which contains moisture information for SSM/I.  An attempt to include apparently more 
moisture-related variables, such as TCWV itself or TCWV weighted by dτ, has not outperformed the 
operational combinations of the predictors.  The frequency histogram of O-G in Fig.2 shows that 
O-G residuals for all channels are clearly reduced by the bias correction scheme.  

 
 

4
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Fig.1: Dependency of observed-minus-guess brightness temperature difference (O-G, units
are K) on CLW (kg/m2) over the ocean.  Data shown is from DMSP-15 SSM/I at 00UTC on 1
July. 
 

 
. Forecast and Analysis Impacts of the SSM/I Radiance Assimilation 
wo assimilation experiments were carried out from 1 July to 31 August 2004 in order to assess the 

mpact of the SSM/I radiance assimilation on forecasts and analyses.  The configuration of the data 
sage is as follows: 
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Fig.2: Frequency histograms of O-G before (blue lines) and after (red lines) bias correction. 
They are produced from all data which pass all QC procedures from DMSP-15 SSM/I for 15 
days in July 2004. The units for O-G are K 
 

CNTL: identical to the operations one, where moisture-related observations are rawinsondes, ships, 
buoys, HIRS/AMSU-A/AMSU-B/MSU radiances onboard NOAA14-17, GOES sounder radiances, 
and precipitation estimates from SSM/I and TMI. 
 
TEST: SSM/I radiances from DMSP-13, 14 and 15 satellites are added to CNTL.  SSM/I retrieved 
wind-speeds are removed.  
 
The inclusion of the microwave emissivity jacobian with respect to wind allowed the extraction of the 
surface wind information from MW radiances and made the use of retrieved wind-speed redundant.  
The resolution of the forecast and analysis model is T254L64, and is reduced to T170L42 beyond 
84-hours. 
 
Figure 3 shows zonal mean difference at the first analysis time for the specific humidity between 
TEST and CNTL.  The SSM/I radiance assimilation adds moisture in the tropics and NH, and 
decreases mid- to high-latitudes of the SH, while only small temperature differences are seen (not 
shown).  On average over the 2-month period, TCWV rises by 0.43 and 1.01 kg/m2 in the NH and 
tropics, respectively, while it decreases by 0.22 kg/m2 in the SH.  The absolute value of the monthly 
O-G residual for AMSU-A1, which is sensitive to TCWV, is decreased over the ocean by the SSM/I 
radiance assimilation (Fig.4), suggesting that the SSM/I radiance assimilation improves the moisture 
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Fig.3: Zonal mean of 1st analysis difference between TEST and CNTL for specific humidity. 
Vertical axis indicates a sigma level from 1.0 to 0.1, and horizontal axis is 90S (left) to 
90N (right). 

 

 

 
Fig.4: Monthly averaged TEST-minus-CNTL of absolute O-G for AMSU-A1.  Green 
shade indicates that TEST reduces O-G residuals.  

field.  The higher levels of moisture are retained for 7 or more days in the forecast for the tropics and 
NH, indicating that the moisture field is compatible with the model physics.  Moreover, it reduces 
model spin-up at the beginning of the forecasts in the tropics.   
 
Figure 5 shows the Root Mean Square Error (RMSE) and bias of the temperature analysis and 6 hour 
forecast verified against rawinsonde observations.  There is reduction in both RMSE and bias for the 
TEST experiment at almost all levels and regions.  In particular, the reduction in the tropics is 
significant.  The vector fit of wind is also improved (not shown), but not as significantly as for 
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Fig.5: Root mean square error (RMSE) and bias of analysis and first-guess for temperature 
(K) verified against rawinsonde observations.  The statistics are computed for 7 July - 31 
August 2004. 

 
 

 
Fig.6: The same as Fig.6 except for moisture (g/kg) 

International TOVS Study Conference-XIV Proceedings

490



temperature.  The moisture bias is increased in both the analysis and first-guess, especially at 
700-850 hPa in the tropics (Fig.6).  This wet bias may be associated with misrepresentation of the 
moisture field due to insufficient model resolution or/and background errors.  The increased moisture 
over the ocean in the tropics may be incorrectly extrapolated over the land where most rawinsondes 
are located.  Indeed, an increase of the spatial resolution from T62 to T254 in preliminary 
experiments reduced the bias in the tropics for TEST. 
 
Averaged forecast scores of 500Z in the extra-tropics and wind vector in the tropics are shown in Fig.7.  
There is slight improvement in the anomaly correlation (AC) in the NH, and significant improvement 
in other regions.  In particular, the 200 hPa vector wind RMSE in the tropics is substantially reduced 
for the whole forecast range.  In addition, a reduction in the track error of hurricanes and tropical 
storms over the North Atlantic Ocean is more frequently found in TEST (not shown).  Monthly 

 
 

  

 
 
 

Fig.7: Average anomaly correlation scores for 500Z in the NH and SH (upper two panels) and 
vector wind RMSE in the tropics at 200 hPa and 850 hPa (lower panels).  TEST and CNTL 
scores are plotted by red and black lines, respectively, and are computed for 7 July - 31 
August 2004. 
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averaged zonal means of the vertical and meridional wind for the second month of the experiments 
(August 2004) shows no significant difference between TEST and CNTL (not shown), suggesting that 
the Hadley circulation is not disrupted by the SSM/I radiance assimilation.  
 

5. Summary 
A scheme to assimilate SSM/I clear or thin-cloud radiances over the ocean has been developed.  QC 
and bias correction procedures have been developed using an accurate and robust CLW retrieval 
algorithm.  Results from a 2-month assimilation/forecast experiment, from July to August 2004, 
indicate the SSM/I radiance assimilation moistens the NH and tropics while dries the mid- to 
high-latitudes of the SH.  The moisture added in the tropics may be excessive.  However, it reduces 
the model spin-up of precipitation in the tropics and substantially improves the mass and wind fields.  
Average forecast scores are improved slightly in the NH and substantially in the tropics and SH.  
Contrary to earlier results using TCWV, no disruption of the Hadley circulation was found for the 
SSM/I direct assimilation. 
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ABSTRACT 
 
 

  TOVS data retrieved from NOAA-16 satellite, by the World Data Center for Remote Sensing 
of the Atmosphere (WDC-RSAT), have been analyzed and compared with the one-way 3 nested 
domain integration of the Fifth-Generation NCAR/Penn State Mesoscale (PSU/NCAR) Modeling 
System (MM5). The analysis has been conducted throughout comparison with data collected by the 
automatic meteorological station (EMA) of the Institute of Meteorology (IM) and Lisbon 
radiosounding station (Portugal). The basic form of multi-scale data assimilation procedures (FDDA), 
based on Newtonian relaxation of analysis and observations nudging, have been used on mesoscale 
model MM5 for a precipitation event occurred over Portugal during summer season simulations. In 
order to figure-out the effectiveness of TOVS data in reducing the sounding data retrieval errors, 
particularly near surface levels, and to improve the precipitation forecast, the rainfall occurrence days, 
during October 2004 over Portugal, a particular event simulated using a weak constrained 4DVAR 
satellite retrieved data assimilation procedures have been selected. Several simulations mode have 
been conducted including observation data available, especially the asynoptic satellite data in the 
analysis and also without any assimilation at al. The mesoscale model forecasting has been processed 
employing both TOVS data from NOAA-16, as well as the EMA and upper air radio-sounding data in 
the analysis. The results show that vertical temperature profiles have small departures, compared with 
its humidity counterpart, with respect to both observations and model simulations. The results revealed 
that, although humidity data have suspicious quite large retrieval errors, they contribute to improve the 
precipitation events forecast over Portugal.    
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Introduction 

 The numerical weather forecasting models are very sensitive to small perturbations in the 
initial conditions. It is, therefore, a premise to have an accurate initial state of the atmosphere in order 
to succeed with results. In fact, Best (1956) showed that analysis errors could have serious effect on 
numerical prognoses, even including very small differences in the 500 hPa analyses fields, using a 
single barotropic model, produces different prognoses that diverge as the forecast length increases. 
The slight variations in the initial wind field sensitivity study conducted by Huo et al. (1995) also 
show the importance of using accurate initial conditions to simulate important mesoscale features 
associated with Super-storms. In a more recent studies, according with Spencer and Stensrud (1998), 
the improvement of initial conditions leads to a "significant improvement" in the precipitation field. 
Stensrud and Fritsch (1994) also showed that simulations of the accuracy and evolution of events, 
associated with mesoscale convective systems (MCS's), are highly sensitive to differences in the 
techniques used to create the initial conditions. 

 There are several factors which are responsible for the impossibility of obtaining the perfect 
desirable initial state and conditions of the atmosphere. The data voids and insufficient data density 
coverage, observational errors, and analysis errors are, among others, the crucial factors since the 
model itself has direct influence only on the latter one. That explains why there are a variety of 
techniques available for mapping observations onto a grid. Even so, differences in model analysis, or a 
single and small change within a particular analysis procedure, can lead to a significant changes in the 
forecasts for a given set of observations. 

 Several procedures have been currently used by modelers for mapping observations onto a 
grid (Bratseth, 1986; Dimet et al., 1986; McPherson, 1986; Parrish and Derber, 1992; Sashegyi et al., 
1993; Stensrud and Fritsch, 1994), among which the four-dimensional data assimilation (FDDA) 
seems to be a suitable one to incorporate the asynoptic data into a forecast model. The Newtonian 
relaxation ("nudging"), which is one type of FDDA technique, adds an extra term to the prediction 
equation(s) in order to keep the model solution close to the observations. The second type of FDDA 
employs variational techniques which iteratively adjust the model forecast to the observations, by 
changing the initial and boundary conditions (Parsons and Dudhia, 1997). The variational technique 
was developed by Sasaki (1958) and is a method for adjusting an objective analysis, by a minimum 
amount, necessary to satisfy certain dynamical constraints (Schlatter, 1988).  

 The basic form of multi-scale data assimilation procedures (FDDA), based on Newtonian 
relaxation, of analysis and observations nudging have been applied for a precipitation event occurred 
over Portugal during summer season. The procedures have been configured to include all observation 
data available, especially the asynoptic satellite data in the analysis. The precipitation event occurred 
during 2004, October 24–28 period over Portugal mainland have been selected for discussion. The 
mesoscale model forecasting has been processed employing both TOVS data from NOAA-16, as well 
as the Portugal automatic meteorological observation network (EMA) and upper air radio-sounding 
data in the analysis. Several simulations have been conducted, with and without FDDA and using 
surface data and TOVS retrieved data.       
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Observational Data  
 
 The retrieved TOVS data from NOAA 16 by German Aerospace Center (DLR)/ German 
Remote Sensing Data Center, have been used in the analysis. The retrieved data particularly 
considered have been those which have area coverage of, at least, over 50% of the Portugal mainland. 
Since data retrievals have been made using the IAPP with climatic average as background profile, and 
not any forecasting profiles, they do not include any model background influences. A particular 
vertical integrated water vapor content in the atmosphere, in mm, over the points on which 
temperature and humidity vertical profiles data have been available on 03:34 UTC of October 25th, 
retrieved from NOAA 16 is presented in Figure 1. 
 
 The 86 automatic meteorological surface stations (EMA) data of surface pressure, humidity, 
temperature and wind, for the period under analysis, of the Institute of Meteorology stations,  are 
located about 50 km apart each other as indicated by circles in the Figure 2. These data have been used 
in the multi-scale data assimilation procedures (FDDA) of the MM5 system. The radio-soundings data 
of 12:00 UTC, from Lisbon station, have also been included in the analysis and in the mesoscale 
model simulations. 
    

       
 
  Fig. 1: NOAA-16 total water vapor                                              Fig. 2: EMA station     
 
 
Mesoscale Model Description and Simulations 
 
   The Fifth Generation Mesoscale Model (MM5) developed and maintained by the 
Pennsylvania State University and National Center for Atmospheric Research (PSU/NCAR) is one of 
the most widely used public-domain prognostic mesoscale model. It has been developed at Penn State 
and NCAR, as a community mesoscale model with contributions from users worldwide, and detailed 
description of it is covered by Dudhia and Bresh (2002); Grell et al. (1994) and also available at 
http://www.mmm.ucar.edu/mm5. The model is also supported by pre- and post-processing programs, 
collectively referred as MM5 modeling system, which facilitate the development of various model 
inputs, and the model output analysis.  
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 The MM5 is a limited-area, terrain-following (sigma-coordinate), prognostic meteorological 
model, which solves the full suite of non-hydrostatic prognostic primitive equations for the three-
dimensional wind, temperature, water (in all phases), and pressure fields. The model, which can run 
with multiple one-way or two-way nested grids, to resolve a range of atmospheric processes and 
circulations on spatial scales ranging from one to several thousands of kilometers, have been 
configured for three nested grid domains (hereafter designated as D1, D2 and D3) covering the regions 
presented in Figure 3. The model equations are solved horizontally on an Arakawa-B grid structure 
defined, in the present simulation, on Lambert conformal conic projection centered on 40° N Latitude  
and 12° W Longitude. The vertical coordinate, which is a terrain-following normalized pressure 
coordinate, referred to as a “sigma”, have been configured with 35 vertical levels to resolve the 
troposphere and lower stratosphere up to 100 hPa. Other settings of the model are presented in the 
Table 1. The Figure 4 shows the terrain height of D3 and an East-West and North-South crossing lines 
over which the vertical cross sections of some variables have been analyzed.       
 
 
          
                                                                                    Table 1 – MM5 Settings  
    
 
 
 
 
 
 
 
 
 
 
 
  Fig. 3: MM5 Domains   
 
 The MM5 system Version 3.6 is highly modular and facilitates the interchange of physics and 
data assimilation options. Among the several physical selection setting options, the one related to the 
humidity microphysics and cumulus parameterization are the ones mostly explored, at least when the 
main objective is related to precipitation forecasting (Chien et al., 2003). In this respect, the cumulus 
parameterization selected has been the one which presented the best results on study already 
conducted for Portugal region (Yamazaki and Orgaz, 2003): Kain-Fritch 2 for D1 and D2 and Grell for 
D3. The explicit schemes of single ice of Dudhia, for D1 and D2; and Reisner mixed phase for D3 
have been also pre-established. Details of these parameterizations are well documented by Grell et al., 
(1994) and other parameters, as well as detailed descriptions are presented by Dudhia and Bresch 
(2002).  
 
 The multi-scale data assimilation procedures (FDDA) have been applied for a precipitation 
event occurred over Portugal during the 2004, October 24–28 period. They have been processed 
employing TOVS and automatic meteorological observation network (EMA) data sources. The TOVS 
data available for the FDDA model assimilation procedures, aside from the one presented in Figure 1, 
have been from  13:24 UTC October 24; 13:35 UTC October 25; 00:14, 03:34, 13:24 and 15:08 UTC 
of October 26; 03:23, 14:56 UTC of October 27 and  03:11, 14:44 UTC of October 28.  
 

MM5 - Model domains  D1 D2 D3 

Horizontal Resolution  (~ km ) 81 27 9 

#Grig points East-West 57 58 79 

#Grid points North-South 39 55 73 

Tpography resolution (~ km) 56  19 9 

Time step (seconds) 240 80 26,6 
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  Figure 4: D3 Terrain height                        Figure 5: Meteosat IR-26/10/04-12:00UTC 
            
 
 The forecasts have been simulated for the three one-way nesting MM5 integration domains 
using the 6 hourly NCEP-NWS/GFS global atmospheric forecast model data as boundary and first 
guess fields for the October 24–28 period. A total of 15 simulations have been conducted, each day 
starting at 00 UTC and integrated during 48 hours, from 24th of October. Five simulations have been 
made with no FDDA, five with surface data FDDA and five with surface and TOVS data. The FDDA 
have been applied only in the first day of each simulation.   
 
Results 
 
 The IR satellite image of October 26, 12:00 UTC, from METEOSAT, presented in Figure 5 
shows the frontal system FS1 and FS2 which passed through the Iberian Peninsula producing thunder 
showers over Portugal Mainland which has been simulated. The first of it, FS1 only developed after 
passing over Portugal, during morning dawns of October 26, and did not produced any significant 
inland rain. On the other side FS2 developed, mostly during night time and particularly over the 
Northern sector of Portugal, and was the responsible for the rain, measured by the EMA’s stations, as 
the 24 hours accumulated precipitation presented in Figure 6a. It is worth to mention that Barne’s type 
of interpolation have been used to plot the rainfall field, without any data void procedure applied to 
suspicious observed data, which probably explains the lack or rain in some region of the Central 
region of Portugal, or probably the excess of precipitation registered over other regions; opposing to 
model simulation presentations. It is clearly shown that almost all MM5 simulations, initialized on day 
25, present a quite consistent rainfall distribution, irrespective to amount of it, for the occurrence 
between 23:00 – 24:00 UTC of October 26. The no FDDA run, as presented in Fig. 6-b shows less 
precipitation compared to the other runs. The use of surface data observations from EMA, as well as a 
single radio-sounding station data (Lisbon) in the FDDA produces more rain (Fig. 6-c). The Figure 6-d 
shows the rainfall distribution surface and TOVS data have been used in the FDDA.  
 
 The vertical cross sections, along the lines presented in Figure 2, of the circulation vector, 
equivalent potential temperature and Potential Vorticity are presented in Figure 7 a-d. As it shows, the 
comparison between no FDDA (a,c) presents differing configurations on all these fields. The potential 
vorticity over the mountain region are too enhanced in no-FDDA run case and although not presented 
here, the pre-storm phase development presented much more enhanced vertical velocity field along the 
mountain region in the FDDA run as compared with no-FDDA case.                          
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                 a                                    b                                c                                d 
 
Figure 6: Rainfall distribution for October, 26. a- Observation; b-MM5 no FDDA; c- MM5 with 
surface FDDA; d- MM5 with full FDDA.  
 
 

 
 
            a                                    b                                c                                d 
Figure 7: Potential Vorticity, Equivalent Potential Temperature and Circulation Vector Vertical 
cross sections for October: 23:00 UTC (a,b) over Weast-East direction and 24:00 UTC (c,d) 
over South-North direction.  
 
 The Fig. 8a and 8b show the temperature profiles of the radiosounding and MM5 simulations 
for October 25th and 26th without any FDDA. The result clearly shows that MM5 forecasted profiles, 
after 36 hrs. of integration, have a quite good agreement with observational data, except for being 
smoothed due to vertical resolution. It have been found that MM5 produced no significant 
improvement at all, on Temperature forecasting, with any of the experiments conducted using FDDA. 
However, the results, using surface and TOVS FDDA, presented a very significant improvement on 
dew point temperature profiles on all simulations as presented in Fig. 8c, which show the case of no 
FDDA and 8d the one with FDDA. Although MM5 dew point temperature profiles presents significant 
deviations compared with observations,            
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                  a                                b                                      c                                      d 
Figure 8: Radiosounding (black line) and MM5 (pink line) T and Td profiles. Oct.25 and 26 
Temperature without FDDA (a,b), Oct.26 without (c) and with (d) surface and TOVS FDDA.    
 
 
Conclusions 
 
 The basic form of multi-scale data assimilation procedures (FDDA), based on Newtonian 
relaxation, of analysis and observations nudging, adapted for precipitation events occurrence 
simulations, using MM5 mesoscale model over Portugal, show that wind field over mountain region, 
as well as the potential vorticity present an enhancement when FDDA is applied, as compared with the 
case without it, especially when frontal system evolution occurs.  
 
 The results of precipitation data analysis indicate that, even using weak constraint coefficient 
values, the FDDA makes a significant improvement in the MM5 numerical prognosis in this variable 
distribution field, on both space and time integration levels.    
 
 Although there are a lack of a desirable space and time surface data observational network 
distribution, particularly over the Atlantic Ocean side of the Inland Portugal, with reliable data to 
allow an exhaustive comparison with observations, the conducted experiments presents the real 
potential of satellite data in the improvement of mesoscale model forecast.   
 
 The results of the comparisons between radiosounding and MM5 forecasted profiles of 
temperature, with or without use of any observational data, present no significant improvement. 
However, the main breakthrough of FDDA on MM5 has been on the dew point temperature profile 
forecast, which is an important fact since it significantly contributes for the improvement of rainfall 
forecast. 
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Abstract

In the IOMASA project,  Norwegian Meteorological Institute (met.no) and partners  develop
methods  for  assimilating  AMSU-A  brightness  temperatures  above  sea  ice  surfaces  in
HIRLAM 3D-Var. Methods that are currently developed at met.no for exploiting microwave
soundings over ice surfaces are presented, with focus on estimating surface emissivities. As a
first  approach,  typical  emissivity  values  for  First  Year  and  Multi  Year  ice  are  used  in
combination with the ice concentration products  from the EUMETSAT Ocean and Sea Ice
Satellite Application Facility (OSI SAF) to estimate the emissivity of each AMSU-A footprint.
The calculated surface emissivities are given to the forward model RTTOV7. 
Some preliminary results from impact studies with HIRLAM 3D-Var are also presented. With
the current model setup, the AMSU-A observations contribute slightly positive to the forecast
quality of the HIRLAM20 model at met.no.

Introduction

Norwegian Meteorological Institute (met.no) runs the Limited Area model HIRLAM on three
different domains. The largest domain, 'HIRLAM20',  has 0.2 degrees (~22 km.) horizontal
resolution and 31 vertical layers; covering the North Atlantic and the Arctic, and extending
from the  surface  up  to  10  hPa.  This  model  has  its  own  3D-Var  assimilation  system for
observations  (Schyberg  et  al.  2003).  The  lateral  boundaries  are  frames  produced  by  the
ECMWF Global model. The three HIRLAM models supplement the global forecasts available
twice a  day  from ECMWF,  by  providing  higher  resolution,  and  earlier  available
forecasts. They are therefore considered important tools for short range forecasts at met.no.

The scarcity of conventional observations over the Arctic makes observations from satellites,
and in particular the microwave radiometry from the AMSU-A instrument, the main source of
information for numerical weather prediction (NWP) in the region. Extensive data coverage
over the entire HIRLAM20 domain is ensured by the EUMETSAT ATOVS Retransmission
Service (EARS), which from June 2003 has redistributed ATOVS observations over the North-
Atlantic  and  Arctic  within  30  minutes  after  observation.  Studies  show  that  AMSU-A
observations over open sea from EARS contribute positively to the final HIRLAM20 analysis
(Vignes et al. 2005). AMSU-A (from EARS and local antenna) and QuikScat observations
over open ocean are currently used by the operational assimilation system at met.no. Given the
positive impact of assimilating AMSU-A observations over sea, good methods for exploiting
observations  from the large  areas  covered  by  sea  ice  are  expected to  further  improve  the
forecast skill of the NWP models.
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One  of  the  main  objects  of  met.no's  work  in  the  IOMASA  (Integrated  Observing  and
Modelling of the Arctic Sea Ice and Atmosphere) project is to develop methods to exploit
observations made over sea-ice, in order to increase the number of observations available and
thereby improve the quality of the initial state estimate of the HIRLAM20 analysis.  

This work is divided into two main tasks: develop good methods for estimating the surface
emissivity of sea-ice, and find optimal ways of using the microwave data in the HIRLAM20
model.

Surface emissivities of Sea Ice

Microwave radiances in wave bands with contribution from the surface are very sensitive to
the surface emissivity, and the quality of the estimates relies on a good handling of the surface
properties. Making a correct estimate of the microwave emissivities of the sea ice surface is
therefore essential for optimal use of these observations in the data assimilation system.

The  simplest  way  to  handle  this  would  be  to  apply  suitable  rejection  criteria  to  prevent
channels influenced by the surface from entering the assimilation system. The ideal solution
would probably be to obtain the emissivities from a detailed model describing the evolution of
the snow and ice layers and their properties.  We have chosen an intermediate approach by
letting  the  emissivity  depend  on  daily  retrievals  of  Multi  Year  and  First  Year  sea  ice
concentrations.

a) Empirical determination of typical First Year and Multi Year ice emissivities

As a first approach, areas of typical near total FY-ice (Kara Sea) and near total MY-ice (North
of Greenland) are defined, and stable periods with minimal water vapour load are selected.
Typical  surface  emissivities  of  First  Year  (FY)  and  Multi  Year  (MY)  ice  are  determined
empirically  for  the selected study areas,  using a simplified theory for  microwave radiative
transfer. 

The main assumptions in this theory are: 
• The atmospheric attenuation can be reasonably approximated by an absorption factor α and

effective atmospheric temperature Ta 
• The water vapour load is minimal during selected periods so the main contribution to the

absorption is from oxygen.

The surface emissivities for all AMSU channels are estimated from the measured brightness
temperature Tb :

where the absorption factor α is defined as:

Tdn represents the downwelling radiation calculated by the radiation model MWMOD for a
simplified  atmosphere  with  a  minimal  water  vapour  contribution.   Tsp is  the  downwelling
radiation coming from space. 

ε=
T b−αT a−1−α αT a−T sp 1−α 2

T s1−α −αT a1−α −T sp 1−α 2

α=
T dn−T sp

T a−T sp
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This approach leads to a set of typical emissivities for each of the two ice types for all AMSU-
A and AMSU-B frequencies. Table 1 shows the emissivity values for AMSU-A. In figure 1
the  time  evolution  of  the  emissivity  of  Multi  Year  ice  in  a  selected  study  area  north  of
Greenland for 4 AMSU-A surface channels can be seen. 

Table1: Emissivity values of FY and MY ice for 15 AMSU-A channels.
AMSU-A
channel

Frequency
(GHz)

First Year
Ice

Multi Year
Ice

1 23.8 0,971 0,874
2 31.4 0,970 0.829
3 50.3 0.928 0.796
4 52.8 0.928 0.796
5 53.6 0.928 0.796
6 54.4 0.928 0.796
7 54.9 0.928 0.796
8 55.5 0.928 0.796
9 57.3 0.928 0.796

10 57.3 0.928 0.796
11 57.3 0.928 0.796
12 57.3 0.928 0.796
13 57.3 0.928 0.796
14 57.3 0.928 0.796
15 89.00 0.913 0.744

Figure 1. Time series of AMSU-A emissivities for a limited area of Multi  Year ice
north of Greenland. Example for channels 1 (23.8 GHz), 2 (31.4GHz), 3 (50,3GHz)
and 15 (89 GHz)

b) Emissivity in each AMSU-A footprint

The typical emissivity values are used in combination with the ice concentration products from
the EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI SAF) to determine the
surface emissivity in each AMSU-A footprint.

Since the properties of the ice surface usually change slowly, information from recent passages
of microwave radiometers can help determine the ice concentration in the AMSU-A footprints.
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The OSI SAF provides daily sea ice retrievals from the Arctic on a 10 km grid, based mainly
on SSM/I  (Breivik  et  al.  2001).  The  service  has  recently  been  extended  to  also  produce
estimates of FY and MY ice concentrations. 

Over  completely  sea  ice  covered  areas,  the  surface  within  each  AMSU-A  footprint  is
subdivided into concentrations of FY (cFY) and MY (cMY) sea ice from the OSI SAF products,
with  cFY + cMY =1.  The surface emissivity is estimated as

ε = cFY εFY + cMY εMY

Here εFY and εMY are the typical  emissivities  for  FY and MY sea ice, which are estimated
separately for each AMSU channel with the method described above.

The  calculated  surface  emissivities  are  given  to  the  forward  model  RTTOV7 to calculate
radiances  from the  HIRLAM20 model  profiles.  Figure  2  shows  the  effect  of  using  these
modelled emissivities compared to running RTTOV7 with a fixed value of ε = 1 for the surface
channel 31.4 GHZ. The modelled emissivities result in less spread and better fit between the
calculated and observed brightness temperatures. However, the estimated emissivities for MY
ice still seem to be too large; the calculated brightness temperatures are systematically higher
than the observed values (bottom row). Also, the outlying row of points in the bottom left
scatter plot (calculated brightness temperatures of around 260K) indicates that in some cases
the OSI SAF products have FY ice, while in reality we have MY ice .The two tops in the
bottom right histogram also reflects this; the FY ice is centred close to zero, and the MY ice
has an offset of about -15K.

Figure 2. The effect of using a modelled surface emissivity (bottom row) compared
to a fixed emissivity of ε=1(top row) in RTTOV7. Example for AMSU-A channel 2
(31.4 GHz). Note that the scales on the x-axis differ slightly for the two rows.
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Results from parallel assimilation experiment  

Several parallel experiments focusing on the impact of the added AMSU-A observations in the
HIRLAM20 model at are conducted at met.no. In the initial  assimilation experiments,  only
AMSU-A channels that are not sensitive to the surface emissivity (ie channels 6 to 10) are used
in the assimilation, while the lower peaking channels (1 to 5) are monitored in passive mode to
assess the behaviour of the forward model.  Later, the ambition is to include some of the lower
peaking channels (4 and 5) as well. Some of the AMSU-A channels receive nearly all their
radiation from the surface, and are therefore very sensitive to the surface emissivity. These
channels (AMSU-A channels 1, 2, 3 and 15) are currently not used over open sea, and will
probably not be used over sea ice.

The observations are assumed to be uncontaminated by clouds (assumption by RTTOV7), and
the  error  statistics  of  the  observations  is  assumed  to  be  Gaussian  (assumption  by  the
assimilation system). At the moment we do not have an efficient cloud mask for AMSU-A
over ice. Therefore, as a first approach, a gross error check is performed on the observations
before the assimilation, where the brightness temperature difference between the observation
and the model value from RTTOV7 is calculated and compared to a set of  threshold values set
individually  for  each  AMSU-A  channel.  The  thresholds  are  determined  by  subjective
inspection of a large number of collocated observations from the pre-processing system. The
entire AMSU-A observation is rejected for use in the analysis if it is outside the threshold
range for any of the channels.

Work is going on to develop more general  methods for identifying gross  errors,  based on
fitting Gauss functions to the error distributions and using Bayesian Risk Theory to determine
the thresholds. 

Some preliminary  results  from an  assimilation  experiment  are  presented  here.  The  model
results are verified against a subset of the EWGLAM stations over Northern Europe, including
several North Atlantic and Arctic stations. This is where the impact of the added observations
is expected to be largest. For verification the forecasts originating from the midnight cycle are
used. The forecasts are verified at the main synoptic hours (0Z, 6Z, 12Z, 18Z).  

Figure 3 shows verification against surface observations as a function of forecast range for
Mean Sea Level Pressure (MSLP), Surface Temperature (TS) and Wind Speed at 10 meters
(FF10). The ‘Reference’ experiment (red solid lines) contains only conventional observations,
whereas the ‘AMSU-A over ice’ experiment (blue dashed lines) is identical to the Reference
except for the added AMSU-A observations from regions covered by sea ice. The curves for
the two experiments are quite close to each other, except for the sea level pressure (MSLP),
where the AMSU-A experiment scores better for the period.

Figure 3. RMS error (upper curves) and bias (lower curves) of the forecasts as a
function  of  forecast  length  for  Mean  Sea  Level  Pressure  (MSLP),  Surface
Temperature (TS) and Wind Speed at 10 m (FF10).
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Figure 4. Daily contributions to the Root Mean Squared (RMS)error in MSLP, TS
and FF10. 

Figure 4 shows time series for the daily contribution to RMS errors (averaged over all forecast
ranges from 6 to 48 hrs) in the two experiments. Such plots are useful in determining whether
the observed impact originates from a single case or is a more general feature. For MSLP we
seem to have longer  periods  where the AMSU-A experiment is  better  than the Reference,
confirming the statistics shown above for the whole period.
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The added AMSU-A observations have a slight positive effect on the 48-hour forecasts in the
test period of February and March 2005.

Conclusions and future work

A method for determining the surface emissivity in each AMSU-A footprint, where typical
emissivity  values  for  First  Year  and Multi  Year  ice  are  used in combination with the ice
concentration products from the EUMETSAT Ocean and Sea Ice Satellite Application Facility
(OSI SAF), is presented. 

Further  investigation of the fit  between observations and brightness  temperatures  modelled
with these  emissivities  is  ongoing.  In the near  future we expect  to improve the simplified
calculations by also taking into account atmospheric water and temperature profiles. Incidence
angle dependence will also be included in the emissivity model.

Use of AMSU-A data over sea ice now gives a neutral to positive impact. The impact study
showed periods of large errors in MSLP where improvements were found in the experiment.
The time period of the experiment seems too short to conclude definitely, but the results are
encouraging.

Until now the surface emissivity is calculated at each satellite footprint and used as a fixed
value. One possible extension would be to include the emissivity in the control variable and let
the assimilation system decide on the optimal value. 
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Abstract

Cloud cleared AMSU-A radiances over sea are operationally assimilated into the HIRLAM model
analysis (3DVAR) at SMHI. Data is collected via EARS (Eumetsat ATOVS Retransmission
Service) to gain data over the Atlantic, and statistical veri�cation of forecasts show positive
impact on temperature and MSLP.

The use of humidity soundings from AMSU-B over sea is on its way. We wish to describe
how we do quality control, bias correction and deal with low peaking radiances a�ected by the
ground. Results from the �rst assimilation experiments are planned to be ready for the meeting.
Unfortunately, no impact study results

In the framework of the EC-sponsored project IOMASA we are investigating if AMSU-B can
be used over the Arctic region. The �rst experiments are focused on how to identify radiances
contaminated by clouds. Can the cloud mask with its cloud type information from the Ocean
and Sea Ice (OSI) SAF be used for this purpose?

The HIRLAM model at SMHI

SMHI use HIRLAM (HIgh Resolution Limited Area Model) for operational forecasting. The
model is setup with a 6h assimilation cycle and 48h forecasts are done at 00,06,12 and 18UTC.
Boundaries are taken from ECMWF forecasts and applied at every 3:rd hour. The horizontal
resolution is 22km and 40 vertical levels are used with the model top at 10hPa. Several dynamic
schemes are available: eulerian, semi-lagrangian and spectral. At SMHI the semi-lagrangian
semi-implicit dynamics is used.

Physics:

• Rasch-Kristjansson, stratiform

• Kain-Fritsch, convection

• CBR, turbulence

• ISBA, surface physics

Analysis:
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Figure 1: Operational HIRLAM domain at SMHI

Figure 2: Number of received AMSU-A observations per per day from NOAA16

• 3DVAR

• FGAT, First Guess at Appropriate Time

• Cut o� time for observations is 2h

Operational Use Of ATOVS

ATOVS data is collected via the EUMETSAT ATOVS Retransmission Service (EARS), which
gives us fast access to data. This is important due to our short cut-o� time, 2h.

Cloud cleared, bias corrected AMSU-A radiances are directly assimilated into the operational
model with RTTOV-7. Only CH5-10 are used, CH4 is not used because it peaks too low and
our Tskin is not good enough. The remedy for this is to have Tskin in the control-vector and the
tests with that is ongoing. CH11-14 are not used because they peak over the model top.

Several impact studies have been done during the development phase and a positive impact
on especially T and MSLP has been shown, see e.g. (Amstrup, ). Before we implemented
AMSU-A operationally in the winter of 2004 we only did a short impact study of 2 weeks.
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Figure 3: Verification from a 2 week period of Dec 2003. Plots show RMSE and bias. Red: reference,
no AMSU-A is used Green: AMSU-A data is assimilated

Bias Correction Of AMSU-A

We perform bias correction of the AMSU-A radiances by linear regression with the following
predictors:

• mean T 1000-300hPa

• mean T 200-50hPa

• surface T

• integrated water vapor content

• square of the observation zenith angle

• the observation zenith angle

The coe�cients are static and calculated from a reference dataset, usually a couple of months.
This gives about 200 000-400 000 observations. The coe�cients are updated if the monitoring
shows that it is necessary.

The bias correction shows a bias reduction on (y−Hxb) statistics (not shown), but it is also
very interesting and important to test whether it improves the quality of the data. We therefore
did an impact study where AMSU-A data was assimilated without bias correction to see if the
scores were a�ected, �gure 4. The test showed, fortunately, that the scores got a bit worse if
bias correction is not applied.

Assimilation Of AMSU-B Over Sea

AMSU-B is more di�cult to use than AMSU-A due to its sensitivity to water vapor. First of
all, we can conclude that the AMSU-B radiances are ’contaminated’ by rain and cirrus (ice)
clouds. At �rst we used a section of the AAPP code to spot these observations by applying the
indexes in the routines PPASCAT and PPACIRR. These indexes require AMSU-A information
mapped onto the AMSU-B �eld of view which makes it di�cult to implement outside AAPP.
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Figure 4: Verification from a period between 10:th Aug to 11:th Sep 2004. Red: reference, AMSU-A is
assimilated Green: AMSU-A is assimilated without bias correction

Since we need to do all quality control of the data inside the analysis code, we now use a more
crude index for the rain check instead, (from Bennartz):

T
89GHz
CH1 − T

150GHz
CH2 > −15⇒ reject (1)

and hope that this removes most of the ’contaminated’ observations and variational quality
control can take care of the remaining ones. The AMSU-B observations are bias corrected the
same way as AMSU-A. The di�erence is that the surface temperature and integrated water
vapor are not used as predictors.

Since the AMSU-B response functions depends on water vapor amount they are not constant,
�gure 5. This gives at least two problems that needs to be addressed:

1. It can be a problem if the �rst guess �eld is not good enough. Then the jacobians are
based on a linearization around response functions that are di�erent from the truth. This
can leed to convergence to a solution that is not the most optimal. It may therefore be
helpful to setup the assimilation system to to use inner and outer loops with intermediate
re-linearizations.

2. If the response functions sees the ground and we have a �xed Tskin that is not good enough
it may also lead to convergence towards a solution that is not optimal. Our solution to
this is to include Tskin in the control vector.

Experiments

First of all we have done a single obs experiment with AMSU-B to verify that the information
is treated correctly by the analysis. One thing that is interesting to see is how the informa-
tion from AMSU-B is distributed in the vertical. If an integrated quantity is used, then the
observation itself does not contain any information about the vertical distribution. It is then
the background error statistics that totally determines the increments. Figure 6 shows that by
using raw radiances some extra information can be added about the vertical distribution.
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We have also done some experiments with Tskin in the control vector with a 1DVAR system.
To set Tskin ’free’ a σb value needs to be assigned. Figure 7 shows the result of an experiment
with di�erent σb. If it is dry and the ground is seen, the analysis converge to another solution if
Tskin is allowed to vary. The �nal cost function value was also a bit smaller for this solution. If
it is wet, the ground does not influence influence the analysis, which is what one could expect. If
σb is too big, the Tskin gradient will dominate the jacobian which is unphysical. This is probably
what happens when σb > 2 in �gure 7.

Assimilation Of AMSU-B Over Ice

In the framework of the EC-sponsored project IOMASA we are investigating how AMSU-B can
be used over the Arctic region. If we want to use raw radiances it is necessary to do some
cloud screening, as we do over sea. A simple index with the window channels can not be used
however, and therefore some other information about clouds must be found. We have done some
preliminary tests with an AVHRR cloud mask from the OSI-SAF.

In the �rst step we determined which cloud types that indicate contaminated observations.
This was done by comparing a cloud screened data set over open water with matching OSI-SAF
cloud type data. We then used those cloud types to screen a data set over ice.

Figures 8 and 9 shows (y −Hxb) statistics for AMSU-B over ice. As input to RTTOV-7 a
value of 0.75 was chosen for εsurf , taken from a �gure in (Selbach, ). Tskin was taken from the
NWP model. The data sample is from March and June of 2004, the two periods where merged
to get a sample that was as big as possible. From the �gures, it seems like the cloud screened
statistics are narrower and more gaussian than the ’raw’ statistics. Even if the cloud mask looks
promising for this data set, it will need some more testing, especially for a winter period.

If we want to assimilate these radiances we have the same problem as over sea: if it is dry the
surface will be seen, with the di�erence that εsurf will also be important. The plan is therefore
to have both Tskin and εsurf in the control vector over ice.
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Figure 8: (y−Hxb) statistics for AMSU-B CH3 over ice. Left: Data that has not been screened for clouds.
Right: Data has been screened for clouds with the OSI-SAF cloud mask. Blue curve is a fitted
Gaussian.
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Abstract:   
The passive microwave AMSU data from the NOAA-KLM satellite series allow obtaining the 
information on the atmosphere’s humidity. The regression algorithms were developed to retrieve the 
cloud liquid water path (LWP), rain rate (RR) and total precipitable water (TPW) over the land 
surfaces.  
The algorithms were created using the satellite observations calibrated by the ground-based 
precipitation measurements as well as radio-sounding data from Central Europe. The obtained results 
were in qualitative agreement with the standard meteorological data for snow-free surfaces. However, 
the use of RR and LWP algorithms in cloud-free conditions over snow cover on land led to erroneous 
results. 
The paper presents the method enabling elimination of the snow impact in estimating RR and LWP 
values. The proposed solution uses another AMSU derived parameter – total precipitable water. The 
application of the RR and LWP algorithms is restricted to the areas where TPW is higher than the 
empirically established threshold value. The method was used for the NOAA 16 data in 2004/2005-
winter season. The obtained results are discussed in the paper.  
 
Introduction 
The standard hydro-meteorological measurement network is the main source of information regarding 
atmospheric humidity and precipitation. The precipitation measurements are very localised and very 
difficult to interpolate over the large areas. On the contrary, the satellite observations provide the 
continuous information on the state of the atmosphere but with much lower as well as variable 
resolution. Combining these data into one system allows analysing the data from different sources in 
order to estimate the precipitation intensity and range as well as other humidity parameters (LWP, 
TPW).  
The work on the use of microwave satellite (NOAA KLM) data for the atmosphere humidity 
parameters as well precipitation for Poland and the Central Europe have started in 2000. The 
algorithms developed by Grody et al. 1998, 1999, Weng et al. 1997 and Ferraro et al. 1998 were 
inspirations to the development of the similar technique over land. The results obtained for a 
summer/autumn (snow-free conditions over land) were presented in previous papers (Dyras and 
Serafin-Rek, 2001a, 2001b, 2002a, b; Dyras, et al., 2003). The next step was to eliminate the influence 
of snow covered land from LWP, TPW and precipitation maps from microwave data. The applied 
threshold methodologies as well as results are discussed in the paper. 
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Snow-free conditions algorithms  
The algorithms for the atmospheric humidity parameters’ retrieval from NOAA/AMSU data were 
developed by the method of multiple linear regression between AMSU channels’ brightness 
temperature and radio-soundings or ground measurements (Dyras et al., 2003). The following 
equations were worked out for total precipitable water (TPW), liquid water path (LWP) and rain rate 
(RR) over land: 
 
TPW [mm] = -26,94 + 0,32*TB(50) + 1,0198*TB(89) - 0,404*TB(150)  

- 0,789*TB(183±7))        (1) 
 
LWP [kg/m2]  = 12,6574  + 0,0263 * TB(89) - 0,06875 * TB(150)         (2) 
 
RR [mm/h] = 47,75 - 0,096*TB(50) + 0,123*TB(89) - 0,158*TB(150) 

- 0,037*TB(183±7))        (3)  
 
where TB (F) –brightness temperature (in K) at the frequency - F (in GHz) of the AMSU channels. 
Standard errors of the above estimations were found to be of 4.58 mm, 0.6 kg/m2 and 2.26 mm/h for 
TPW, LWP and RR, respectively (Dyras et al., 2003).  
The examples of the products obtained with the algorithms defined by Eq. (1)-(3) applied for 
NOAA/AMSU data on the 13th August 2004 are presented on the Figures 1a-c.  
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a)       b) 

   

c)          
Fig. 1a-c: Total precipitable water (a), liquid water path (b) and rain rate (c) derived from 

NOAA-16/AMSU data, 13 August 2004, using the regression algorithms. 
 
To illustrate the cloudiness distribution on 13th August 2004, the false colour composite of 
NOAA/AVHRR ch421 (RGB) data is shown on the Figure 2. The areas of high TPW, LWP and RR 
values (Fig.1a-c) correspond to the cloudiness on the warm front stretching over Central Europe. It 
should be stressed that, as the algorithms were developed over land, the values obtained over water do 
not have any physical meaning. 
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Fig. 2: False Colors Composite of NOAA/AVHRR ch421 (RGB) for 13 August 2004. 
 
 
Wintertime algorithm  
Due to strong snow influence on radiation in the microwave spectral region, the use of RR and LWP 
regression algorithms in cloud-free conditions over snow cover on land led to erroneous results. To 
eliminate the snow impact in estimating RR and LWP values, the fact that the TPW values over cloud 
free land are smaller for low temperature and Polar Regions is used. Therefore the following solution 
was chosen: the application of the RR and LWP algorithms is restricted to the areas where TPW is 
higher than the experimentally established threshold value. The TPW threshold value is estimated 
empirically for each month.  
Both summer-autumn and winter adjusted regression algorithms were applied for the winter 
AMSU/NOAA data on 2nd December 2003. The results were presented on the Figures 3-5. The cloud-
free regions covered by snow in Norway and Alpine Mountains were classified, using summer-autumn 
regression algorithms as the clouds with high values of LWP (Fig.4a) and RR (Fig.5a). Introducing the 
TPW threshold (TPW>2.5 mm) allowed for removing the snow effect (Figs 4b, 5b). Moreover, the 
high precipitation area in the South France was correctly recognized, however, the rain rate value of 
6mm/h obtained from AMSU data was too low - the values of 15mm/h were measured in the Roan 
Valley. On the other hand, the moderate precipitation in the South Finland and Estonia were correctly 
estimated.  
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Fig.3: Total Precipitable Water TPW [mm] obtained with summer-autumn regression  

algorithm (Eq.1) from AMSU/NOAA 16 data, 2003.12.02,17:08 UTC. 

 
Fig.4a: Liquid Water Path, LWP [kg/m2], obtained with summer-autumn regression algorithm  

(Eq. 2) from AMSU/NOAA16 data, 2003.12.02, 17:08 UTC. 

International TOVS Study Conference-XIV Proceedings

521



 
Fig.4b:  Liquid Water Path - LWP, obtained with the winter threshold algorithm from  

AMSU/NOAA15 data, 2003.12.02, 17:08 UTC. 
 

 
Fig.5a: Rain Rate, RR [mm/h], obtained with the summer-autumn algorithm (Eq.3) from 

AMSU/NOAA15 data, 2003.12.02, 17:08 UTC. 
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Fig.5b:  Rain Rate RR [mm/h], obtained with winter threshold algorithm from  

AMSU/ NOAA15 data, 2003.12.02, 17:08 UTC. 
 
 
TPW algorithm verification 
The adaptation of the regression algorithms for winter conditions was based on the TPW threshold. 
Therefore, the quality of this parameter retrieval for this season should be known. To achieve this, the 
TPW values derived from AMSU data were compared with the radio-sounding data for the period of 
February-March 2005. For each considered station, the closest pixel was found. The maximum 
accepted distance was set to 1 degree lon/lat. The comparison results are presented on the Figures 6 
and 7. The agreement between TPW values obtained from AMSU data with regression algorithm and 
from radio-sounding data is not very bad. The obtained correlation coefficient is equal 0.58 (Fig.6), the 
mean difference between AMSU and radio-sounding TPW is of 0.9mm. The root square mean was 
estimate as 2.9. However, it should be noticed that application of the TPW regression algorithm leads 
to overestimation of TPW for dry atmospheres and underestimation – for wet ones (Fig.7). 
 

 
Fig. 6: Scatter plot of AMSU and radio-sounding TPW obtained for the wintertime conditions. 

The red solid line corresponds to the best linear fit with 95% confidence marked with 
red dashed lines. 
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Fig. 7: Difference of AMSU and radio-sounding TPW in the function of radio-sounding TPW.  
           Data obtained for 20 stations from the period of February-March 2005 (winter type  
           conditions). 
 
 
Conclusions 
The regressive algorithms for atmospheric humidity parameters’ derivation from NOAA/AMSU data 
have been developed for land and summer-autumn season. The TPW, LWP and RR values calculated 
for summer NOAA granules were in qualitative agreement with the standard meteorological data. 
The former summer algorithms were adjusted for winter season using empirical TPW threshold value. 
The threshold value should be defined separately for each winter month. Yet, the problems occur for 
the areas with broken cloudiness over snow. 
The quality of the adapted algorithms is strongly connected with the quality of the AMSU TPW 
retrievals. The comparison with radiosounding data showed that the AMSU TPW results for 
wintertime are only slightly worse than for summer-spring season. Moreover, the application of the 
AMSU TPW regressive algorithm leads to overestimation of TPW for dry atmospheres and 
underestimation – for the wet ones. 
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Soil Moisture Retrieval Test over The West of China by Use of 
AMSU Microwave Data 

 
Gu Songyan, Zhang Wenjian, Qiu Hong 

CMA NSMC 
 
Remote sensing of soil moisture by microwave radiometry has been a subject of intensive studies in 
the past two decades. Following the studies done before, a new approach to retrieve surface layer soil 
moisture is accomplished in this paper, in which the passive microwave data from operational 
satellites (NOAA-15/AMSU) has been used to retrieve surface microwave emissivity, and the 
retrieved emissivity is further used to derived surface soil moisture.  
 
The coefficients in the retrieval equation of surface microwave emissivity were corrected based on the 
results of microwave radiance forward model simulation. The new set of coefficients is suitable for 
non-frozen earth area in the West. Surface moisture information in regional scale over the West in 
May 2001 was retrieved by use of semi-empirical method based on the results of surface microwave 
radiance forward simulation. In the simulation, two kinds of situation, with canopy and no canopy, 
were involved at the AMSU-A window channels frequency points. Good results were got after 
comparing with surface region analysis result and point observation data. 
 
The algorithm can make the surface moisture dynamic detection into application. The retrieval results 
will be a new data source of land surface physical parameters for sand storm simulation. 
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Abstract The number 0414 typhoon rananim has caused serious damage to part of the 

districts in Zhejiang province of China. In this paper, the thermal structure of rananim was 
analyzed with the products of temperature and humidity profiles retrieved from ATOVS, which 
can receive the microwave radiation through the cirrus clouds above typhoon and detect the 
temperature anomalies of it. Under hydrostatic and gradient banance assumption, using NCEP 
reanalyzed data as initial parameter and four sets of ATOVS data mapped with rananim, the 
minimum sea level pressure (MSLP) and maximum wind speed (MSW) were also calculated 
respectively and compared with the typhoon warning report of Central Meteorological Station 
(CMS) estimated from the visible and infrared method, the mean discrepancy of MSLP and 
MSW is found to be 11.8hPa and 4.3m/s respectively, showing similar time-variant tendency of 
rananim as described by CMS. What’s more, it can depict the three-dimensional structure of 
tangential wind fields too.  

Introduction 
Since the mid-1960s in 20th century, extensive research has examined tropical cyclone 

intensity estimation using meteorological satellite. Nowadays, the most widely used tropical 

cyclone estimation and position analysis techniques employed by operational forecasters was 

by analyzing the infrared and visible satellite imagery (Dvorak 1984,Velden and Olander 1998). 

That technique uses information gleaned from a storm’s cloud pattern and the day-to-day 

changes in that pattern in visible imagery to assess the stage of development of a tropical 

cyclone. While these products provide invaluable information about the overall structure and 

strength of a tropical system, they often can’t penetrate clouds to ascertain low-level storm 

structure. Because of the shortcomings of estimating tropical cyclone intensity, an alternate 

method is desired that is entirely objective and is applicable to tropical cyclone. Certain 

wavelengths of microwave energy are able to penetrate ice clouds (such as the cirrus above the 

storm). What’s more, except in heavily precipitating areas, microwaves are unaffected by 

hydrometeor contamination. Therefore, it offers a unique perspective into tropical cyclone 

structure. 

Kidder et al (1978) first attempted passive microwave in monitoring tropical cyclone 

intensity estimation using the Scanning Microwave Spectrometer (SCAMS) aboard Nimbus-5 

and Nimbus-6 satellites. Unfortunately, the extremely coarse horizontal resolution severely 

limited the ability of the sensor to sufficiently resolve the warm core. Velden and Smith (1983) 
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using the Microwave Sounding Unit (MSU) data to estimate the intensity and central pressure, 

which were flown aboard NOAA-6-14 satellites. They derived a set of linear regression 

coefficients that related observed brightness temperature anomalies with aircraft observed 

minimum sea level pressure. 

The first Advanced Microwave Sounding Unit (AMSU) was launched aboard the NOAA-15 

satellite on 13 May 1998. Kidder et al (2000) using the retrieved data from AMSU analyzed the 

upper tropospheric thermal anomalies; they also calculated the gradient winds from the 

temperature field. Brueske (2001) developed a method to explicitly account for subsampling 

and diffraction effects. 

AMSU and the High-resolution Infrared Radiation Sounder (HIRS/3), which was flown 

aboard NOAA-KLM satellites, were called Advanced TIROS Operational Vertical Sounding 

(ATOVS). By using the International ATOVS Processing Package (IAPP) by Cooperative Institute 

of Meteorological Satellite Studies (CIMSS) of the University of Wisconsin (UW), the ATOVS data 

can be finally translated into the retrieval products including the atmospheric temperature profile, 

moisture profile, atmospheric total ozone, and other parameters in both clear and cloudy atmospheres. 

The algorithm that retrieves these parameters contains four steps:  

(1) cloud detection and removal; 

(2) bias adjustment for ATOVS measurements; 

(3) regression retrieval processes; 

(4) a nonlinear iterative physical retrieval.  

ATOVS temperature and dew-point soundings were retrieved at 42 vertical levels from 0.1 to 

1000hPa at the grid locations shown in Fig. 1. The resolution of retrieval products is about 50km 

under the nadir. The root mean square (rms) differences between ATOVS retrieval temperature 

profiles and radiosonde observation profiles are less than 2k and 2.5k when under the clear and 

cloudy weather respectively. As to dew-point profiles, the rms error is about 3.0-6.0k.  

Data 

The number 0414 typhoon rananim originated from the north-west of Guam at about 0000UTC 

on 9 Aug, during the following three days, it became strengthen and strengthen till it landed on 

Wenlin, Zhejiang province of China at 1200UTC on 12 Aug. Besides the ATOVS retrieval data, we 

employed the central position data and strengthen information from the typhoon warning report of 

CMS, which was estimated from the visible and infrared method. The tropical cyclone position 

estimate at 3-hourly intervals from the CMS are interpolated to the time of the ATOVS retrieval data. 

Although the cross-track-scanning ATOVS retrieval products swaths are about 2000km wide, 

the sample was limited to those cases in which the typhoon center fell near the center of 

ATOVS retrieval swaths. Seen from the coincident infrared image, we can see the size of 

central clouds of rananim is about oo 1212 × . Therefore, the domain was set as 600-km radius 
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near the central of swaths. If the typhoon center fells in the domain (see Fig.1 (a)), then the 

retrieval data is suit for our research relatively. Sometimes, the typhoon center falls at or near 

the limb of the swaths (see Fig.1 (b)), because the data resolution is about 100km and a large 

portion of the analysis domain with no data. Therefore, these cases are not suit for research. 

  
 (a) Started from 0546 UTC on 12 Aug 2004 (b) Started from 1832UTC on 11 Aug 2004 

Fig. 1: A portion of the ATOVS retrieval products swath 

 (*T was the central position of typhoon rananim at that time) 

Methods 
First of all, we determine the domain of typhoon center cloud field according to the 

coincident infrared image, and then the temperature anomalies were calculated by subtracting 

the average temperature of outer radius from the temperature at each grid in the domain. By 

analyzing the cross-section of temperature anomalies, we can depict the warm-core lies in the 

upper-troposphere. By subtracting the dew-point temperature from the temperature of each gird, 

we can analysis the depression of dew point too, therefore, we can know more about the 

thermal structure about the typhoon rananim. 

ATOVS retrieval temperatures at 23 levels from 920 to 50hPa were used to calculated the 

MSLP. Because of the high percentage of water vapor in the air near the typhoon eyewall, we 

should not neglect the effect of water vapor to the calculation of hydrostatic equation. In this 

paper, the virtual temperature effects were considered under the 500hPa pressure level. A 

two-pass distance-weighted analysis method (Barnes, 1964) was applied to interpolate the 

unevenly spaced temperature to a radial grid with the origin at the typhoon center. The surface 

temperature and pressure at the outer radius of the radial grid was obtained from the reanalysis 

for the NCEP global forecast model in time to ATOVS retrieval swaths. The hydrostatic 

equation was integrated at the outer radius of the domain up to the 50hPa level, after assuming 

the height of the 50hPa level was constant for all radii (Kidder, 2000). The hydrostatic equation 

was downward from 50 to 920hPa in the center grid. With the surface temperature afforded by 

NCEP analyzed data and the height of 920hPa level, the MSLP can be calculated finally. 

Though surface pressure in tropical cyclones is nearly symmetric about the center, wind 
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speeds are notoriously asymmetric. Therefore, the distance-weighted analysis method was not 

applied to interpolate the unevenly spaced temperature. Assuming a linear variation in 

temperature with height between two pressure levels, the temperature and pressure as a 

function of height were calculated at any height from the surface to the tropopause. With the 

ideal gas equation, the density at each grid was calculated. Thus, we can use the radial pressure 

gradients to calculate the tangential wind of any height. In order to remove the cold anomalies 

caused by precipitation contamination, the negative temperature anomalies under 500hPa 

pressure levels were set to zero, and the tangential winds were recalculated. By comparing the 

two kinds of tangential wind fields, we can conclude the advantage and disadvantage of such 

method. 

Results 
Unfortunately, the area range of ATOVS data received by National Satellite Meteorology 

Center are not wide enough, which can only receive the data of part of the west-north Pacific 

besides the mainland from NOAA-16. By analyzing the area range of ATOVS retrieval data 

mapped with rananim typhoon tracks from CMS, we got four ideal sets of ATOVS retrieval 

data. In this text, we will discuss the characteristics of rananim from infrared image, microwave 

image, temperature anomalies image and the depression dew-point image, calculate the MSLP 

and MSW in each stage and compare with the typhoon warning report by CMS. 

This set of ATOVS retrieval data we selected began at 0546UTC on 12 Aug, by interpolating 

the 3-hourly interval position and strength from the typhoon reporting, we got the central 

position of rananim at that time was (27.2°N, 122.6°E), the MSLP was 950hPa and the MWS 

near the eyewall was 45m/s. It showed that rananim belongs to mature stage. A portion of the 

ATOVS retrieval products swath was shown in Fig.1 (a) when the typhoon was closing to the 

swath center. Because of the relatively excellent resolution, it’s well suit for research. 

The much more frequent GOES-9 image is an indispensable tool for monitoring typhoon. As 

we can see from Fig.2 (a), rananim shows a well-developed broad central dense overcast (CDO) 

and a clear eye, several spiral bandings kept transporting water vapor from the warm sea to 

strengthen its intensity. Because microwave can penetrate certain kind of clouds, the AMSU 

provides views of structure inside tropical cyclone that are not observable with infrared sensors. 

The two AMSU-B window channels have the ability to sense precipitation-sized particles 

through the CDO. Relatively, the 150GHz window channel can depict the eye and the spiral 

bandings under the CDO more clearly because enhanced sensitivity to precipitation causes 

greater contrast between the eye and eyewall (Fig.2 (b)). We can also see from the microwave 

image that a gust from northeast has been enrolled in the outer cloud bands, with a stronger 

northeast trade wind, which will no doubt enhance the baroclinic instability of rananim and 

indicate it will be intensified in the future. 
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(a) Infrared image of GOES-9 (b) AMSU-B 150GHz image of NOAA-16 

Fig.2: The coincident infrared and microwave image 

Figure 3 shows the cross section of temperature anomalies along the latitude and longitude 

of the center position, we can see the structure of warm core clearly. During the development of 

typhoon, the relatively warm and moist inflow concentrates localized sensible heating in the 

eye and also contributes to additional heating throughout the column as the air ascends in the 

eyewall, and condensation ultimately results in the release of latent heat, which develops a 

warm core in the mid-upper of typhoon. We can see the maximum temperature anomaly is 

about 7k at 300hPa, the warm anomaly extending down into the lower troposphere at about 

500hPa inside the eye. What’s more, under 600hPa pressure level, there appear negative 

temperature anomalies, which were caused by heavy precipitation contamination. On the other 

hand, this contamination provides us useful information on the location and intensity of 

precipitation. 

  
(a) Along the latitude of the central position of rananim (b) Along the longitude of the central position of rananim 

Fig.3: The cross section of temperature anomalies 

Figure 4 shows the cross section of the depression of dew point, we can see the air of lower 

troposphere near typhoon center is close to saturation; the vertical gradient of  depression of 

dew point in the west of center is larger than the east, which means the instability structure of 

west is stronger and the air is more liable to be convection. 
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Fig.4: The cross section along the latitude of the depression of dew point 

Figure 5(a) shows the tangential wind profile along the latitude of the center. With low-level 

cyclonic flow and an upper-level anticyclone, the basic structure of typhoon rananim’s tangential 

wind field seems reasonable. The MSW is 52.3m/s at a radius of about 150km. However, the flow 

becomes anticyclonic in the low levels near the eyewall. This phenomenon is probably due to the 

unrealistic cold anomalies caused by the strong precipitation attenuation near the eyewall under 5km. 

According to the method introduced by kidder(2000), the temperature anomalies at pressure levels 

between the surface and 500hPa were set to zero and the gradient winds were recalculated. The result 

shows in figure 5(b). The tangential wind at large radius appears more reasonable. unfortunately, the 

MSW near the eyewall was down to 39m/s. This is because the corrected temperature can’t replace 

the real temperature completely. Thus, other methods should be developed to address the 

precipitation attenuation problem. 

  
(a) Remained the low-level cold anomalies (b) Removed the low-level cold anomalies  

Fig.5: Tangential wind profile of rananim calculated from ATOVS data 

Figure 6 shows the tangential wind fields at different altitude. The upper two charts are samples 

of lower level, apparently asymmetric. We can also see the precipitation attenuation near the typhoon 

eyewall. The other two charts are samples of higher level. Because typhoon is warm-core structure, 
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the radial pressure gradient grows small with height. To some exact height, the ascending air will 

flow outward, therefore, the flow becomes anticyclone in the high levels. 

 

Fig.6: Tangential wind fields at different height calculated from ATVOS retrieval data 

As figure 7 shows, the MSLP of the four sets of ATOVS data were calculated respectively 

and compared with the typhoon warning report of CMS, the mean discrepancy was 11.8hPa, 

showing similar time-variant tendency of rananim as described by CMS. Because warming in 

the upper troposphere is responsible for the surface pressure drop in the tropical cyclones, the 

maximum temperature anomaly has some correlation with MSLP. 
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Fig. 7: Compared four sets of MSLP calculated from ATOVS with typhoon report 

Shown as figure 8, the MWS was calculated from the ATOVS retrieval data. By comparing 

with the typhoon warning report of CMS, the mean discrepancy was found to be 4.3m/s, 

showing similar time-variant tendency. We found that there exist some correlation between the 

maximum temperature anomaly and MSW too. 
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Fig.8: Compared four sets of MSW calculated from ATOVS with typhoon report 
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Robust Variational Inversion: with simulated ATOVS radiances 
by Zhiquan Liu and Chengli Qi  

National Satellite Meteorological Center, China Meteorological Administration 
 Beijing, China 

Abstract 
  Least-square principal is applicable for dealing with data with Gaussian distribution errors, but it is 

not satisfying with Non-Gaussian distribution errors which are often the feature of the actual 

observation data. This study examines a "Robust Variational Inversion (RVI)" method based upon the 

Huber-estimators. On one side, the method is of variational due to the use of the adjoint technique. On 

the other hand, the method is robust by taking into account the Non-Gaussian feature of data. The 

method is implemented in the framework of the 1DVAR retrieval with simulated ATOVS data. The 

preliminary results show the potential of the method.  
 
Methodology 

Actually most techniques for retrieval are based upon the least-square principle traced back to 

Gauss in 1809. The advantage of the least-square method is that the algorithm is easy to be 

implemented computationally. However, the least-square method is known to be non-robust as the 

method is very sensitive to the outliers (data with the gross error), and generally needs a strict 

procedure of quality control to reject the outliers. In fact, some robust methods have been developed in 

the statistics community since 1960's. For example, a so-called "M-estimators" method from Peter 

Huber is well known in the "robust statistics" (Huber, 1981). 

In remote-sensing retrieval and data assimilation, one generally minimizes a cost function to obtain 

the best state estimation. For our robust variational inversion algorithm, the cost function can be 

written as  

1 1 1
2 2( ) ( ) [ [ ( ) ]( ) ( ) ]J HH− −= − + −− −bb

T T1x x x W(r) x yx x x yB R         (1) 

where B and R are respectively the background and observation error covariance matrices, Xb  and y 

are respectively the background and observation vectors. H represents the observation operator which 

transforms from x to y space. W(r) is a diagonal weight matrix with the elements w(ri) and the 

normalised departure ri = [yi-Hi(x)]/σi with σi the square root of the diagonal elements of the matrix 

R. Weight function w(r) = ψ(r)/r with ψ(r) = dF(r)/dr called “influence function” (Hampel, 1986). F(r) 

is the cost function of observation term. Obviously, for the square cost function f(r) = r2/2, w(r) = 1. 

For non-square cost function that can be derived from Maximum-Likelihood Principal, w(r) will not 

be 1 any more. Note that the equation (1) is valid only for the case of uncorrelated observation error 

(i.e., diagonal R matrix) undertaken in this study. 

A descent algorithm generally requires compute the gradient of the cost function at each iteration, 
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namely 
'1 1 11

2( ) ( ) [ ( ( ) ) ( ( ) ) ( ( ) )]J H H H− − −∇ = − + − + − −
o

W (r)TT
x b σx x x W(r) x y x y x yB H R R    (2) 

Note that the weight matrix W(r) should be recomputed with the updated departure r at each iteration, 

so the algorithm is also called “Re-Weighted Least-Square” method. 

 
A Robust Variational Inversion Framework 

For testing the above algorithm, a robust 1DVAR inversion system originated from the 1DVAR 

code of ECMWF (Chevallier et al, 2002) is implemented to apply to the ATOVS radiances retrieval 

problem. A few new developments of the original code were done for this study: (1) the radiative 

transfer model (RTM) interface is updated from RTTOV6 to RTTOV7; (2) the analysis variables are 

changed from the original 3 cloud variables profile to the free-cloud temperature T and the specific 

humidity q profile; (3) adding the robust weight function interface.  

The temperature error values are taken from Eyre et al. (1993), and the specific humidity error 

follows the scheme of Rabier et al. (1998). Fig. 1 shows the background error standard deviation for T 

and q as well as the error correlation for q. The error correlation is the same for T and q beside that the 

error correlation of q above 100hPa is removed. 
 

 
Fig. 1: Specified background error standard deviation for T and q (left panel) and the error 

correlation for q (right panel).  

 

For observations, we take ATOVS HIRS channels 6, 7, 8, 10, 11, 12 (sensitive to humidity), 

AMSU-A channels 5-10 (sensitive to temperature) and AMSU-B channels 3-5 (humidity channels). 

The observation error covariance matrix R is supposed to be diagonal, and equal to the diagonal 

elements of the matrix HBHT that is explicitly computed using the K matrix model of RTTOV. That is, 

the weight of the background and observations is considered to be equal. The error standard deviation 

of different channels is shown in Fig. 2. We can see that the error of humidity channels is much larger 

than that of temperature channels as also shown by Andersson et al. (2000). 
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Fig. 2: Specified observation error standard deviation of chosen ATOVS channels which 

obtained by explicitly computing the matrix HBHT.  

 

  Some functions are well known to be robust, e.g., Huber, Cauchy, Least-absolute (due to Laplace), 

Tukey and so on. In this study, Huber’s function (Huber, 1964) with the parameter k=1.345 is chosen 

for the robust inversion algorithm both for theoretical and computational reasons. Huber’s distribution 

was theoretically proved to be asymptotically ‘least favarable distribution’ (Huber, 1964) and the 

correponding Huber’s function can be considered as the most robust function for various distribution. 

Computationally, the implementation of Huber-estimator is straightforward and effective. The left 

panel of Fig. 3 shows the Gaussian pdf and Huber’s pdf, Huber’s pdf is a long-tail distribution. In 

practice, Huber’s pdf follows Gaussian distribution when |x| < k and follows least-absolute distribution 

otherwise. The cost function, influence function and weight function related to Huber’s pdf are also 

displayed in Fig. 3 (right panel). For Huber-estimator the weight is equal to 1 in the range of k and -k 

and decreases with the increase of absolute value of departure beyond this range, while for 

least-square algorithm the weight is equal to 1 for any departure. We can also see that the influence 

function is bounded even for large departure. So the robust method reduces the influence of 

small-probability data on results. 

  
Preliminary results with simulated ATOVS radiances 

With the robust 1DVAR Inversion framework, some observing system simulation experiments 

(OSSE) were run. In these experiments, the “truth” profile is an ECMWF profile taken from the 

original 1DVAR code. Background states are produced by adding Gaussian random errors (100 

realisations), which holds statistically the matrix B, to the truth profile. Simulated ATOVS bright 

temperature observations are generated by adding Gaussian or Laplace (long tail) random errors (100  
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Fig.3: left panel: the Gaussian pdf and Huber’s pdf (Huber, 1964); right panel: the cost 

function, influence function and weight function related to Huber’s pdf.  

 

realisations) with the same standard deviation as shown in Fig. 2 to the “truth” ATOVS bright 

temperatures, which are obtained by applying RTTOV to the “truth” profile. 

Firstly, we test the correctness of the normal least-square 1DVAR algorithm upon which our robust 

1DVAR algorithm is based. Fig.4 shows the results of the least-square 1DVAR inversion with 

Gaussian observation errors. Left panel is the root-mean-square (RMS) of the background (red line) 

and analysis (blue line) error of T (solid line) and q (dash line) for 100 random realizations. One can 

see a considerable decrease almost at all levels of RMS of the analysis error relative to the background 

error both for T and q. Correspondingly, the decrease of the analysis error is also observed in bright 

temperature space as shown in the right panel of Fig.4.  
 

 
Fig. 4: left panel: the averaged background and analysis error RMS of 100 realizations with 
Gaussian observation error and the least-square method. right panel: the background, 
observation and analysis error RMS in observation space. 
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  Secondly, a comparison between the robust and least-square algorithm with Gaussian observation errors 

is performed. We know from the Maximum-Likelihood Principle that the least-square method should be the 

best one for Gaussian distribution error. In generally, the robust method is required close to the results of 

the least-square one even for the case with Gaussian error. Fig. 5 gives the results of comparison of the 

analysis error RMS for the robust (red line) and least-square (blue line) algorithms with the Gaussian 

observation error both in (T, q) space and bright space. As expected, the robust result is very close to 

the least-square one. It seems that humidity at low levels, where the decrease of humidity retrieval 

precision for the robust algorithm is larger, is more sensitive to algorithm.  
 

 
Fig. 5: Comparison of the analysis error RMS for the robust and least-square algorithms with 
the Gaussian observation error, respectively in analysis-variable space (left panel) and 
observation space (right panel). 

 
Finally, we compare two algorithms for the case with Laplace observation errors (long tail 

distribution) with the same standard deviation as Gaussian one. The results are shown in Fig. 6. One 

can see that the robust result is slightly better than the least-square one, particularly for specific 

humidity q and for the humidity channels in observation space. For temperature retrieval, the robust 

method does not show the advantage for this case. This is not well understood and need to be further 

studied. Possible reasons contain tuning of algorithm parameters such as k parameter of Huber’s 

function, feature of simulated observations and convergence rate of algorithm and so on. 

 
Fig 6: Same as Fig 5, but with Laplace observation errors (long tail distribution).  
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Summary 

A general robust inversion method is formalized and a robust 1DVAR framework is implemented 

for retrieval of (T, q) profile from ATOVS radiances. Preliminary test of robust algorithm with Huber 

weight function indicates the potential of the method. Further study in detail is needed to compare 

with other weight function and to apply to real data. 
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1 NOAA/NESDIS/Office of Applications and Research 

2 STG Inc. 
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NOAA/NESDIS developed a new total ozone product by combining High-resolution Infrared 
Radiation Sounder (HIRS) upper troposphere and lower stratosphere ozone (LOZ) retrievals with 
Solar Backscatter UltraViolet model 2 (SBUV/2) mid-to-upper stratospheric ozone (UOZ) retrievals.  
This algorithm uses the best available information from each instrument, HIRS ozone from surface to 
23 km and SBUV/2 ozone from 24 km to top of the atmosphere, to create a total ozone product.  The 
TOAST product from NOAA-16 has been experimentally running at NOAA/NESDIS since 2002 and 
is available in near real time to the users.  One of the main users of the product is the World 
Meteorological Organization (WMO), which uses it in its annual Antarctic and Arctic ozone bulletins. 
The TOAST product has improved accuracy over HIRS and is extremely useful to monitor total ozone 
changes in the polar night area where instruments such as SBUV/2 do not have coverage.  Its 
accuracy is determined to be at the 2% level.  
 
In this paper, we will describe the algorithm, present some specific case studies that highlight the 
advantages of a dual-sensor algorithm, and present time series analysis of offsets between TOAST 
and other satellite and ground based ozone measurements to evaluate the performance of the 
algorithm under varying seasonal and inter-annual conditions.  
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MSU channel 2 brightness temperature trend when calibrated using 
the simultaneous nadir overpass method 
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NOAA/NESDIS/Office of Research and Applications 

 
The MSU channel 2 on board nine different NOAA polar-orbiting satellites has been measuring the 
deep-layer tropospheric temperature for more than 25 years. Due to its continuity as well as its 
channel characteristics, the MSU measurement represents a unique opportunity for providing possible 
answers to the question of whether the troposphere is warming or cooling over the last several 
decades. However, the temperature trends derived from these measurements are under significant 
debate. In particular, different calibration algorithms, different merging methods for the multi-satellite 
time series, different treatments of the satellite orbital drift, and different modeling efforts for the 
diurnal cycle in the time series may all affect the MSU trend analyses. Current results range from 
nearly no trend (Christy et al. 2003) to a relatively large trend of 0.260C /decade (Vinnikov and 
Grody 2004) for the MSU channel 2 dataset. More recently, Grody et al., (2004) found that the trend 
decreased from 0.260C /decade to 0.170C using more accurate calibration adjustments. It is desirable 
that more efforts be devoted to investigate the problems.  
 
As part of the NOAA/NESDIS/ORA effort, this study intends to construct a well-merged MSU 
channel 2 time series at the 1B level using the simultaneous nadir overpass (SNO) method. We use 
the new nonlinear calibration algorithm suggested by Mo et al. (2001) to convert the MSU raw counts 
to the Earth-view radiance. The algorithm consists of the dominant linear responses of the MSU 
radiometer raw counts to the Earth-view radiance plus a weak quadratic term caused by an ‘imperfect’ 
square-law detector. The cold space view and an on board warm target view are used as two reference 
calibration points. Uncertainties in the calibration algorithm are represented by a constant offset and 
errors in the coefficient for the nonlinear quadratic term. To merge the multiple NOAA satellites 
together, a reference satellite has to be specified a prior. In this study, NOAA 10 is taken as the 
reference satellite. The offset value for the reference satellite is assumed to be zero and its nonlinear 
coefficient is determined by the pre-launch calibration with the chamber test data plus information on 
the radiometer body temperature.  
 
A unique feature of this study is that the offset values and nonlinear coefficients for the other satellites 
are determined by the SNO method. The SNO dataset, generated using the SNO method developed by 
Cao et al. (2004), contains simultaneous nadir observations of less than 2 minute apart of the Earth 
over the polar region for the nadir pixels from any two NOAA satellites, including both morning and 
afternoon satellites. Thus, it provides a unique opportunity for an accurate post-launch calibration and 
merger of different satellites. In this study, different satellites are merged together sequentially 
starting from the reference satellite. An ordinary linear regression method is used to derive the offset 
and nonlinear coefficients using the SNO dataset in this sequential adjustment procedure. The 
coefficients obtained with this method are ‘optimal’ in a least-squares sense and, by definition, they 
automatically remove the biases between any two satellite measurements in the SNO datasets and a 
temperature-dependent non-uniformity in the biases caused by orbital drift.  
 
Applying these offset and nonlinear coefficients to the entire MSU observations, we obtain a merged 
MSU 1B dataset. A 5-day averaged (pentad) dataset is then derived from the 1B data and used to 
investigate the trend of the MSU channel 2 observations. A great advantage of the current calibration 
is that the biases for the global ocean between two satellites in the pentad dataset are only on the order 
of 0.05 to 0.1 K for their overlap periods. This is an order of magnitude smaller than previous 
investigations using NESDIS operational MSU 1B data. After these small biases are removed in the 
pentad dataset, we obtain a MSU channel 2 trend of 0.17 K decade-1 for the global ocean for a 15-
year merged time series containing NOAA 10, 11, 12, and 14. 
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Assessment of Precipitation Characters between Ocean and 
Coast area during Winter Monsoon in Taiwan 

Peter K.H. Wang 
Central Weather Bureau 

 
Abstract 

SSM/I has been applied in derivation of liquid water and precipitation for 
many years. Due to the uncertainty in variance of surface emissivity and 
characters of precipitation, the comparison of rainfall retrieval with ground truth 
remains a controversial issue. In order to investigate this issue, data set for 
precipitation from stratus clouds over ocean area were collected for 5 years. 
Each data set is collocated with satellite observation and ground truth. Neural 
network is applied to estimate precipitation. Comparison between retrieved rain 
rate and surface ground truth was made. Based on the analysis, the wind speed 
does not appear to have close correlation with precipitation. Mean value of 
precipitation is consists with ground truth, but most of the heavy precipitations 
are not captured by the estimation. The best result is obtained by using all 7 
channel observations and polarized corrected temperatures to estimate 
precipitation. 

 
Introduction 
  The SSM/I measurement has been used to retrieve precipitation though 
many different methods. A comparison of several algorithms was presented by 
Marzano (2004). In general, validation of the retrievals over ocean has been 
studied. In this study, we selected rainfall measurement from a small island to 
provide data for ocean condition. Most of the measurements are rainfall from 
stratus clouds with uniform precipitation. A non-linear statistical algorithm – 
neural network is applied in this research. The relationship between rain and 
wind speed was also investigated in this research. 
 
Data 
  Weather station 46695 is located on an island in East China Sea, 60km north 
of Taiwan. Fig. 1 shows the location of this weather station. The period from 
November to March is the northeast monsoon season in Taiwan, with most 
days raining during this period (see Fig. 2 for winter monsoon circulation). 
Raining cloud type is stratus cloud and raining area is more uniform than 
cumulus cloud rain type, unless cold front is coming. Fig. 3 provides an satellite 
image of a typical winter monsoon raining event. SSM/I data for Taiwan from 
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Nov. 2000 to Mar. 2005 were collected. Each co-location of data includes 7 
brightness temperatures of SSM/I channels and surface rain rate estimated by 
Area Time Integration (ATI) method. (Kedem,1990). Polarized Corrected 
Temperature (Spencer, 1989) of SSM/I is also included for consideration in 
precipitation retrieval. 
 

 
 
Fig1. Position of 46695. 

 
Fig.2 Winter monsoon area in East 
Asia. 
 

 
Algorithm 

Neural networks have been used in a variety of meteorological applications. 
An early study by Stogryn et al. (1994) retrieved ocean surface wind speed from 
SSM/I observation based on a neural network technique. Shi (2001) retrieved 
atmospheric temperature profiles from NOAA-15 Advanced Microwave 
Sounding Unit measurements (AMSU) by using neural networks applied to 
regional direct acquisition and global recorded AMSU-A data. Similar structures 
of neural networks as used by Shi (2001) are applied in the current study to 
derive rain rate from SSM/I data. 

Data for the neural network training dataset were divided into groups 
according to the following situations. 1) Rain, no rain, or both; 2) day time, night 
time, or whole day; 3) SSM/I 7 channels; 4) PCT of SSM/I in 3 frequencies; 5) 
surface wind speed; 6) surface temperature. Combination of above parameter 
by different assembly may make a few data sets for Neural Network training.  

Back propagation neural networks are used in developing the retrieval 
scheme. A back propagation neural network is a computer model composed of 
individual processing elements called neurons. A network consists of multiple 
layers of neurons interconnected with other neurons in different layers. These 
layers are referred to as input layer, hidden layer, and output layer. Each layer is 
generally fully connected to the layers below and above. A three-layer network, 
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with one input layer, one hidden layer, and one output layer, is constructed for 
the rain rate retrieval. It is found that using a Gaussian function to propagate to 
from the input to the hidden layer and a logistic transfer function to propagate to 
the output layer gives the best network performance for the type of data studied. 
The definition of the Gaussian transfer function is 

f(x) = exp(-x2),            (1) 
and the definition of the logistic transfer function is  

f(x) = 
)exp(1

1
x−+

.           (2) 

The number of neurons in the hidden layer varies between 40 and 60 and 
the number is adjusted to optimize the performance. The input set includes the 
seven SSM/I channels, three PCT values, and the surface skin temperature. 

Among the collocated patterns, 20% are randomly extracted to construct a 
testing set, and another 20% are randomly extracted and set aside as a 
validation set for later statistical studies. A back propagation network is trained 
by “supervised learning”. The network is presented with a series of pattern pairs, 
each consisting of an input pattern and an output pattern; in random order until 
predetermined convergence criteria are met. At this time the network presents 
the input elements in the testing set and retrieves the output elements. Then the 
retrieved output elements are compared with the output elements in the testing 
set, and the averaged root mean square (rms) errors of all the output elements 
are computed. The network parameters are saved if the averaged rms error is 
less than that computed previously. This process is repeated until no 
improvement is found for a specified number of test trials. The network 
parameters are then saved as the retrieval function. 
 

 
Fig. 3 Most of the winter season, in northeast area of Taiwan is covered by 
cloud and rainfall all day. 
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Analysis 
In the dataset, the surface wind speed is derived by the algorithm of 

Hollinger(1989) from the SSM/I measurement. Liquid water content (LWC) 
estimation was also made from the algorithm of Hollinger (1989). Five-year 
data were used. The comparison between estimated wind speed, LWC and 
surface observations are shown in Fig. 4. Small wind speed has more 
ambiguity distribution. LWC is related to wind speed. High wind speed may 
caused by higher LWC. 

Figs. 5 and 6 show comparisons of estimated precipitation with surface 
observation. Retrieved rainfall data during day with 3 PCT values show that 
estimated precipitation values are less than observed values. Estimated rain 
rate at night has similar characteristics. Retrieval precipitation without PCT 
shows that rain rate is over estimated. 
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Fig.4 Estimated wind speed (left) and liquid water content (right) compare with 
surface observation in past 5 years. 
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Fig. 5 Comparison between estimated precipitation from neural network and 
ground truth data by different data set. 
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Fig. 6 Comparison between estimated precipitation and observation by different 
input data set in neural network.  
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  Whole day data set not classified into day or night has better correlation 
between estimated and observed rain rate. For day and night data sets, the 
correlation between estimated and observed precipitation are less than the 
whole day data set (Table 1). 
 
Table 1. The correlation between estimated and observation using different 
input values of neural network. 
Input data 
set 

Day  
All 

Day 
7TB 

Day 
2PCT 

Day 
PCT85 

Day 
7TB 

Night 
All 

Correlation 0.16 0.255 0.439 0.268 0.367 0.519 

 
  Retrieved precipitation of SSM/I do not appear to be suitable to serve as 
climate data reference. The 5 year data set is not enough to describe the 
variance of precipitation inclination. Table 2 shows the total volume of SSM/I 
data set.  
 
Table 2Total precipitation (mm) from year 2000-2004 
Seasonal 2000 2001 2002 2003 2004 
Ground obs. 652.5 432.1 390.5 460.3 670 
No of Sat day 20 44 103 106 94 
Est. Rainfall 203 234 746 799 661 
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Fig.7a Year 2000-2001         Fig.7b Year 2001-2002 
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Fig.7c. Year 2002-2003         Fig.7d. Year 2003-2004 
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Fig 7e. Year 2004 to 2005.          Fig. 8 Upper black line is wind speed, 

middle blue line is LWC, bottom r
line is precipitation. Data are from
NO

ed 
 

V/2000 to MAR/2005, 
 
   In fig. 7, surface precipitation values are plotted as blue column and 
estimated precipitation values are plotted as red column for each winter season 
from 2000 to 2004. Most of the heavy rainfall data appear not to be captured. 
Because of the large time gaps between each satellite observations in a day, 
the correlation between hourly rain rate from satellite and 24 hours precipitation 
needs further investigation. The bias of wind speed retrieval is very correlative 
to LWC and it has little correlation with rain rate. 
 
Conclusion 
  Over the 5 years analyzed, retrieved precipitation from SSM/I using neural 
network provides a reasonable estimates for all day whole weather condition, 
However, the extremely precipitations were not sufficiently identified in the 
retrieval. Generally speaking retrieval rain rate from satellite is smaller than 
ground truth. Because of the satellite path passes over one location only twice a 
day, it may have missed many rainfalls during a day. Taking the mean value of 
satellite retrieved rain rate to obtain a day’s precipitation needs further 
investigation. 
  Rainfall retrieval by neural network over all day’s ocean area is the best one. 
If data set is divided as day and night two parts, the bias increases. The bias of 
estimated rain rate increases with rain rate. The correlation between hourly rain 
rate from satellite and whole day’s precipitation need further investigation. The 
bias of wind speed retrieval is very correlative to LWC but it is not so much 
correlation with rain rate. Retrieved surface wind speed is higher estimated 
than ground truth about 5 m/sec. The difference is larger with higher wind 
speed and LWC. For this small island station, it is not clear how much the local 
Land Ocean thermal wind has on precipitation. 
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RAIN RATE ESTIMATION IN SUMMER OF TAIWAN 

Thwong Zong Yang 
Central Weather Bureau 

Chinese, Taiwan 
 

Abstract 

Mr. Zhao has derived an algorithm (Zhao, L. and Weng, F. ,2002) to estimate rain rate 

over both land and ocean. In this presentation we only discuss rain rate over land. We use 

AMSU-A  ch1,ch2 and AMSU-B ch1,ch2,ch3 to estimate rain rate. The accuracy about 

diagnose no-rain area is 92%, accuracy about diagnose rain-area is 83%, its mean value is 

87%, the rms error of rain rate is about 3.6 mm/hr. 

Method and data 

(Weng and Grody, 2000) derived a formula 

)(1
),(),(

μ
μμ

Ω+
= bB

B

ZTZtT ………………..(1) 

Where TB(Zt,μ), the upwelling brightness  

Temperature at the cloud top, is a direct measurement from satellites.  TB(Zb,μ), the 

upwelling brightness temperature at the cloud base is derived from an empirical formula.  μ 

is cosine of zenith angle, Ω is scattering parameter, so then we can derive cloud ice water path 

)/( NiDeIWP ΩΩ= ρμ ………………..(2) 

ρi is ice particle bulk volume density  

Ω N  is normalized scattering parameter 

De is particle effective diameter 
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rain rate rr can be derived as 

2
210 IWPCIWPCCrr ++= ………………..(3) 

When rain rate data are retrieved, we use automatic rain gauge stations hourly data (less 

than 3 km far from observation point) to verify its accuracy, we also use radar echo map to 

compare its pattern. C0, C1, C2 are coefficients got from website of NOAA . 

Results 

1. We collected 37 samples from July 2002 to Aug 2003 and compared its retrieved value with 

that of automatic rain gauge station, results are shown in table 1. 

2. A typhoon called MINDULLE passed the Taiwan area from 28 June 2004 to 4 July 2004 

and brought strong damage to Taiwan; its track is shown in Fig 1. We retrieved a NOAA 

pass at 18 UTC, 1 July; its rain rate map and radar echo map are shown in Fig 2 and Fig 4. 

The rain rate map for automatic rain gauge station is shown in Fig 3. We find the pattern is 

similar, but the retrieved value is lower than that of automatic rain gauge station. 

Conclusion and future work 

1. This algorithm is sensitive to scattering index or ice cloud, so that the retrieved number is 

small for a pass. 

2. The retrieved rain rate values are lower than that of automatic rain gauge station, maybe we 

should adjust some coefficients to get better retrieved value. 
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Table 1 retrieval samples statistics from July 2002 to Aug 2003 

 Accuracy of 
diagnose Rms of rain rate Sample size 

Rain 83% 3.6mm/nr 12 

No-rain 92% 25 

Total or mean 87% 37 

 

 

 

Fig 1.typhoon MINDULLE’S track 
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Fig 2 retrieved rain rate map at 18 UTC 1 July 

 

 

Fig 3 rain rate map of automatic rain gauge station at 18 UTC 1 July 
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Fig 4 radar echo map at 18 UTC 1 July 
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OPTRAN Version 7 
 

Yong Han1, Larry McMillin1, Xiaozhen Xiong2, Paul Van Delst3  
and Thomas J. Kleespies1

1Office of Research and Application, NOAA/NESDIS 
2QSS Group Inc. 

3CIMSS, University of Wisconsin-Madison 
 
OPTRAN (Optical Path TRANsmittance) is a fast and accurate radiative transfer model for simulating 
radiometric measurements and computing radiance Jacobians of the atmospheric state variables.  
Since 1999, when OPTRAN version 6 was presented at the Tenth International TOVS conference, a 
number of important improvements have been made and implemented in OPTRAN version 7, 
including a constrained regression to improve Jacobian profiles, a reduction of the number of layers 
from 300 to 100 and a new way to handle polychromatic effects in channel transmittance calculations.  
In this presentation, we will review the changes that contribute to the improvements and demonstrate 
the statistics on the accuracy and efficiency of its forward and Jacobian models.  We will also describe 
our plans for its future development.     
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2NOAA/NESDIS/ORA, Camp Springs, MD 20746 
3QSS Group Inc., Lanham, MD 20706 

 
The mission of the Joint Center for Satellite Data Assimilation (JCSDA) is to accelerate and improve 
the quantitative use of satellite data in weather and climate prediction models. The Community 
Radiative Transfer Model (CRTM) is an important component of this by introducing additional 
capabilities – such as scattering by clouds and aerosols, and a more integrated treatment of surfaces – 
into the computation of satellite instrument radiances. As part of this process, external research groups 
funded by the JCSDA are making contributions to the CRTM development. In order to help 
developers to understand the requirements of the data assimilation system and to reduce the 
inconsistencies among the components developed by various groups, a software framework has been 
devised for the CRTM. The main goal of this CRTM framework is to provide developers with the 
information and utilities necessary to produce software that is flexible (in both development and 
usage), understandable, and easily maintained. 
 
The CRTM framework breaks the radiative transfer model into components (e.g. gaseous absorption, 
scattering, surface optics); each of which defines its own data structure and algorithm modules to 
facilitate independent development of each component. This characterisation is obviously an ideal one 
since there are dependencies that do not allow every component to be developed in isolation from the 
others. As such, the CRTM framework is not intended to be a replacement for necessary dialogue 
between developers, but to provide some form of “big picture” for all those involved to minimise or 
eliminate potential software conflicts and redundancies. 
 
Due to the complexity of the radiative transfer problem and the difficultly of balancing code 
efficiency and flexibility, we fully anticipate problems arising when the framework is applied in the 
development process. This poster is part of this process to present the framework to the community 
and to solicit feedback from interested parties for improvements to help realise the JCSDA goals of 
faster operational implementation, and increased usage, of satellite data in Numerical Weather 
Prediction models. 
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Establishing a microwave land surface emissivity scheme in 
the Met Office 1D-Var 

Fiona Hilton1, Stephen English1 and Caroline Poulsen2

1Met Office, Exeter, UK 
2now at Rutherford Appleton Laboratory, Didcot, UK 

Several strategies for establishing a land surface emissivity scheme for AMSU have been 
tested at the Met Office in recent years. The initial approach involved the use of an atlas to 
give a first guess estimate of emissivity, and a subsequent test involved retrieving inputs to 
the FASTEM emissivity parameterization (Hewison and English, 1999) as part of a 1D-Var 
retrieval. Neither of these approaches were particularly successful, producing little benefit in 
observed minus background (O-B) quantities, and the latter being hampered by poor 
convergence rates. A new approach is under development to use Weng and Yan’s (2003) 
microwave snow emissivity model to provide a first guess emissivity where appropriate and 
to retrieve emissivities directly in the 1D-Var. The reduced O-B values from this scheme are a 
promising step. 

1. Introduction 

The microwave land surface emissivity scheme has been the same throughout the history of 
direct radiance assimilation at the Met Office. A value of 0.95 is used across the whole 
spectrum over all land points regardless of surface type. Whilst for many vegetated surface 
types this is not unreasonable, it is a poor estimate for others such as desert, snow and 
observations which contain significant water fraction, for example lakes or rivers (Figure 1). 

The use of a single-valued emissivity across all land points results in considerable uncertainty 
in the forward-modelling of surface-viewing channels. This means that the lower sounding 
channels, AMSU 4 and 5, need to be rejected over land and also channel 6 over high land. If 
the emissivity could be known more accurately, under the assumption that the surface 
temperature is also well defined, lower tropospheric sounding channels could then be 
assimilated over land, hopefully improving the forecast. 

Several studies have been undertaken in recent years to try to improve the emissivity for 
AMSU forward-modelling. The first study, undertaken in 2001, tested the use of  a 
parameterization of the Prigent et al. (1997) emissivity atlas at SSM/I frequencies to give 
emissivities at AMSU frequencies. A second approach tried in the same study used a water 
fraction to interpolate between land surface and water emissivities. A brief review of this 
study is presented in Section 2. 

Based on the conclusions of this work, a second study in 2003 used the parameterisation of 
the Prigent et al. (1997) atlas as a first guess, but used a 1D-Var retrieval to generate the 
channel-dependent emissivities for AMSU. This experiment was undertaken using a version 
of the Met Office operational ATOVS 1D-Var processing. The findings of the second study 
are presented in Section 3. 

The 2003 study highlighted problems in areas with significant snow cover, where the 
parameterisation of the SSM/I atlas had failed. Given that snow-covered areas are some of the 
most likely to exhibit significant departures from an emissivity of 0.95, it was considered 
important to find a better treatment for these areas, especially since they are often data-sparse 
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in terms of conventional observations (e.g. Siberia and Antarctica). Following promising 
results with Weng and Yan’s (2003) snow emissivity model, (hereafter referred to as 
SnowEM) a third approach was considered. SnowEM would provide a first guess emissivity 
which could be used in the 1D-Var retrieval scheme. 

 

 
Figure 1: Nadir emissivity spectra from FASTEM2. Parameters for the model are taken from 
Hewison and English (2000) and correspond to classes from Hewison’s airborne campaign, 
except Desert for which the parameters are based on the Prigent et al. (1997) SSM/I atlas. 

At the present time, it has not been possible to implement the 1D-Var retrieval of channel-
dependent emissivity. However, Section 4 discusses the findings of a preliminary study using 
SnowEM to provide the emissivity for all AMSU observations where the Met Office Unified 
Model (UM) predicts snow cover, without performing the subsequent emissivity retrieval. 

2. AMSU emissivity from an emissivity atlas 

In the first study, the Prigent et al. (1997) emissivity atlas at SSM/I frequencies was converted 
into a set of five parameters which describe the spectral variability of the emissivity for each 
point in the atlas. These parameters represent static permittivity, infinite permittivity, 
relaxation frequency, small-scale roughness and large-scale depolarisation. They can be used 
with the FASTEM land emissivity module (Hewison and English, 1999), part of the RTTOV1 
radiative transfer code which is used operationally in forward-modelling of satellite radiances 
for assimilation at the Met Office. The conversion of the atlas was not perfect: in some 
locations, notably over snow though not restricted to snowy areas, the code used to fit the five 
parameters to the data failed to converge on a solution, leaving gaps in the new atlas (Figure 
2). 

                                                 
1 RTTOV: http://www.metoffice.com/research/interproj/nwpsaf/rtm/index.html
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Figure 2: Location of points in the SSM/I emissivity atlas for January. Note gaps over Canada 
and Siberia 

Brightness temperatures were forward-modelled using a Met Office NWP Analysis field 
together with a pre-release version of RTTOV7 and the emissivity parameters from the atlas. 
These forward-modelled values were compared with collocated AMSU observations. Figure 3 
shows a map of the O-B values for AMSU Channel 4. Coastal areas and points around lake 
and river edges were poorly fit as were desert areas. 

A second approach to land emissivity modelling was also tried in the same study. The 
International Geosphere Biosphere Project (IGBP) Land Classification atlas (Belward, 1996) 
was regridded to the AMSU field of view using optimal convolution (Bennartz,2000)   to give 
a percentage of each footprint covered by water and by land. The emissivity was then 
calculated using the following formula: 

 Emissivity = Land Fraction * 0.95 + Water Fraction * Water Emissivity 

FASTEM was used with the collocated NWP information to calculate the emissivity of water 
for each location. Clearly this approach will only be useful where the water fraction for the 
observation is greater than zero. 

Figure 4 shows histograms of the O-B values, demonstrating that where the water fraction is 
greater than zero, the land/water fraction approach gives a much better fit to AMSU Channel 
4 than the operational scheme and the emissivity atlas as expected. However, disappointingly, 
for vegetated classes, we did not find any improvement in the fit to AMSU observations with 
either the emissivity atlas approach or the water fraction method. 
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Figure 3: AMSU Channel 4 O-B values for the parameterized SSM/I emissivity atlas method 

The conclusion from the study was that whilst the land/water fraction approach might be 
beneficial, the computer time required to regrid the surface type atlas to the observations was 
prohibitive. The land atlas approach was deemed to provide insufficient improvement in O-B 
values to be used on its own to estimate emissivity. The recommendation of the study was to 
use the emissivity from the atlas as a first guess for input into a 1D-Var retrieval scheme, to 
allow the observations and knowledge of the surface temperature to influence the emissivity. 

 

Figure 4: O-B distrubutions for three emissivity schemes: black=operational, blue=SSM/I 
atlas, red=water fraction. Left: water fraction >0; Right: Evergreen Needle Leaf Forest 
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3. 1D-Var emissivity retrieval using an atlas as first guess 

The second study, carried out in 2003, attempted to implement the 1D-Var approach using the 
parameterised atlas (as above) to generate first guess emissivities. Testing was carried out 
using a modified version of the operational Met Office 1D-Var system. AMSU window and 
lower sounding channels (1, 2 and 3; 4 and 5) were used for the first time in the 1D-Var in 
order to constrain the emissivity. The intention was then to use AMSU 4 upwards for 
assimilation in 3D-Var with the retrieved emissivity. 

RTTOV K code outputs brightness temperature gradients with respect to the emissivity 
parameters provided and it was therefore decided to retrieve, not the spectrum of emissivity 
itself, but values of the parameters. These would be converted into spectral emissivity before 
3D-Var. The five parameters were added to the 1D-Var control vector and were assumed to 
be independent of the other atmospheric variables included for retrieval. 

Examination of the O-B values for this scheme (Figure 5) confirmed the 2001 results: there 
was very little change in the distribution across a wide number of observations compared with 
using a flat 0.95 emissivity for all frequencies. There was improvement in the distribution of 
observed minus retrieved (O-R) values, feeding up as far as Channel 5 (Figure 6). 

Unfortunately the gains in O-R accuracy came at the cost of worsening performance of the 
1D-Var scheme. Using existing quality control and cloud tests, 2.5 times more observations 
were rejected over land than previously, mostly because the 1D-Var failed to converge on a 
solution. The new emissivity scheme was initially only implemented for clear observations so 
the actual number of observations with the retrieved emissivities accepted was very small: 
less than 2% of the data with this set up. Thus a small gain in the number of AMSU 4 and 5 
observations passing quality control was offset by a large loss in the number of tropospheric 
sounding channels passed to 3D-Var. 

Successful minimisation during the 1D-Var was also a problem. In operational runs, the 
convergence criteria applied in the 1D-Var minimisation requires only two expensive 
RTTOVK calculations to be performed for most observations. The new scheme increased the 
average number of iterations needed over land for the observations which did converge on a 
solution. 

It was found that several factors influenced the poor convergence. One was the background 
error variances assumed for the emissivity parameters. Making sure these values were not too 
large helped to improve the convergence statistics, but the values were only chosen by trial 
and error since there was no rigorous means available to estimate the error on the parameters. 
Problems still remained with parameter values going negative (unphysical) during 
minimisation, which would have required further investigation if this approach had been 
studied further.  

Secondly, quality control checks were rejecting the surface-viewing channels in many 
instances leading to an attempt to retrieve emissivity values with no information from the 
brightness temperatures. Once this was discovered, the quality control checks were altered, 
allowing all channels to be included most of the time. This is beneficial from the point of 
view of retrieving emissivities for points where emissivity parameters were present, but on 
the other hand, resulted in additional, costly radiative transfer calculations in instances where 
channels should normally have been rejected. 
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Figure 5: Histograms of O-B for AMSU1-6. Black=operations (emissivity=0.95), 
red=emissivity atlas  

 
Figure 6: Histograms of O-R for AMSU1-6 for snow points. Black=operations 
(emissivity=0.95), green=emissivity atlas  
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Switching off the quality control on the surface channel and allowing the same channels to be 
used in cloudy cases as well as clear air eventually produced a 49% rejection rate for the new 
scheme as opposed to 40% for a control run which kept the cloud type-dependent channel 
selection. The minimization was also much improved, with 90% of observations requiring 
only two RTTOVK calls. Despite these more promising results, reducing the quality control 
on the observations without additional investigations into the data quality meant that the 
scheme could not be implemented. The struggle to achieve convergence and the lack of 
improvement in O-B values suggested that the emissivity atlas as defined was not providing a 
good enough first guess to make it worth using within the context of the Met Office 1D-Var 
scheme. 

It should be noted that there now exists an emissivity atlas derived directly from AMSU 
observations and at AMSU frequencies, in Karbou et al. (2005). The emissivities resulting 
from the parameterisation of the SSMI atlas have not been compared with the AMSU atlas to 
see whether any significant differences have resulted from the parameterisation. 

4. A snow emissivity scheme for AMSU 

A further problem shown in the 2003 study was the lack of emissivity parameters in snow-
covered areas. It was therefore decided to develop a way of providing a first guess emissivity 
for observations where the UM snow diagnostic field showed that the point was snowy 
(>0.125kg/m2), as a priority over areas where the 0.95 emissivity was more applicable. 

Weng and Yan’s (2003) SnowEM was chosen to provide the first guess emissivity. This 
model is an empirical scheme, taking AMSU window channel brightness temperatures and a 
skin temperature, and fitting to them one of sixteen different snow type reference emissivity 
profiles. Emissivities at the intermediate frequencies are then interpolated from the reference 
profile and the 183.3GHz emissivities are extrapolated. The advantage of using this scheme to 
provide a first guess emissivity is that the scheme is empirical and based on the observations 
themselves. It should therefore be an input for the minimisation scheme closer to the 1D-Var 
solution than the emissivity from the atlas as used in previous studies, assuming an accurate 
skin temperature was also provided to the model. 

Thus far, technical problems with the implementation have prevented investigations into the 
use of SnowEM to provide a first guess for a 1D-Var minimisation. However, some initial 
tests were carried out to see whether the emissivities did indeed provide a better first guess by 
investigating the O-B distribution for snow points. It should be mentioned that the UM snow 
diagnostic is not an operationally produced field and investigations have shown significant 
discrepancies between it and the NESDIS Interactive Multi-Sensor Snow and Ice Mapping 
System  (Cameron, 2004). 

Despite uncertainty in the accuracy of the snow field, in contrast to the previous studies with 
the emissivity atlas, SnowEM does indeed improve the standard deviation of O-B for the 
window and lower sounding channels (Figure 7). This is a very encouraging result, and in 
particular may allow us to use more data in the future over Siberia, Greenland and Antarctica. 
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Figure 7: Histograms of O-B for AMSU1-6 for snow points. Red=operations (emissivity=0.95), 
black=SnowEM 

SnowEM also produces a snow-type classification for each observation. A surprising result 
for the test case studied was that over 80% of observations failed to fit any of the first 15 
reference snow profiles and were therefore assigned, by default, the emissivity spectrum of 
snow type 16, “Thick crust snow” (Figure 8). This is not the expected result (Weng, pers. 
comm.). It is possible that this result could have arisen through discrepancies in the bias 
correction of the AMSU window channels. It is interesting that even though the classification 
seems to be wrong, a good first guess of O-B has resulted in the majority of snow cases. 
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Figure 8: SnowEm Snowtype classification of AMSU observations from a study of six hours 
of ATOVS observations in the Met Office 1D-Var scheme. Yellow=‘Thick Crust Snow’ 

5. Conlcusions 

In an attempt to improve land surface emissivity within the Met Office 1D-Var, with the aim 
of assimilating AMSU channels 4 and 5 over land, three studies have been carried out in 
recent years. The first and second studies involved the use of an atlas of emissivity parameters, 
which failed to provide a good enough estimate of emissivity to use without any additional 
information from the observations themselves. An attempt to add the emissivity parameters to 
the 1D-Var control vector was hampered by poor convergence statistics. One of the main 
drawbacks of the atlas is providing an appropriate emissivity estimate in snow-covered areas. 
Recent work has focussed on the use of Weng and Yan’s (2003) SnowEM to provide a first 
guess in snowy areas. Although this work is incomplete, the improvements seen in O-B 
values for these points are very encouraging and may help to enable the assimilation of more 
AMSU data over data-sparse land areas in the future. However, concerns over the quality of 
the surface temperature field will need to be addressed before significant progress can be 
made. 
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ABSTRACT 
  Fast transmittance coefficients of IRAS ( InfRared Atmospheric Sounder ) were calculated and 

verified bases on the characteristics and spectral response function of the primary IRAS sounding 

channels and GENLN2 line-by-line spectral transmittance database. The channel transmittances and 

weighting functions of atmospheric profiles were also calculated and compared  with those of High 

Resolution Infrared Sounder (HIRS). It is shown that the IRAS’ transmittance coefficients is 

satisfying , the channel transmittance and weighting function curves are reasonable, they have little 

differences from that of HIRS ,can indicate the contribution of each atmospheric layer make to the 

upwelling radiance from the whole atmosphere. The levels of peak energy contribution were mostly 

consistent with the propositional target, although some channels’ peak-levels are a little rise from the 

design object, the variety trend is consistent with HIRS/3 instrument.  
 

INTRODUCTION 
FY-3 meteoroligical satellite is the second generation of polar-orbit meteoroligical satellite in 

China, it will carry InfRared Atmospheric Sounder (IRAS)、Microwave Atmospheric Sounder、

Microwave Atmospheric Humidity Sounder for the first time. In order to provide some helpful 

information to the designer of IRAS, much simulation should be done to verify the characteristics of 

IRAS so that the satellite can be in good working state and the satellite data can be useful. IRAS is the 

primary remote sensor, it will provide real-time and valuable atmospheric data for numerical weather 

prediction. There are 26 spectral channels onboard IRAS, and can retrieve more than ten kinds of 

synoptic, climatic and environmental products.  

This study only performs forward simulation of infrared channels those concern with atmospheric 

temperature retrieval. The object is to verify the spectral channel characteristics and the according 

designed parameters. The way of obtaining this is on the base of fast radiative transfer model 

RTTOV-7 and the channel characteristics and spectral response function of IRAS, calculates fast 

transmittance coefficients and channel fast transmittance of IRAS, as well as the weighting function. 

So can validate the coefficients and the designed instrument indexes. 
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CALCULATION OF THE FAST TRANSMITTANCE COEFFICIENT 
(a) Spectral channel characteristics of IRAS and HIRS/3 
  Table 1. shows spectral channel characteristics of IRAS, most of those channels are almost same 

with HIRS/3 except for channel 11 of IRAS, whose central wavenumber locates in 1345  that 

HIRS/3 doesn’t include. The channel 18 of IRAS (expects mainly use to detect  concentration) 

is different from that according channel 17 of HIRS/3, their central wavenumbers are 2388  and 

2420 respectively. 

1−cm

2CO

1−cm

1−cm

Table 1. Characteristics of IRAS sounding channels 

Channel 

Number 

Central 

Wavenumber 

(cm
-1
) 

Central 

Wavelength 

(μm) 

Principal 

Absorbing 

Constituents

NEΔN 

(mW/m
2

-Sr-cm
-1

) 

Level of Peak 

Energy 

Contribution 

(hPa) 

1 

2 

3 

4 

5 

6 

7 

669 

680 

690 

703 

716 

733 

749 

14.95 

14.71 

14.49 

14.22 

13.97 

13.84 

13.35 

CO2

CO2

CO2

CO2

CO2

CO2/H2O 

CO2/H2O 

4.00 

0.80 

0.60 

0.35 

0.32 

0.36 

0.30 

30 

60 

100 

400 

600 

800 

900 

8 802 12.47 Window 0.20 Surface 

9 900 11.11 Window 0.15 Surface 

10 1030 9.71 O3 0.20 25 

11 1345 7.43 H2O 0.23 800 

12 

13 

1365 

1533 

7.33 

6.52 

H2O 

H2O 

0.30 

0.30 

700 

500 

14 

15 

16 

17 

2188 

2210 

2235 

2245 

4.57 

4.52 

4.47 

4.45 

N2O 

N2O 

CO2/N2O 

CO2/N2O 

0.009 

0.004 

0.006 

0.006 

1000 

950 

700 

400 

18 2388 4.19 CO2 0.003 Atmosphere 

19 

20 

2515 

2660 

3.98 

3.76 

Window 

Window 

0.003 

0.002 

Surface 

Surface 

21 14500 0.69 Window 0.10%A Cloud 

22 11299 0.885 Window 0.10%A Surface 

23 10638 0.94 H2O 0.10%A Surface 

24 10638 0.94 H2O 0.10%A Surface 

25 8065 1.24 H2O 0.10%A Surface 

26 6098 1.64 H2O 0.10%A Surface 
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  Satellite detecting instrument can only response the radiance of some spectral interval, one optimal 

instrument can absorb all the radiance that rips into it, but the physical characteristics of filter 

determine the radiance response isn’t consistent with its wavenumber, is the function of its 

wavenumber, we call this function Spectral Response Function (SRF, Weinreb and Fleming, 1981). In 

order to shows the weighting of spectral response in each wavenumber more explicitly, the SRF is 

normalized commonly. 

  Fig1. is the comparison of the normalized SRF of IRAS and HIRS/3, in which the dashed lines 

represent the SRF of HIRS/3 and solid ones represent that of IRAS, vertical lines are channel central 

wavenumber. The response characteristics of the former six channels are very similar (not shown). 

However the central location of channel 12, 14, 15,19 of IRAS is a little right-floated, while that of 

HIRS/3 is a little left-floated. Central wavenumber of channel 8 of IRAS floats toward left and that of 

HIRS/3 toward right. Exclude this mentioned above, the shapes of SRF of channel 11, 12, 13, 16, 17 

of HIRS/3 arise two peaks those possess of different altitude. Further more, the shape of SRF of 

channel 19 of HIRS/3 has even three peaks. These shapes of SRF have potential effects on 

atmospheric transmittance and retrieval calculation. 

  In addition, in calculation of channel transmittance the SRF should be interpolated to have a same 

spectral resolution with monochromatic transmittance, while the spectral response testing number of 

IRAS is less than that of HIRS/3 so maybe it will bring greater error than HIRS/3 in the simulation of 

radiative transfer. 
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Fig.1   comparison of the normalized SRF of IRAS and HIRS/3 
 
(b) Fast transmittance coefficient calculation of IRAS 

  RTTOV-7 export package contains nearly all the RT coefficient files of instruments and platforms 

that launched before May 2002 (Roger Saunders, 2002). So before we simulate FY-3A IRAS 

transmittance and radiance firstly we should calculate the RT coefficient of IRAS by ourselves.  

  In order to get fast RT coefficient, first of all should prepare a set of profiles that extensively cover 

the earth, than calculate monochromatic accurate transmittances of from each model level to space 

with line-by-line transmittance model (e.g. GENLN2). Secondly the line-by-line transmittances are 

convolved with channel spectral response to get channel transmittances j,υτ , eq.1,  is the spectral 

response function, 

vF

j,υ̂τ  is monochromatic transmittances.  
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Thirdly convert channel transmittances to optical depth according to eq.2, j,νσ  is the channel optical 

depth of each model layer to space. 
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Finally performs regression in terms of layer optical depth to obtain a set of RT coefficients. 

∑
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,,,1,, ννν σσ                    (3) 

Here  are predictors that depend on profile variables and  are regression coefficients. The 

subscript  ν，j，k  represent the central wavenumber of channels, the jth layer and kth predictor. 

kjX , kja ,,ν

  For the temperature and water vapour profiles 42 were taken from the TIGR profile dataset that 

together the mean profile provided 43 profiles of temperature and specific humidity. To enable ozone 

to be included in the model as a variable gas, a separate dataset of 34 profiles of ozone (with 

temperature and water vapour) were selected from a set of 383 profiles to represent the global 

variability of ozone profiles. This study concerns setting 10 ozone profiles aside as independent 

dataset of validation, so only 23 ozone profiles were used to calculate ozone coefficient, 2 ozone 

profile hasn’t been used.  
 
VALIDATION OF FAST RT COEFFICIENTS 

 
(a) Validation of transmittance 

  Because of unavailability of GENLN2 line-by-line transmittance, this study only used the 10 

independent profiles to validate RT coefficients of IRAS. The disadvantage of doing so is that these 10 

profiles can only represent limited atmospheric state at the same time it’s still valuable. 

  Fig 2a to 2d are the rms of the transmittance differences from the Line-by-Line (LbL) 

transmittances. These statistics are for 6 different viewing angles in the range 0 to 63.6 deg. Fig 2a is 

the rms of the transmittance differences of the former 7 channels, the rms in all the altitude less than 

0.002. Fig 2b is the rms of the transmittance differences of the channel 8 to 13, the errors of two 

window channels 8 and 9 are small, while that of the channel 10 is a little relatively large that is 

absorbed primarily by ozone. Fig 3c is the rms of the transmittance differences of the channel 14 to 17, 

this group of channels have the smallest rms of all the IRAS channels, all less than 0.001. The rms of 

channel 18, 19, 20 are shown as Fig 2d, these three channels have  rms of less than 0.002. 
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Figure 2a  RMS of RTTOV-7  for FY-3A IRAS transmittance differences from GENLN2 LbL 
model for 10 independent profiles and 6 viewing angles. 
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Figure 2b  RMS of RTTOV-7  for FY-3A IRAS transmittance differences from GENLN2 LbL
model for 10 independent profiles and 6 viewing angles.
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Figure 2c  RMS of RTTOV-7  for FY-3A IRAS transmittance differences from GENLN2 LbL 
model for 10 independent profiles and 6 viewing angles. 
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Figure 2d  RMS of RTTOV-7  for FY-3A IRAS transmittance differences from GENLN2 LbL
model for 10 independent profiles and 6 viewing angles. 
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(b) Comparison of weighting functions of IRAS and HIRS/3 

The transmittance weighting function (WF, pdd ln/τ ) of satellite instrument can reveal the 

weights of radiance contribution of each atmospheric layer to the radiance that instrument receive 

from the whole atmosphere, in the other word is that which layer atmosphere contribute most to the 

upward radiance. Peak of a WF curve represents the vertical altitude of the radiance-contributed most 

layer.  

Fig 3a is the transmittance weighting functions of IRAS and 3b is that of HIRS/3 (Jun Li, 2000), 

select U.S 1976 standard profile as input profile. It’s shown the weighting function curves of IRAS are 

reasonable, they have little differences from that of HIRS, can indicate the contribution of each 

atmospheric layer make to the upwelling radiance from the whole atmosphere. The spectral band of 

channel 8, 9, 19, 20 (corresponding channel 8, 18, 19 of HIRS/3) are window channels, the peak of 
WF curves arrive surface. Channel 10 of IRAS whose central wavelength is 9.7 mµ , is a spectral band 

that gas absorption mainly by ozone, there is a peak of WF in altitude of between 50 and 20 , this 

is because the ozone mainly exist in stratosphere. The channel 11, 12, 13 of IRAS locate in spectral 
band of 6.3 

hPa

mµ  that water vapour strongly absorbed, water vapour primarily existing in troposphere, 

the rapidly reduction of water vapour in the top of troposphere leads to the rapidly enlargement of 

transmittance, so peaks of WF curves arise here.  

0 0.2 0.4 0.6 0.8 1

100

101

102

103

hP
a

0 0.2 0.4 0.6 0.8 1 1.2 1.4

100

101

102

103

hP
a

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

100

101

102

103

hP
a

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

100

101

102

103

hP
a

1 

2 
3 

4 
5 

6 
7 8 9 

10 

11 12 

13 

14 
15 16 

17 

18 

19

20 

 

Fig.3a Channel weighting functions pdd ln/τ  of IRAS (U.S standard profile) 
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Fig.3b  channel weighting functions pdd ln/τ  of HIRS/3（Jun Li，2000） 

 

SUMMARY 
Transmittance simulation performed and the results were compared with HIRS/3, the RT coefficient 

of IRAS can used to calculate the fast channel transmittance and do forward radiative transfer 

calculation, and obtain satisfying precision. The transmittance weighting function curves are 

reasonable. 
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Abstract

The ATOVS/AVHRR Product Processing Facility (PPF) of the EPS (EUMETSAT Polar System)
Core Ground Segment (CGS) comprises the Level 1 processing of the data from the ATOVS
sounding instruments AMSU-A, MHS and HIRS/4, and the imager AVHRR/3 into calibrated and
navigated radiances. A second component includes the level 2 processing, which uses as input the
level 1 products of the aforementioned instruments. This paper shows first results from the
processing of data from the NOAA-N spacecraft, which is the first operational satellite of the Initial
Joint Polar System (IJPS). The latter includes the EPS/Metop System for the morning (AM) orbit
and the NOAA/POESS system for the afternoon (PM) orbit. NOAA-N is the first satellite that
carries the Microwave Humidity Sounder (MHS), which replaces the AMSU-B instrument.

INTRODUCTION

The ATOVS (Advanced TIROS (Television and Infrared Operational Satellite) Operational Vertical

Sounder) instrument package was first flown on the NOAA-KLM Satellite series operated by

NOAA, since 1998 in orbit as NOAA-15 (1998), NOAA-16 (2000) and NOAA-17 (2002). It is

composed of the Advanced Microwave Sounding Units A and B (AMSU-A, AMSU-B) and is

complemented by the High resolution Infrared Radiation Sounder (HIRS/3). To provide continuity

the ATOVS and AVHRR instruments will be exploited by the EUMETSAT Polar System (EPS)

(Klaes, 2001) in the frame of the Initial Joint Polar System (IJPS). The current AMSU-B sounder

has been replaced by the Microwave Humidity Sounder (MHS). An upgraded version HIRS/4 of the

Infrared Sounder is embarked on the Metop-A and Metop-B Satellites and also the NOAA-18 and

N’ satellites (NOAA-N being called NOAA-18 since in orbit). The Advanced Very High Resolution

Radiometer (AVHRR/3) will support the ATOVS Product Generation. The global processing of the

ATOVS and AVHRR data will be carried out in the EPS Core Ground Segment in the ATOVS and

AVHRR Product Processing Facilities (PPF). This paper gives an impression of the level 1 product-

generation at the example of results obtained from NOAA-18 data.
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THE ATOVS AND AVHRR PRODUCT PROCESSING FACILITY

The ATOVS and AVHRR PPF for the EPS CGS is being developed by an industrial contractor in

the frame of the development of the CGS. (Klaes et al., 2004). The development is based on Product

Generation Specifications (PGS), Product Format Specifications (PFS) and test data sets, provided

through Prototype Processors.

Figure 1 ATOVS and AVHRR PPF.

The ATOVS/AVHRR Processing for the EPS Ground Segment comprises as a first step the Level 1

processing of the ATOVS sounding instruments AMSU-A, MHS and HIRS/4, and also the

AVHRR/3 instrument. The second step is the processing to level 2, which uses as input the level 1

product and a cloud mask from scenes analysis to provide temperature and humidity profiles.

(Figure 1). Prototype processors have been established to verify the specifications and also to

generate the required test data.

NOAA-18 PROCESSING

The National Oceanic and Atmospheric Administration (NOAA) of the United States launched

NOAA-N on 20th May 2005 on-board a Delta-II rocket from Vandenberg Air Force Base,

California. Once successfully in-orbit, the satellite was re-named NOAA-18.

The instruments were subsequently switched on and first orbital data were made available to

EUMETSAT. The first MHS data with the instrument in scan mode is shown in Fig.2 They were

recorded from orbit 86 on the 26 May 2005. There were no calibration data available, so the first

orbit displays Earth located counts.

International TOVS Study Conference-XIV Proceedings

579



Figure 2 First MHS orbit (86), Channel 1-5 counts.

Once the calibration parameters were available and adjusted we could calibrate and Earth locate

MHS data. The results are displayed in Fig. 3 as brightness temperatures. The successful processing

confirmed the correctness of the EPS-MHS processor specification.

Finally, in week 23 all instruments were switched on and all instrument data could be processed

(calibrated and Earth located) with EUMETSAT’s prototype processor. Figures 4 and 5 show the

results for the AMSU-A data of orbit 155, HIRS/4 data and the AVHRR IR data for orbit 294.
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Figure 3 MHS Brightness Temperatures for 31 June 2005, Orbit 155.
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Figure 4a AMSU-A Channels 1-10 Brightness Temperatures, NOAA-18 Orbit 155.
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Figure 4b AMSU-A Channels 11-15 Brightness Temperatures, NOAA-18 Orbit 155.
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Figure 4c NOAA-18 HIRS channel 1 – 10 Brightness Temperatures, Orbit 294.
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Figure 4d  NOAA-18 HIRS channel 11– 19 Brightness Temperatures, Orbit 294.
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Figure 4e NOAA-18 AVHRR IR channels 4 and 5 Brightness Temperatures, Orbit 294.

The AVHRR visible and near IR channels were switched on first and were available and processed

already for earlier orbits.
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Figure 5a: NOAA-18 AVHRR channel 1 and channel 2 Reflectances, Orbit 155.
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Figure 5b. NOAA-18 AVHRR Channel 3 Reflectances, Orbit 155.

With these data EUMETSAT has a complete reference set available for the testing of the Core

Ground Segment (CGS) Product Processing Facility. A next step is to process NOAA-18 orbits in

the CGS and to verify the results with the prototype output.
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SUMMARY AND OUTLOOK

EUMETSAT has processed the first data of the Initial Joint Polar System end-to-end with the

available prototype and has provided the required reference data for a test of the CGS ATOVS PPF.

This confirmed that the specifications of the algorithms were correct.

Current work is aimed to configure the CGS ATOVS PPF with NOAA-18 instrument parameters

and prepare the testing of the operational chains with real data.
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1. Introduction 
At the middle of 1999, National Satellite Meteorological Center (NSMC) of China Meteorological 

Administration (CMA) made the real time HRPT/ATOVS data receiving and processing in operational. 

The HRPT data obtained from the 3 ground stations of Beijing, Guangzhou and Urumqi as shown in 

Figure 1 are sent to the NSMC in real time. The HRPT/ATOVS data processing system was built based 

on the AAPP and ICI/IAPP processing packages in which the AAPP is used for ATOVS data 

preprocessing and the ICI/IAPP are used for temperature and moisture profiles retrieving. Some 

adaptations were made for the AAPP and ICI/IAPP according to the situation of NSMC.  

In order to more easily check if the ATOVS products are correct, the PC-ATOVS displaying system has 

been developed, and the collocations and validations of the sounding products have been made as well. 

 

Urumqi Beijing 

Guangzhou 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 The receiving coverage for the 3 HRPT stations of NSMC, CMA, China 

 

The progress of ATOVS data applications has been made for recently years, such as, typhoon and 

rainstorm monitoring, variational assimilating, atmospheric temperature and moisture profiles 

analyzing and so on. It is obvious that more and more meteorologists in China will take account of 

ATOVS data into their NWP model and weather analyzing and forecasting. 
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Section 2 shows the outline of ATOVS operational processing system. Section 3 introduces the 

validation of ATOVS sounding products. Section 4 gives examples of ATOVS data applications at 

CMA. The summary will be given at the end of our paper. 

 

2. Outline of ATOVS Processing System 
Figure 2 illustrates a flow chart of the ATOVS operational processing system at NSMC. From it we 

can see that ATOVS operational processing system is comprised of 3 primary subsystems, those are 

satellite navigating, preprocessing, and retrieval. The processing system is developed on UNIX system. 

The validation and display subsystems are developed on PC-Windows. 

The satellite navigation subsystem is running daily at specified time. The preprocessing and retrieval 

subsystems are running for each orbit. And distributions of ATOVS products to users have been done 

immediately after generated. At present, the validation and display of ATOVS products are done on the 

PC, they are not running every day.  

2.1 Satellite Navigation 

The satellite navigation subsystem has been built based on a part of AAPP and the situation of NSMC. 

The major input data is TBUS bulletin issued by NOAA/NESDIS and obtained from the GTS. The 

major output file is the so-called SATPOS file and used for ATOVS/AVHRR earth location. This 

subsystem is running daily on the server of HP system.  

2.2 Preprocessing 

The preprocessing subsystem has been built based on the AAPP. Some adaptations were made 

according to the situation of NSMC. For the AAPP, it is designed for processing ATOVS /AVHRR 

data received from a single HRPT station. However, there are 3 HRPT stations at NSMC, and the 

position and coverage for them are shown in Fig.1. From that, it can be seen that the data received from 

Beijing and Guangzhou stations are normally in the same orbit. When the two pass files from the two 

stations are sent to NSMC, and they are jointed into one file. So the modification must be made 

according to the coverage of two joined stations. This subsystem is running in real time after the new 

HRPT data file available on the HP server. 

2.3 Retrieval 

The ATOVS retrieval subsystems have been built based on ICI and IAPP. Some adaptations were made 

according to the situation of NSMC. Before 2003, the ATOVS sounding products are generated using 

ICI. After that, they are generated using IAPP. 

2.3.1 ICI 

For ICI, the major modification is about creating initial guess rolling library. The analyses of regional 

NWP model HLAFS (High-resolution Limited Area Forecasting System) of the National 

Meteorological Center (NMC) of CMA are utilized to create a rolling library over the last ten days at a 

zone of 10ºby 10º.The HLAFS covers area of 5--64ºN and 55—145ºE and provides 4 times analyses 

per day with spatial resolution of 1ºby 1º and vertical resolution of 14 levels up to 50 hPa for 
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temperature and 8 levels up to 200 hPa for relatively humidity. The HLAFS is running based the T106 

NWP model. At the beginning of 2003, the T106 is updated by the T213, since then the HLAFS is not 

available, therefore the ICI retrieval system is terminated. 

The retrieval processing for the ICI is based on a field-of-array (BOX) containing 2 by 2 adjacent 

HIRS/3 FOVs. So the spatial resolution of sounding products is about 50km. The temperature profiles 

were derived with the data from the AMSU-A and HIRS instruments, and the moisture profiles were 

derived with the data from AMSU-B and HIRS instruments.  

 

Fig. 2 A flow chart of the HRPT/ATOVS data operational processing system at NSMC 

 

2.3.1 IAPP 

Regression retrieval is selected for the first guess profile. The retrieval processing for IAPP is based on 

a field-of-array (BOX) containing 3 by 3 adjacent HIRS/3 FOVs. In order to make higher resolution of 

retrievals, a retrieval BOX was selected with 2 by 2 HIRS/3 FOVs instead of 3 by 3. Same as ICI, the 
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temperature profiles were derived with the data from the AMSU-A and HIRS instruments, and the 

moisture profiles were derived with the data from AMSU-B and HIRS instruments. 

2.4 ATOVS Data Distribution  

ATOVS operational products are distributed to users at the conclusion of orbital processing, which 

takes about 10 minutes, with a complete orbit spanning about 15-20 minutes. The operational products 

that are routinely distributed to users include: 

 ATOVS L1C data (AMSU-A, AMSU-B, HIRS) 

 ATOVS L1D data (AMSU-A, AMSU-B, HIRS) 

 ATOVS sounding products 

There are two dedicated links to distribute these data to users out of NSMC: 

 NSMC  NMC / CAMS users 

 NSMC  CMA users (9210 net work) 

For the NSMC users, the AMSU-A and AMSU-B L1C data are available in real time, which are 

directly used for monitoring the typhoon, rainstorms, etc. For NMC and CAMS (Chinese Academy of 

Meteorological Sciences) users, the AMSU-A, AMSU-B and HIRS L1D data are available on time for 

applying to the variation assimilation system in NWP models. For CMA users, the temperature and 

moisture soundings are available in near real time for analyzing. 

 

3. Validation of ATOVS Sounding Products 
The sounding products produced by ICI and IAPP are validated with the radiosonde data, respectively. 

The collocations are made between the radiosonde and ATOVS soundings. A matched radiosonde and 

satellite sounding sample is compiled if the candidate radiosonde and satellite sounding data: 

 are within specified time (6 hours) and distance (1º) windows 

 differ by less then 10K for each temperature level (1000 --10 hPa) 

 have similar surface 

The primary validation strategies consist of 

 vertical profile comparison 

 vertical accuracy statistics 

 horizontal field analysis 

3.1 Vertical Profile Comparison 

The vertical Profile comparisons were made among the radiosonde, ATOVS retrievals and 

corresponding first guess. The two typical stations were selected for Beijing (in the median region) and 

Guangzhou (in the tropic region). Figure 3.1 shows the comparisons of the IAPP retrievals and 

radiosondes for Beijing and Guangzhou. In the comparisons, the retrievals were made from NOAA-16 

data around 18UTC of July 23 of 2002, the radiosonde data at the 12/24 UTC of July 23 of 2002. In the 

figures, the right side is temperature profile, the left side is the dew point temperature profile.  
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Fig. 3.1  Comparisons of the IAPP retrieval and corresponding first guess with radiosonde 

data for Beijing (top) and Guangzhou (bottom) from NOAA-16 ATOVS data at around 

18UTC of July 23 of 2002 (right side is temperature, left side is dew point temperature, 

sold line is radiosonde, dash line is first guess, dot and dash line is retrieval) 

 

Same as Figure 3.1, Figure 3.2 shows the comparisons of the ICI retrievals and corresponding first 

guess with radiosonde for Beijing and Guangzhou. 

From the comparisons, we can see that the temperature retrievals from both of IAPP and ICI are quite 

close to the rediosonde, but for dew point temperature, the IAPP is better than the ICI, especially for 

Beijing. 

3.2 Vertical Accuracy Statistics 

The vertical accuracy statistics based on satellite minus radiosonde differences were computed from 

the collocations for NOAA-16 at the period of July in 2002. The statistics were made from total 

collocations which include the types of land and sea, and clear and cloudy and the coverage of 

collocated data shown in the Fig.1. 

Figure 3.3 shows the statistics of temperature (top) and relatively humidity (bottom) for the IAPP 

retrieval and first guesses from NOAA-16 at the period of July in 2002. The total collocations are about 

10000 samples.  
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Fig. 3.2  Same as Fig.3.1, but for ICI retrieval and corresponding first guess (right side is  

temperature, left side is dew point temperature, sold line is radiosonde, dash line is first 

guess, dot and dash line is retrieval) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.3 The statistics for temperature (top) and relatively humidity (bottom) for IAPP retrievals 

and corresponding first guess from NOAA-16 at the period of July in 2002 (sold line for 

IAPP retrievals, dash line for first guess, the left side is bias, the right is RMS (total 

samples are about 10000)) 
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Fig.3.4  Same as Fig.3.3, but for ICI retrievals and corresponding first guess (total  

samples are about 8000) 

 

Similarly, Figure 3.4 shows the statistics of temperature (top) and relatively humidity (bottom) from 

the ICI retrievals and corresponding first guesses for the same situations as in Figure 3.3. But the total 

collocations are about 8000 samples. 

From these figures, it can be seen that the root mean square (RMS) accuracies of temperature retrievals 

for both IAPP and ICI are about 2-2.5K. But for relatively humidity, the IAPP is better than the ICI, the 

IAPP is about 15-20%, while the ICI is about 20%. 

3.3 Horizontal Fields 

Horizontal field analysis provides better meteorological context concerning the characteristics of the 

derived satellite products than the vertical accuracy statistics, and is an important component of the 

product validation function. 

Figure 3.5 illustrates examples of temperature (ºC) and water vapor mixing ratio (g/kg) analysis over 

the region around China for the level of 500 hPa from NOAA-16 ATOVS retrievals produced by IAPP 

at time 18-22UTC of July 23 in 2002. The background image is made from HIRS/3 channel 8 

brightness temperature. The corresponding water vapor image made from AMSU-B channel 3 

brightness temperature is shown in Figure 3.6.  

Based on the analysis fields and corresponding images, it can be seen that the analysis fields and the 

patterns of clouds and water vapor have a good consistent, thus, it indicates that the ATOVS sounding 

products are reasonable. 
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Fig. 3.5 Example of temperature (ºC) and water vapor analysis over the region around China 

for the level of 500 hPa from NOAA-16 ATOVS retrievals produced by IAPP at time 

18-22UTC of July 23 in 2002 (red line is temperature, green line is water vapor mixing 

ratio (g/kg*10)  

 

.  
Fig. 3.6  Example of water vapor image over the regional around China from NOAA-16 

AMSU-B channel 3�183±1GHz�brightness temperature at time 18-22UTC of July 23 

in 2002.(dry air in yellow /dark yellow, wet air in green) 

 

4. Examples for ATOVS Data Applications 
The progress of ATOVS data applications has been made for recently years, such as, the AMSU-B L1C 

data are directly applied to monitor routinely the typhoon, rainstorm at NSMC, the ATOVS L1D data 

are applied to the variation assimilation system of NWP models at the several centers of CMA, the 

ATOVS the atmospheric temperature and moisture profiles are used in the case study of weather 

analyses and so on. Here we just show the two examples of ATOVS data applications at CMA. 

4.1 Applications of ATOVS Radiances in NWP System 

During the past several years, NSMC made cooperation with the Research Center for Numerical 

Meteorological Prediction (RCNMP) of Chinese Academy of Meteorological Sciences (CAMS) to 
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study a direct assimilation of ATOVS radiances in GRAPES/3DVAR system. The ATOVS radiances 

are processed at NSMC using AAPP. It is very clear that there is improvement on forecast by the 

impact of these data. The following example shows the trace of WeiMaXun typhoon developing and 

landing to Korea during July 4-6 of 2002. The experiments of the model configuration are as follows: 

 assimilation model: GRAPES/ 3DVAR 

 forecast model: WRF�Weather Region Forecast� 

 Background: T213 

The experiments include two tests:  

Test 1:  radiosonde data only 

Test 2:  radiosonde data + ATOVS/AMSU-A radiances  

Figure 4.1 shows the geopotential height fields for 850 hPa at 15UTC of July 4 in 2002, which are 

generated from Test 1(left) and Test 2 (right), respectively. From these analysis fields, we can see that 

there are some differences. 

Figure 4.2 is the analysis geopotential height field for 850 hPa at 00Z of July 6 in 2002 produced by the 

T213 operational system. 

Figure 4.3 shows the 45 hour forecast geopotential height fields for 850 hPa at 00Z of July 6 in 2002 

produced according to Test 1 and Test 2, respectively. Comparing the 45 hour forecasts with T213 

analysis, it is clear that the forecast of center position is improved about 200-300 km for the 45 hour 

forecast produced according toTest2. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 The analysis geopotential height fields for 850 hPa at 15UTC of July 4, 2002 which are 

generated from Test 1(left) and Test 2 (right) and used for 45 hour forecast, respectively  
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Fig. 4.2 The analysis geopotential height field for 850 hPa at 00Z of July 6 in 2002 produced by 

the T213 operational system (the center position at 39N,130E) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 The 45 hour forecast geopotential height fields for850 hPa at 00Z of July 6 in 2002 

which are produced based on Test 1 (left: the center position at 37.5N,127.3E) and Test 

2 (right: the center position at 38.7N,130.2), respectively . 

 

4.2 Applications of ATOVS Sounding Products in Synoptic Analysis 

During Jun 20-24 of 2002, a heavy rainstorm was occurred in the region of Changjiang valley. It was 

reported that the rainstorm was caused by sequence 3 middle α convective scale (MαCS) air mass 

based on the analysis from several kinds of data. Figure 4.4 shows the total precipitation for 20-24 of 

Jun 2002 (left top). 

When the third MαCS is grown up mature phase at 18UTC of June 22, it is fairly from the ATOVS 

temperature and moisture fields that there were a cold air core at low level, a wet air belt at middle 

level, and a warm air core at upper level in the MαCS air mass (see Fig 4.4) These results are consistent 

with the characteristics of middle convective scale (MCC) described by Maddox in 1983. 
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Fig. 4.4 Total precipitation during 20-24 Jun 2002 (left top) and temperature and water vapor 

analysis fields at 850hPa(right top), 500hPa(left bottom), and 300hPa (right bottom) 

from the IAPP ATOVS sounding products. In the Figures, the sold line is Temperature 

(ºC), the dot line is water vapor mixing ratio (g/kg),the shadow area is MαCS. (provided 

by QinDanyu) 

 

5. Summary 
Since the middle of 1999, the National Satellite Meteorological Center (NSMC) of China 

Meteorological Administration (CMA) has been receiving and processing the HRPT/ATOVS data in 

operational. The ATOVS data processing system has been built based on the AAPP and ICI/IAPP. The 

PC-ATOVS display systems were developed by using IDL and C++ languages for checking the 

ATOVS radiance and sounding products, respectively. The validations of the sounding products 

generated by the ICI and IAPP were made, respectively. The accuracy of temperature for both ICI and 

IAPP are similar as about 2-2.5K(RMS), the accuracy of moisture is about 15-20%, and the IAPP is 

better than ICI. The progress of ATOVS data applications has been made for recent years, especially 

for the application of the ATOVS radiance data in NWP variational assimilation model. 
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Abstract  

Upper atmospheric meteorological information such as steering flow, cirrus outflow 
and warming, mid-tropospheric warming etc have been used as pre-cursors to predict the 
movement of cyclonic storms throughout the world with mixed rate of success. Soundings 
from aircraft reconnaissance flights revealed that mid-tropospheric warming due to altostratus 
outflow is more significant than the cirrus outflow and such warming protrude atleast 400 km 
ahead of the storm (Simpson, 1954). This concept has been analysed in depth to study the 
movement of eight cyclonic disturbances over Bay of Bengal and Arabian Sea. 

Mid-tropospheric warming between 700 and 400 hPa due to Altostratus outflow 
protrudes as far ahead as 400 to 700 km in spatial scale and 3 to 12 hours in temporal scale 
(Suresh and Rengarajan, 2002). The protrusion of this warm tongue well-neigh matches with 
the best track finalised by the India Meteorological Department (IMD) and the land fall has 
also been predicted within  ± 30 km from the actual. Relatively a rare southward movement of 
a cyclonic storm  was also predicted correctly by this technique. While significant warmness 
(7 to 13 oC) in the upper troposphere  (250-200 hPa) characterises a cyclonic storm, no 
significant warmness could be identified in the depression stage. Weak convective instability 
and relatively high warmness in the lower troposphere (upto 700 hPa) at farther ranges (150 – 
200 km from the storm centre) together with long sea travel aid the intensification of a 
weather system into a cyclonic storm. 
 
Introduction  

Foreshadowing the track and movement of tropical weather disturbances such as 
depressions and cyclonic storms, with the limited radio sonde data, is a great challenge to the 
operational weather forecasters. The vast expanse of oceanic surface from where the genesis 
of weather disturbances take place practically do not have upper atmospheric radio sonde 
information. More over, for predicting the movement of the storms, the available radio sonde 
data over the land area have to be interpolated / extrapolated and made available over the 
oceanic area with limited accuracy through objective analysis and optimum interpolation, 
over  coarse grids, which may not be a true representative of the mesoscale variability of the 
atmospheric motion. Upper atmospheric TOVS data obtained from NOAA satellites promises 
a good spatial coverage over the oceanic region to understand the structure of the weather 
disturbances provided such soundings exist over those disturbances. Despite the limitations 
such as the coverage of a particular area of interest just once in 12 to 24 hours from a 
particular polar orbiter, the sounding information may be used to predict the movement of the 
disturbances with a reasonable degree of accuracy by pooling the sounding data from other 
polar orbiters viewing the areas of interest. 
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Estimating  the profiles of temperature and trace gas concentration from the observed 
radiance is often called as inverse problem or retrieval  problem.   The  retrieval problem aims 
at finding temperature  profiles  that   satisfy  the  radiative transfer  equation(RTE). 
 However, unique   solution  to  the   RTE would not be guaranteed, even  if  we  get radiance 
 data  at  all wavelengths  from  noise-free  radiometer   (Chahine,  1970)  and  infinite 
 number  of  solutions are  quite   possible  consistent with measured radiances since  the 
 radiation  measurements  are often contaminated with noise (Eyre,  1990).  As   the surface 
and upper air guess profiles have effect on quality of   soundings  (with  larger  impact at 
lower  levels  and  relatively   lesser impact  over middle and upper  troposphere),  a  judicious 
initial  guess, may be from climatology or numerical  forecast  or   regression  estimate from 
stratospheric level channel data,  has to   be made to solve the RTE. It has been reported that a 
reasonable degree  of accuracy is attainable by using the initial  guess  for   surface 
temperature or 1000 hPa level (for example, see Khanna and   Kelkar,  1993).  However,  in 
the  absence  of  getting  efficient  numerical  upper air forecast in real time for  use  as  initial 
guess  for each satellite pass TOVS retrieval, the climatology  is   normally  used  as  initial 
 guess in  operational  mode  of  TOVS   processing at many direct read out HRPT ground 
stations.    
 
Tiros Operational Vertical Sounder (TOVS) 

Tiros Operational Vertical Sounder(TOVS), comprising of 20 channel High 
Resolution Infrared Sounder (HIRS), 4 channels Microwave Sounding Unit (MSU) and 3 
channels Stratospheric Sounding Unit (SSU), onboard NOAA series of polar orbiters (upto 
NOAA14) provide vertical profiles of temperature, humidity and geo potential heights at 
standard pressure levels besides columnar ozone, precipitable water vapour and outgoing 
longwave radiation. The technical details, processing algorithm (Smith et al., 1979), retrieval 
procedures (Chahine, 1970) and usefulness and limitations of TOVS data have been 
excellently documented  in Kidder and Vondar Harr(1995). The validation of TOVS derived 
atmospheric parameters over the Indian region has been done by Khanna and Kelkar (1993), 
Gupta et al (1996) and Suresh and Rengarajan (2001). 

 
Fig. 1 shows the temperature bias between TOVS derived and that obtained from a 

few  collocated Radio sonde stations (within ±100 km and ±2 hours of ascent) selected at 
random from peninsular India. This sort of comparison was done on a routine basis during 
1996-1998 at HRPT direct read out ground station at Chennai (13o 04/ N / 80o 14.7/ E). 
Climatological values were used as initial guess to solve RTE using version 4 of International 
TOVS Processing Package (ITPP). The temperature retrieval was found to be within a root 
mean squared error (RMSE) of 1.0 to 2.5 oC at different levels from that obtained through the 
collocated Radio-sonde and  the agreement was quite good between 850 and 200 hPa. As the 
root mean squared biases are smaller than the  natural variability (i.e.) the standard deviation 
of  radio-sonde  data (India Meteorological Department (IMD),1988), satellite soundings can 
be used in weather analysis and forecast  as they explain a substantial fraction of variance of 
 atmospheric  temperature. However, in  view of the facts that the timings and sounding 
 techniques  of   satellite  and radio-sonde are different and the inherent instrumental errors   
from  radio-sondes have also been taken into account for inter-comparison, overestimates of 
RMSEs are quite probable and hence  it   may  be concluded that satellite soundings are 
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complementary  and not competitive to RS/RW soundings (Cracknell, 1997). Hence these 
data were independently used to study the thermodynamics of northeast and southwest 
monsoon by Suresh and Raj (2001) and Suresh et al. (2002). Fig. 2 shows the mean monthly 
root mean squared differences between TOVS derived and Radio Sonde measured 
temperature values at standard pressure levels.  

 

 
Fig. 1. Comparison of temperatures at standard pressure levels. The difference 
between that estimated from TOVS and collocated Radio Sondes@, samples 
selected at random, over southern peninsular India during 1998  have been 
presented.  @Chennai(13.0 oN / 80.18 oE); @Hyderabad (17.27 oN / 78.28 oE); 
@Thiruvananthapram (8.48 oN / 76.95 oE); @Karaikal (10.91 oN / 79.83 oE); 
 

Since the RMSE of less than 2.0 oC is quite low to monitor the thermal structure of 
tropical cyclones (Kidder et al., 2000), TOVS data has been successfully used to study the 
movement of tropical cyclones over Bay of Bengal and Arabian Sea by Suresh and 
Rengarajan (2002). A few of the results are described in this paper. 
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Fig. 2. Plots of mean monthly root mean squared differences between temperature  

estimated from TOVS and collocated Radio sondes@ at various pressure 
levels over Indian region during 1996-1998. @Chennai(13.0 oN / 80.18 oE); 
@Bangalore (12.58 oN / 77.35 oE); @Thiruvananthapram (8.48 oN / 76.95 oE); 

 
Advanced TOVS (ATOVS) 

Since the MSU of  TOVS has a coarse resolution of 148km at the nadir, Advanced 
MSU(AMSU) was planned to have a finer resolution and flown as Advanced TOVS(ATOVS) 
instrumentation onboard NOAA-15 satellite (launched during May 1998) onwards.  Fifteen 
channels Advanced MSU- A (AMSU-A) has a 48 km resolution and five channels Advanced 
MSU- B (AMSU-B) has a resolution of 16 km at nadir. Besides the major advantage of very 
high spatial resolution and radiometric accuracy, AMSU is quite capable of measuring / 
deriving main tropical cyclone parameters of interest such as storm location, liquid water 
content and thermal anomalies in view of the fact that clouds are well-neigh transparent to   

International TOVS Study Conference-XIV Proceedings

604



microwave radiation. Algorithms for the errors in estimation caused by antenna side lobes 
(Mo, 1999) and limb adjustment due to increased path length (Wark, 1993) need to be applied 
to get the best estimation.  Details of limb adjustment, temperature retrieval procedure and 
validation of ATOVS data may be seen from Goldberg (1999) and  Jun Li  et al (2000). 
Validation of ATOVS data over Indian region has been attempted by Singh et al. (2003) and Das 
Gupta et al. (2003).  
 ATOVS data received from NOAA-15 and 16 satellites at the direct readout ground 
station at India Meteorological Department (IMD), New Delhi have been used in this paper to 
study the thermodynamical structure of two tropical cyclones and one tropical depression over 
Bay of Bengal during 2002-2003. More over, tracks of these tropical disturbances have been 
studied in this paper using the temperature profile obtained from the AMSU. 
 
Data 

TOVS derived temperature data in the domain (2o to 26 oN;   64 o  to 90 oE) during 
May, June and October to December,1998  have been used in this study to foreshadow the 
cyclonic storms which   formed  over the Bay of Bengal and Arabian Sea. Nearly 400 to  500   
soundings from each satellite pass (NOAA 12 and  14  satellites)   during  the  cyclonic  storm 
period  have been analysed.  This   voluminous data, especially over the data sparse oceanic 
area has   been of tremendous use in analysing the cyclonic  field  and  to   foreshadow  the 
 track of the cyclone. Climatological  normals  of   radio-sonde  data  for the Indian region 
published  by  the  India   Meteorological Department(IMD,1988)  and  annual  cyclone 
 review   report  of IMD for the period 1998 have been consulted. TOVS data   during  the 
period November - December 1996 has also been used  in this study to verify the technique 
developed for a rare southward moving   cyclone over the Bay of Bengal. 

 
The available ATOVS data from NOAA 15 and 16 satellites have been antenna side 

lobe corrected, limb corrected and processed for two tropical cyclones (Kolkata cyclone, 11-12 
November 2002 and Machilipatnam (16.2o N / 81.15o E) cyclone, 13-15 December 2003) and for 
a tropical depression on 23 October 2002. Imageries from the geo-stationary satellite 
(METEOSAT) that had been obtained in real time from Dundee University website 
(http://www.sat.dundee.ac.uk) during the said period are consulted wherever necessary to 
identify the intensity of the disturbances. Data obtained by Doppler Weather Radars(DWR) at 
Chennai and Kolkata have also been considered to identify the structure of the disturbances. 
   
Analysis of mid-tropospheric warmness 
     In  one of the earlier studies on the structure  of  tropical  cyclones   using   aircraft 
reconnaissance, Simpson(1954)   has   postulated   the  concept  of protrusion of 
 midtropospheric (700-500hPa layer) warmness, due to altostratus outflow, upto a distance of 
400 – 1000 km ahead of the storm. Simpson argued that altostratus outflow from 
the typhoons is more significant than the cirrus outflow in causing a significant warmness. In 
order to find out whether any significant warming has taken  place in  the mid troposphere, 
ahead of the storm,  mean temperature and gpm thickness in the layers 500-850hPa, 500-700 
hPa   &  400-700 hPa were computed, plotted and analysed. In addition  to   the  above, the 
temperature drop from 850 to 500 hPa has also been   worked  out  to find out pre-cursor(s), if 
any,  to  forecast  the   cyclone track over Bay of Bengal and Arabian Sea during 1998.   
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 Upper air   climatology  of  1200 and 0000 UTC has been  used  as   first  guess 
profile to solve RTE  for NOAA 14 passes over Chennai region (during 07-09 and 19-
21 UTC) as there are no 06 and 18 UTC radio sonde data available.  Since the  warm/hot 
 lower   levels  generally prevailing almost throughout the year  and  high seasonal  variability 
 of  moisture in  the equatorial  latitudes   during  afternoon   offer  varying transmittances, an 
increase in  temperature at lower and mid tropospheric level are encountered in NOAA 14 
retrievals.  Hence     temperature correction profiles,  based   on  the  upper  air  climatological 
data  of  0000  and 1200  UTC data (IMD,1988), have been estimated and subtracted the same 
from the TOVS derived temperature to have continuity with climatology and NOAA 12 
derived values.  

 
Fig. 3. Tracks of cyclonic storms during 1998. 

 
 
Tracks of cyclonic storms during 1998 over Bay of Bengal and Arabian 
Sea 
Tracks  of cyclonic storms during 1998 have been  taken  from   the published records of IMD 
and shown in Fig. 3.  
  
Pre-monsoon cyclonic storm (17.5.98 to 20.5.98) 
     A  depression formed over central Bay at 0300 UTC on  17  May 1998  and 
intensified into a cyclonic storm at 1200 UTC  on  18th . Analysis  of the mean temperature 
between 700 and 400hPa level  at   2045 UTC on 18th  indicates that the storm will move in 
 northerly   to  north northeasterly direction and the actual movement  of  the   storm 
confirmed this till 19th. The probable track was predicted when the storm was atleast 400 km 
away from the coast with a lead time of more than 28 hours. Further analyses based on 
 2336 UTC of  18th (analysis  not shown) and 0757, 1224 and 2032 UTC  of  19th also 
confirmed the cyclone movement atleast 24 hrs in advance  and   the  landfall  was  also 
predicted within  20 km  from  the  actual   landfall. Fig. 4 depicts the mean temperature 
analyses.   
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Fig.4. Analyses of 700-400hPa layer mean temperature during 17-20 May 1998. 

 
Cyclonic storm during monsoon season (5.6.98 to 10.6.98)   
      The deep depression observed over Arabian Sea at 0300 UTC  on 5th June'98 
intensified into a cyclonic storm  at 1200 UTC  and   moved  in  northwesterly direction 
initially.  
700-400 hPa  layer  mean temperature  analysis of 0142 UTC on 5th (Deep  Depression 
 stage), 0118 and 0937UTC  on 6th  and 0056 and  0928UTC  on  7th   clearly  foreshadowed 
 the  storm  track. The analyses have been presented in Fig. 5.  
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Fig. 5. Analyses of 700-400hPa layer mean temperature during 5-10June1998 

The storm has crossed coast around 03 UTC on 9th. The probable landfall has been predicted 
based on  0917 UTC soundings of 8th (about 18 hours in advance and when the storm was 
away from the coast by 350 km) within an error of  within about 35 km. 
 
Post monsoon Cyclonic storm (13.11.98 to 16.11.98)   
      A depression formed over central Bay on 13th intensified into a cyclonic storm at 
0900UTC of 14th  and moved on NW direction  and   crossed close to Visakhapatnam on 15th 
A/N. The 700-400 layer mean   temperature analysis of 0028UTC on 14th  indicates that the 
storm will  move  towards north Andhra coast and most likely  cross the coast close to 
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Visakhapatnam(17.5 oN;82.7 oE). This prediction  has been done when the storm was away 
from the coast by at least 450 km and with 30 hours lead time before the landfall.. The 
0823 UTC analysis  of 14th  reconfirms the movement  of  the storm   towards north Andhra 
coast. The exact landfall had been  predicted accurately based  on  1136 and 2058 UTC 
analyses on 14th  when  the storm was   out  300  and 200 km away from the coast. Fig. 6 
shows  the  700 - 400hPa mean temperature analysis.   
 

 
Fig. 6. Analyses of 700-400hPa layer mean temperature during 13-16 November 
1998 
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Post monsoon Cyclonic storm (19.11.98 to 22.11.98)   

       

 
Fig. 7. Analyses of 700-400hPa layer mean temperature during 19-22 November 
1998. 
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The depression formed over east central Bay on 19th  initially moved in NW 
direction and changed its path to NNW over central and north Bay during  20th -21st  
and finally recurved  and had its landfall close to Calcutta on 22nd F/N. The analyses 
have been depicted in Fig 7.  The 2335 UTC /20th mid-tropospheric analysis indicated that 
the storm was heading towards little north of Paradip and  the  actual  track  was  also 
confirming   this   prediction  upto 1200 UTC/21. The recurvature was predicted based   on 
0844 UTC/21st NOAA 14 pass. The landfall was predicted based  on 1223 UTC/21st  NOAA 
12 pass when the storm was away from the coast  by more than 300km with a lead time of 
more than 18 hours.  
 
Southward moving Bay storm 28 November - 7 December, 1996 
      Fig. 8 shows the  Bay storm during November 28 - December 7, 1996. This storm had  
a loop in the central Bay and had  southward  movement before its landfall. This  storm  could 
 not be  forecast correctly  either by synoptic or by numerical  weather  prediction   (NWP) 
 methods. As  such an attempt has been made  to  study  the   movement  of  this storm 
through the technique developed  in  this   paper. In view of the non-availability of processed 
TOVS data during November 28 – December 2, 1996, the looping could not be diagnosed. 
 

 
Fig. 8. Track of cyclonic storm during 28 November – 7 December 1996 

 
The 0758 UTC/3rd satellite pass prediction was very much agreeing with  the  storm 

movement till 1200 UTC/4th  (see  Fig  9).  However, 2035 UTC/3rd  TOVS 
analyses indicated southwestward  movement of  the storm which may be quite strange and/or 
puzzle to the forecaster. Analysis of 0024 and 0205 UTC/4th TOVS data also  reconfirmed   
the SSWward movement of the storm which had actually taken  place from 1200 UTC/4th. 
0747 UTC/4th  pass(analysis not shown) predicted  even   the  SEward  movement of the 
storm about 6 hours  in advance.  The   landfall within 25 km accuracy  was  very  well 
predicted based  on  2024UTC/4, 0738  & 0918 UTC and 2014 UTC/5th  and 0728 UTC/6th 
NOAA 12 and NOAA 14 satellite passes. The lead time of the land fall prediction was as high 
as 46 hours in this case.   
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Fig. 9. Analyses of 700-400 hPa mean layer temperature during 28 November – 

7 December 1996. 
 
Analyses using ATOVS data for the cyclonic disturbances of 2002-2003 
  Fig. 10 shows the cyclonic disturbances of 2002-2003 over Bay of Bengal and 
Arabian Sea. With the available ATOVS data from IMD, New Delhi, the depression on 

International TOVS Study Conference-XIV Proceedings

612



22 October 2002 and cyclonic storms during 11-12 November 2002 and 13-15 December 
2003 have been analysed to see the pre-cursor, viz., protrusion of mid-tropospheric warm 
tongue, to predict the storm track in these cases as well. 
  

 
Fig. 10. Finalised tracks of tropical disturbances during 2002 –2003 by IMD. 

 
Tropical depression 22-23 October 2002 
 A tropical depression, with intensity T1.5 in Dvorak’s scale (Dvorak(1975), formed at 
09 UTC on 22nd October 2002 over Bay of Bengal remained practically stationary at 13.5 oN / 
81.5 oE up to 12 UTC and subsequently intensified into T2.0. It had a very slow northward 
movement up to 12 UTC of 23rd October and  thereafter weakened in Bay itself.  Fig. 11 
shows the layer mean temperature of 700-400 hPa obtained from NOAA16 AMSUs at 
2001 UTC on 22nd. A 3 oC  mean layer warmness was observed at about 150 km ahead of the 
storm and the possible direction of movement of the depression (line joining the centre of 
depression and the protrusion of maximum warmness, similar to warm tongue) was in total 
agreement with that finalised by IMD. However, there is an eastward shift of about 0.5o in 
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locating the centre of the storm based on ATOVS data albeit the latitude fixation agrees with 
that of IMD. 
 

 
Fig. 11. Analysis of  700 – 400 hPa layer mean temperature (oC) of the Bay 

depression at 2001 UTC / 22 October 2002. 
 
Kolkata cyclone, 11-12 November 2002 

A depression formed at 14.0 oN / 83.0 oE at 0300 UTC on November 11, 2002 
intensified into a cyclonic storm at 1200 UTC and lay centered at 16.0 oN / 84.5 oE with 
intensity T3.0 on Dvorak’s scale. The cyclone intensified further and became a severe 
cyclonic storm at 0600 UTC on 12th with T4.5 and centered at 21.0 oN / 87.5 oE. The storm 
then weakened into a cyclonic storm (21.7 oN / 88.3 oE) at 0800 UTC and crossed the west 
Bengal coast. The system had northnortheast to northeastward movement almost throughout 
its sea travel from its cyclonic intensity stage. Analyses of temperatures derived from AMSU 
onboard NOAA-15 satellite at 0123 UTC on 11th and 0126 UTC on 12th clearly indicated the 
possible track of the cyclonic storm to incredibly coincide with the actual track of the storm as 
observed by the Doppler Weather radar (DWR) at Kolkata and the best track that has been 
finalised by IMD. Fig. 12 illustrates the protruding mid-tropospheric warmness ahead of the 
storm on 11th and 12th.  However, localised warmness was also seen in about 200km south of 
the storm at 0126 UTC on 12th and there are large data gaps between 18 and 20 oN / 84 and 90 
oE. As such the exact warmness in the northern sector of storm could not be clearly found out. 
Nonetheless, going by the tendency as well as climatology of the storm, the possible track has 
been marked towards the northern mid-tropospheric warmness. 
 

International TOVS Study Conference-XIV Proceedings

614



 
Fig. 12. AMSU derived mid-tropospheric (700 – 400 hPa) warmness that shows the  

possible track of cyclonic storm on 11th and 12th November 2002. 
 
Only a  portion of the storm fury could be detected by the day time NOAA 16 passes 

on 11th and 12th due to scan geometry limitations of the polar orbiters. The centre (eye) of the 
storm was just missed by these passes. The land fall was predicted from the mid-tropospheric 
warmness (based on 0126 UTC of 12th NOAA15 data) about six hours in advance. The 
possible track of the storm as derived from AMSU data (based on 1951 UTC/ 10th, 0123 UTC 
and 0126 UTC/11th satellite passes) compared with that finalised by IMD has been shown in 
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Fig. 13. The possible storm centre, based on maximum warmness, almost coincided with the 
storm’s actual position as can be evidenced from the analyses of  0123 UTC of 11th  and 
0126UTC of 12th. The error in estimation is approximately between 30 and 50 km. The 
prediction based on AMSU clearly indicates that the track can be prognosticated with a 
reasonable degree of accuracy with 6 to 12 hrs lead time and 200-500 km ahead of the 
movement of the storm’s  core. 
 

 
Fig. 13. Possible track predicted by AMSU compared with track as finalised by IMD. 

 
Machilipatnam cyclonic storm, 13 – 15 December 2003 

 The depression formed at 1200 UTC on 11th December 2003 (4.5 oN / 90.5 
oE) had a long northwestward sea travel to become a cyclonic storm with intensity T2.5 (9.5 
oN / 87.5 oE) at 12 UTC on 12th. It gained intensity as a severe cyclonic storm (T.3.5) at 
1200 UTC on 14th and lay centered at 11.5 oN / 84.0 oE. The severe cyclonic storm intensity 
was maintained upto 1200 UTC of 15th and crossed coast near Machilipatnam as a cyclonic 
storm at 1800 UTC on 15th. The storm weakened into a deep depression at 0300 UTC on 16th 
and gradually weakened over north coastal Andhra Pradesh. 
 
 Fig. 14 shows the analyses of mid-tropospheric warmness at 0817 and 2049 UTC of 
13th. Based on 0817 UTC of 13th AMSU data, the maximum mid-tropospheric warmness of 
more than 2.5 oC was concentrated over two regions suggesting that the storm may move 
towards northwest initially and then may change its path towards northnortheastward. 
Similarly, the 2049 UTC analysis also revealed that the mid-tropospheric warmness 
concentrated into two localized regions suggesting that the storm may move towards either of 
them or in between these two warm pools. The maximum warmness was observed more in 
the northern pool than the southern one suggesting that the storm had a tendency to move 
towards northwestward rather than westnorthwestward.  
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Fig. 14. Analysis of 700 – 400 hPa layer mean temperature at 0817 and 2049 UTC 
on 13 December 2003. 

Since the storm was away from the coast by more than 600km during this period, 
ground based radars were of no help in tracking the storm. Satellite imageries from the 
EUMETSAT at 1500, 1800 UTC could not suggest any clear cut movement of the storm 
since the storm centre  was obscured by the dense overcast cloud mass. However, the AMSU 
data at 2034 UTC of 14th clearly suggested that the possible movement was towards northwest 
and heading towards Machilipatnam (16.0 oN / 80.8 oE). Fig. 15 shows the 700-400 hPa layer 
mean temperature at 2034 UTC on 14th. Locating the storm track through subjective analysis 
when two warm pools were located at 0817 and 2049 UTC of 13th and going by the maximum 
warmness at 0805 and 2034 UTC of 14th, the track of the storm has been prognosticated and 
compared with the best possible track finalized by IMD (see Fig. 16). The ATOVS based 
prediction agrees well with actual storm track. 
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Fig. 15. Analysis of 700-400 hPa layer mean temperature at 2034 UTC on  

 December 14, 2003. 
 

Thermal structure of the cyclonic disturbances 
The temperature anomaly has been worked out based on Kidder et al(2000), viz., 

environmental temperature has been subtracted from the AMSU sounding temperature at each 
level. For this purpose the environment is considered  as 500 - 600 km away from the centre 
of the storm. No significant warmness was observed over the core region of the tropical 
depression on October 22, 2002 at 2001 UTC. However, a 1.2 oC warmness was observed at 
550 hPa about 129 km away from the centre of the depression. The rain clouds around the 
depression could be the cause for either the insignificant warmness or the negative anomalies 
(coldness) within 120 km from the centre of the depression (13.7 oN / 81.5 oE). But in the case 
of the Kolkata cyclonic storm at 0123 UTC on November 12, 2002, a maximum warmness of 
13.3 oC was observed at 124 km (and 12.1 oC at 62 km) from the storm centre at 250 hPa 
during which period the storm had gained intensity T3.5. Fig. 17 shows the temperature 
anomalies at 2001 UTC on October 22, 2002 and 0123 UTC on November 12, 2002. 
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Fig. 16. Track prognosticated from ATOVS data (from 0834 UTC of 13th December 
to2034 UTC of 14th December, 2003) and compared with the best track finalized by 
IMD for the Machilipatnam cyclone, 11-15 December, 2003. 

 
Unfortunately there was no sounding within the core region or eye (19.4 oN / 86.7 oE) 

of the storm. The negative anomalies at the lower levels, over the randomly selected sounding 
points, are the indicatives of intense precipitation over those locations since the AMSU 
channels 4 – 6 are contaminated with heavy precipitation (Kidder et al, 2000). It can also be 
seen that the warmness is very high at upper tropospheric levels at shorter ranges (than the 
farther ranges) from the storm centre.  This sort of maximum warmness (due to subsidence) 
close to the centre of the storm between 250 and 200 km have been well documented in 
Kidder et al (2000). 

 
The thermal structure of the Machilipatnam cyclone during its depression stage was 

almost similar to that of October 2002 depression in the sense that no significant warmness 
was observed at mid-tropospheric and upper tropospheric levels albeit a 1.0 to 4.6 oC 
warmness was observed at ranges 70 to 180 km from the depression centre (7.0 oN / 88.2 oE ) 
at the lower troposphere upto 700 hPa. When the disturbance attained cyclonic intensity, 
significant warmness was observed at higher levels, more precisely at 200 hPa. Fig. 18 shows 
the temperature anomalies during 12 – 14 December 2003. When the disturbance was 
attaining its cyclonic intensity of T.25 at 0817 UTC on 13th , a 9.0 oC warmness was observed 
at 200 hPa at 143 km from the storm centre (9.5 oN / 87.5 oE). Two soundings at 28 and 
40 km from the storm centre (11.5 oN / 84.2 oE) at 0806 UTC on 14th revealed a 7.7 oC 
warmness at 200 hPa. It may also be seen that the lower tropospheric warmness of about 2 oC 
was also captured by the AMSU soundings over the region very close to the core / eye of the 
storm. When the storm was having its peak intensity of T3.5 at 2037 UTC on 14th, there was 
one sounding well within the eye of the storm ( approx. centre 12.2 oN / 82.8 oE) which 
indicated a warmness of 8.7 oC and another sounding at 45 km from the storm centre 
indicated a  9.1 oC warmness at 200 hPa. Lower tropospheric warmness of more than 2 oC 
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from 1000 to 900 hPa within the eye of the storm (5 km from the storm centre) and at 45 km 
from the storm centre upto 850 hPa has been well brought out by AMSU. 

 

 
Fig. 17. Vertical cross section of temperature anomalies through a tropical 
depression (22 October 2002) and during a tropical cyclone (12 November 2002). 

 

International TOVS Study Conference-XIV Proceedings

620



 
Fig. 18. Vertical cross section of temperature anomalies through the Machilipatnam  

cyclone (12 – 14 December, 2003). 
 
Convective instability 
 Equivalent potential temperature ( θe ) - a measure of moist static energy and 
conservable quantity during dry and saturated adiabatic processes - is an indicator of 
convective instability. θe has been computed numerically through a method outlined in World 
Meteorological Organisation(1986). Convective instability could be seen upto 700 hPa in the 
case of tropical depression on October 22, 2002 at farther ranges for the air entering the 
rainband and almost constant θe was observed aloft upto 350 hPa. This suggests that the 
convective instability is released in the form of cumulus convection (Malkus and Riehl, 1960; 
Barnes et al, 1983; Asnani, 1993).  
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Fig. 19. Equivalent potential temperature profile of the tropical depression on  
October 22, 2002 and tropical cyclone (Kolkata cyclone) on November 12, 2002. 
 

Fig. 19 shows the θe profile of October 22, 2002 tropical depression and 
November 12, 2002 tropical cyclone. The θe profile at 0123 UTC of 12th November 2002 with 
maximum convective instability confined between 975 and 925 hPa and convective stability 
aloft upto 800hPa over the outer regions (168, 182 km) of tropical cyclone could be the 
representative of stratiform clouds over these areas as seen by the DWR at Kolkata. This sort 
of existence of stratiform clouds outside the wall cloud region of a tropical cyclone is not at 
all uncommon (Asnani, 1993). 

The θe profile of the Machilipatnam cyclone on 13th and 14th December 2003 is in 
total agreement with Barnes et al (1983) to the fact that the convectively unstable air entering 
the rain band develops into towering cumulus and manifests the almost constancy of θe .  
However, during its depression stage at 0828 UTC on 12th December (see Fig. 20), the 
convective instability ( ≈ 3.7 oK /km) was not more marked as in the case of the other 
depression on October 22, 2002 (≈ 6.7 oK /km) at a range of 158 km and 157 km respectively 
Perhaps due to close proximity to the coast and in view of high convective instability, the 
depression on October 22, 2002 might have rained out before intensifying into a cyclonic 
storm. On the contrary, in view of excessive lower tropospheric warmness, large sea travel 
and relatively weak convective instability in the lower troposphere, the depression at 
0828 UTC on December 12, 2003 had intensified into a cyclonic storm. The reason for the 
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varying processes of the atmosphere in each case of tropical disturbance is yet to be fully 
understood with more case studies. 
 

 
Fig. 20. Equivalent Potential Temperature profile of Machilipatnam cyclone,  

 12 – 14 December 2003. 
 
Limitations and challenges 
 Though the AMSU data provides us a wealth of information for understanding the 
thermodynamic features of the cyclonic storms and help us to predict the movement of the 
storm, it does have the following limitations.  

 Since the eye of the cyclone is ordinarily far less than the highest 48 km AMSU 
resolution obtainable at nadir, thermo-dynamic features of the core region or eye of 
the cyclonic storm can not be completely understood with the ATOVS data.  

 Significant changes in the tropical disturbances can take place between two 
successive passes of polar orbiters viewing almost the same area with twelve hour 
periodicity. 

 Contiguity is not maintained in AMSU observations between two successive passes 
due to scan geometry limitations. Hence the disturbance may, at times, go unnoticed 
which is usually termed as ‘storms fall in the crack’ (Kidder et al, 2000). 
In order to avert the ‘gap’ in sounding retrievals and to keep continuity, more number 

of polar orbiting satellites are needed to have a close watch for the analyses of tropical 
disturbances. More over, with the contemplated introduction of microwave payload in 
geostationary satellites, it is hoped that the temporal resolution as well the ‘ data gap’ problem 
would be solved. 
 
Summary and conclusions 

 The method outlined in this paper, viz., protrusion of warm tongue in the mid-
tropospheric layer (700-400 hPa) ahead of the storm as a pre-cursor to the storm’s movement, 
can be tried initially as  a parallel forecasting  tool  till  such time  the  forecaster  is satisfied 
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with the suitability of the technique in comparison to  the other cyclone track forecasting 
methods such as climatology, persistency, climatology and persistency (CLIPER) and 
numerical methods. The method can easily  be made operational,  if  found suitable,  thanks 
 to  the  rapid advancement in computing technology.  The thermal structure of the tropical 
disturbances over Bay of Bengal and Arabian Sea can be better understood by analyzing the 
ATOVS data with more number of storms in the years to come since in this paper we had 
analysed a very limited sample of ATOVS data. 
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During the period from March 9 to April 9, 2004, an Intensive Operating Period (IOP) was conducted 
at the U. S. Department of Energy's Atmospheric Radiation Measurement (ARM) Program's site in 
Barrow, Alaska, USA. During the IOP, a variety of balloon-borne in situ measurements and ground-
based remote observations were collected. Up to seven radiosondes per day were launched from three 
close locations, and several multi-radiosonde experiments were carried out using three different 
radiosonde packages (Vaisala RS90, Meteolabor Snow White, and Sippican MarkII). On the other 
hand, microwave radiometers were deployed over a broad frequency range (22.235 to 400 GHz), 
including several channels near the strong water vapor absorption line at 183.31 GHz. Also, colocated 
longwave (400-3300 cm-1) infrared observations are available from the ARM Atmospheric Emitted 
Radiation Interferometer.  
 
The initial results indicate good agreement between the RS90 and the Snow White measurements. 
Conversely, large differences in RH, of the order of 20%, for upper-tropospheric and lower-
stratospheric humidity were found in the comparison of the Mark II with both the RS90 and the Snow 
White. The clear sky atmospheric down- and up-welling emitted radiances have been computed from 
the different radiosonde profiles and compared with observations from the ground-based radiometers 
involved in the IOP and simultaneous measurements from similar satellite-based instrumentation, 
such as AIRS, AMSU, and MODIS, flying on NASA AQUA. Finally, comparisons of measurements 
and simulations are shown to discuss the observed differences in the measured atmospheric profiles. 
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Satellite Coincident Reference Upper Air Network and Potential 
Impacts on Real-time and Retrospective Satellite Products 

 
Tony Reale 

NOAA/NESDIS 
 
A satellite coincident Reference Upper Air Network is proposed to provide reference radiosonde and 
in-situ ground based measurements coincident with operational polar satellite(s) overpass.  This 
proposed network would consist of approximately 40-50 sites, including existing Global Upper Air 
Network (GUAN) and Atmospheric Radiation Measurement (ARM) stations.  The overall design 
would be to provide a robust and reliable sample of collocated global radiosonde and satellite 
observations conducive to the monitoring and validation of satellite and radiosonde observations and 
associated scientific approaches including radiative transfer models.  The routine operation of such a 
network in conjunction with operational polar satellites would provide a long-term record of 
performance for these critical observations, of particular importance for climate, as well a shorter term 
monitoring useful for numerical weather prediction.  
 
Details concerning the latest protocols for designing and operating such a network are presented.  This 
includes specific recommendations from the recently held joint NOAA/Global Climate Observing 
System (GCOS) Workshop for upper air observations (February, 2005) that a program to establish a 
Reference Upper Air Network be pursued.   Preliminary activities to establish routine data collection 
from ARM sites, NOAA-NWS sites and existing global sites already providing satellite coincident 
observations are also presented.    
 
The potential impact of the proposed reference network with respect to the suite of integrated global 
measurements (including derived satellite products) available for respective climate and NWP 
applications is also discussed.  Such data require that systematic errors and uncertainties be 
compensated for prior to assimilation.  The poor historical record of such parameters may be 
compromising the value of critical upper air observations particularly for climate; examples are 
shown.    
 
The integration of this network and planned scientific upgrades for ATOVS derived products to better 
meet anticipated user requirements for real-time NWP and retrospective climate products is also 
presented. 
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NOAA operational sounding products for Advanced TOVS: 2004/5 
 

Tony Reale 
NOAA/NESDIS 

 
The National Oceanic and Atmospheric Administration (NOAA), National Environmental Satellite 
Data and Information Service (NESDIS) operates a fleet of civilian, polar-orbiting, environmental 
satellites which provide users and researchers with a continuous suite of atmospheric and surface 
products on a global scale.  The first Advanced TIROS Operational Vertical Sounder (ATOVS) 
radiometer configuration, onboard NOAA-15, was successfully launched into an early evening orbit 
on May 13, 1998. ATOVS featured the new 13-channel Advanced Microwave Sounding Unit 
(AMSU) module A1, the 2-channel AMSU-A2, and 5-channel AMSU-B radiometers which replaced 
the MSU and SSU, along with a similar HIRS and AVHRR instrument payload that had been 
operational since 1979.  ATOVS onboard NOAA-16 was successfully launched into an afternoon 
orbit on September 21, 2000, followed by NOAA-17 into a late evening orbit on June 24, 2002 and 
the first ever three (3) satellite constellation of operational polar satellites (ATOVS).  Unfortunately, 
the AMSU-A1 module onboard NOAA-17 failed on October 28, 2003 (approximately 04Z) and 
associated sounding products were discontinued.  NOAA-N is currently scheduled for launch in April, 
2005. 
   
The following report briefly summarizes the current operational satellite status and scientific products 
from  NESDIS operational ATOVS systems, including a series of results from the three (3) 
operational satellite configuration of NOAA-15, 16 and 17 that existed for about an 18-month period 
prior to the NOAA-17 MSU-A1 failure.  Results focus on the value of such products in the analyses 
of global and regional scale weather, including direct comparisons against collocated numerical 
weather prediction (NWP) forecast and radiosonde data.  
 
The report concludes with a detailed analysis of planned scientific upgrades for ATOVS derived 
products to meet expected user requirements in the future. Proposed methods are designed to better 
enable the ATOVS operational products to serve as a baseline for validating planned products from 
next generation METOP and NPOESS satellites. As discussed, these upgrades represent a scientific 
convergence with planned algorithms from the respective satellite platforms as well as with existing 
approaches available from direct readout processing packages.  
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Abstract 
The need for a comprehensive and accurate global water vapour data set as an assisting tool for 
scientific studies in the atmospheric sciences has been acknowledged during the last 10 years. Such a 
data set is extremely useful for all aspects of climate science being dependent on accurate water 
budget data, e.g. general circulation model verification or regional climate studies. A data set is all the 
more useful if it contains an objective error information. In this study a universally applicable 
technique to merge two satellite data sets to create daily mean water vapour fields is presented. The 
technique is based on the commonly known kriging technique which is an optimal interpolation 
technique that provides not only fully covered fields but also a corresponding map of errors. kriging 
can be applied to water vapour estimates from simultaneous flying instruments sharing the same 
retrieval algorithm, e.g., the ATOVS instrument combination on NOAA satellites. The technique also 
holds the potential to merge estimates from different sources, e.g., SSM/I and AMSU-A if systematic 
errors between retrievals are understood. Within this study the benefits of kriging are studied for the 
derivation of daily mean fields of ATOVS derived total precipitable water estimates in one exemplary 
month. 
 
Introduction 
The Humidity Composite Product (HCP) of EUMETSAT's Satellite Application Facility on 
Climate Monitoring (CM-SAF) will integrate data from several existing and upcoming 
satellites, e.g., microwave imagers like SSM/I as well as water vapour profiling instruments  
on the Meteorological Operational polar platform (MetOp) and ATOVS data from NOAA 
platforms. CM-SAF will provide single sensor estimates as well as some merged estimates, 
e.g., from SSM/I and AMSU-A.  The production of this thematic climate record relies on 
calibrated and inter-calibrated input data to be provided by the satellite operators. 

Two pilot studies on the creation of daily mean fields have been undertaken. The first 
provided a merged result from total precipitable water (TPW) observations from AMSU-A 
onboard the NOAA-15 and NOAA-16 satellites and from SSM/I on DMSP-F13, F14, and 
F15 satellites (Lindau and Schulz, 2004). This second study considers the merging of ATOVS 
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estimates from NOAA-15 and NOAA-16. In both studies the merging is performed by 
kriging, an optimal interpolation technique that provides not only fully covered fields but also 
a corresponding map of errors. The obtained errors reflect mostly the actual sampling 
situation and should not be mixed up with retrieval errors that have to be determined by 
external comparisons to other data. The technique has been chosen because of its potential to 
merge data from several completely different sources if they have no bias errors. It also holds 
the potential to include spatiotemporal resolved information on the retrieval error itself. Within 
this paper the kriging technique is presented and an exemplary application to ATOVS data from April 
2004 is shown. 
 
Data 
In this study observations of the total precipitable water from ATOVS (Advanced TIROS 
Operational Vertical Sounder) onboard NOAA satellites are used, where TPW is computed 
from mixing ratio profiles derived at NOAA using the retrieval described in Reale (2003). 
Data from two satellites, NOAA-15 and NOAA-16 are considered aiming at an optimal 
merged product. We analysed one month of data (April 2004) over an area spanning from 
20°N to 80°N and from 60°W to 60°E. 
 

 
Fig 1: Example of the input data to be merged by the kriging procedure. The map on the left 

shows the daily mean TPW derived from ATOVS on NOAA-15 on April 4, 2004. TPW 
is computed from ATOVS derived mixing ratio profile and has been brought to an 
equal area projection with a nominal grid cell distance of 150 km. The map on the 
right shows the number of independent observations from NOAA-15. As pixels of the 
same overpass are considered to be not independent, the maximum number of 
independent observations per satellite and day is equal to two. 

 
As raw data, swath-oriented observations of the two satellites are used. However, in a first 

step this data is spatially and temporally averaged because the kriging procedure requires an 
error estimate that is concluded for each grid box from the internal box variance. However, 
this approach provides reasonable estimates for the error variance only if the data comprised 
in each box can be considered as independent. It is obvious, that independency cannot be 
assumed for neighbouring pixels of the same satellite. Consequently, observations are only 
considered to be independent, if they come from different satellites or different overpasses. 
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On the one hand the grid boxes have to be chosen relatively large, because a sufficient 
number of independent observations should be available in each grid box to allow for 
statistical calculations. One the other hand, the highest possible resolution should be of course 
retained. As a compromise the data is spatially averaged over 150 km by 150 km on an equal-
area grid. The equal-area grid is used to gather a sufficient amount of data in northern regions. 
A temporal averaging over one day is simply used to achieve the derivation of a daily mean 
map. Figures 1 and 2 show the pre-processed data for the 4th April 2004 for NOAA-15 and 
NOAA-16, respectively. 
 

 
Fig.2: As figure 1, but for NOAA-16 

 
Kriging 
Kriging can be regarded as a prediction of a value x0 at a location P0 where no measurement is 
available employing information from measurements at the surrounding locations Pi. A 
solution is not possible for one single case. However, if a time series of m measurements at 
each location Pi is available it is reasonable to minimise the expression: 
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where xi denote the available measurements, ∆xi their errors, and λi the weights.  
Differentiating of Eq.(1) leads to the following expression, where the temporal summation is 
abbreviated by brackets []. As the errors are considered to be random, error terms occur only 
on the diagonal of the matrix: 
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Thus, a linear set of equations results, containing the covariance matrix between the data 
points Pi with the error variances on its diagonal, and a vector giving the covariance between 

International TOVS Study Conference-XIV Proceedings

631



the predicting point P0 and the locations Pi. If these quantities are known, the solution of the 
above set of equations leads, via the determination of the weights λi, to the optimal prediction 
at P0. Obviously, the minimised expression of Eq.(1) is equal to the error of the predicted 
value, often called as kriging error. Transformation of that expression leads to: 
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The first term denotes the variance at P0 and is equal to unity if anomalies are considered. The 
second term contains the covariance between data points, the so called information. The third 
term contains the so called redundance because information from points Pi may not be 
independent. The last term describes the individual errors at the points Pi. 

To determine the weights λi information on the spatial covariance and the error of the 
individual observations is needed. Note that the spatial covariance is spuriously modified by 
error covariance between the points. Although not explicitly mentioned the average effect of 
the spatial error covariance is implicitly included within the information and redundance 
terms. 

 
Spatial Correlation Function 
According to Eq.(2), a prerequisite for the application of the discussed kriging technique is 
the knowledge of the spatial covariance matrix, or since we are dealing with normalised 
anomalies the knowledge of the correlation matrix. Primarily, the correlation of two time 
series strongly depends on the distance between the locations of the individual observations. 
Furthermore, the spatial covariance strongly depends on the considered time scale: The 
prediction of the daily anomaly at a certain location is indeed possible with measurements 
from a distant observation, while short-time variability is connected only over short distances. 
Since we are aiming at the correlation length of daily means on a spatial scale of 150 km, 
covariances should also be calculated on the base of such time and space averages, which 
show larger correlation lengths than individual observations representing a quasi 
instantaneous snap shot. 

It should be emphasised that the correlation of the anomalies against the local monthly 
means have to be considered here because such data will be processed in the kriging 
procedure instead of raw observations. In the following the covariance of daily means is 
calculated as a pure function of distance, which means the covariance of different regions is 
lumped together. Otherwise, regions of high variability would dominate the results. The 
normalisation allows to take into account also the information of low variable regions 
adequately. In the concrete accomplishment, an exponential function is fitted to the 
correlation: 
 

xaaer 10+=       (4) 
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The correlation is calculated for daily averages, which are based on the maximal four 
independent observations available at each location, two from each platform and two from the 
morning and evening overpass, respectively. The distances are measured in units of the grid 
lengths of 150 km. For zero distance, no direct observation is available, but the fit of an 
exponential function allows a rough estimate of the average error variance, which can be read 
at the ordinate with 0.969, meaning that a fraction of 0.031 of the total variance can be 
assigned to the error variance. The correlation length (the distance, where the correlation is 
decreased by a factor of 1/e compared to the correlation found for zero distance) is determined 
to be 4.3, corresponding to 645 km. 
 

 
Fig.3: Correlation function of daily TPW anomalies for April 2004 

 
Error Determination 
To solve the kriging equation (2) the individual error variance of the used data points has to 
be known. The determination of the error variance is accomplished by a decomposition of the 
total variance into four components (von Storch and Zwiers 1999; Lindau 2003). These are i) 
the error of the monthly mean, ii) the seeming extra daily variance, iii) the mean error of daily 
means, and iv) the true intra daily variance. 

Fig. 4 shows the error variance averaged over the entire month, as calculated from the 
actually used daily errors. Note the extreme differences between the eastern Atlantic with 
errors in the order of 1 mm2 and the southern Sahara with errors of 50 mm2. This emphasises 
the need of determining the errors individually instead of using an average error estimate, 
which would be easily available from the correlation function. 
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Fig.4: Spatial distribution of the errors of daily TPW means from ATOVS. To give an 

overview, the map shows the daily error variance averaged over one month. 
 
Products 
In this section the kriging procedure is outlined and the results for April 2004 are discussed. 
In a first step, the actual TPW measurements were averaged within an equal-area grid of 150 
km resolution for each day. Four values for each temporal and spatial grid point resulted, 
derived from the two overpasses of each of the two satellites. Within the next step the TPW 
values are normalised by subtracting the monthly mean and dividing by the extra daily 
standard deviation at that specific location. This normalisation has the advantage that no 
constraint concerning the sum of kriging weights is necessary. In contrary, this sum is a free 
parameter within our technique and can be interpreted as explained variance. Then the error 
variance at each individual grid point and day is estimated and accordingly normalised with 
the extra daily variance. Using the spatial correlation function for the actual month yields an 
optimal interpolated field for each day. The benefit of kriging is that each interpolated daily 
field is obtained together with a daily error map. 

The standard kriging output comprises of the daily mean fields and the corresponding error 
maps (Fig. 5). The two maps show the normalised TPW anomaly (left) from ATOVS on April 
4, 2004. The values are normalised by subtracting the monthly mean and dividing by the extra 
daily standard deviation. The right-hand side map shows the corresponding normalised error 
of the TPW anomaly. Due to the normalisation the maximum error is equal to 1, 
corresponding to the extra daily standard deviation, which would be obtained if all daily 
values were set to the monthly mean. 

The TPW field of that day is characterised by anomalous high moisture over the Mid 
Atlantic and opposed deviations in the Turkey and the Black Sea. The deviations attain a 
normalised value of 3, which means that they are three times higher then the extra daily 
variance for that location and month. However, these are extremes. Broad regions exhibit near 
zero anomalies denoting that the TPW on 4th of April do not differ substantially from the 
monthly mean. Important additional information is provided by the error map also given in 
Fig. 5. The highest theoretical value of the normalised kriging error is 1, which means it is as 
high as the extra daily variability. Predicting for each day of the month just the monthly mean 
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would yield that error. Only at the northern edge of the considered area the normalised error 
attains 1 together with a TPW anomaly near 0 (see Fig. 5). This illuminates the general 
behaviour of kriging: to suggest the monthly mean average, if no information at all is 
available, but to warn the potential user by a maximum error of 1. 

 

 
Fig. 5: Example of the standard kriging output. The left map shows the normalised TPW 

anomaly from ATOVS for April 4, 2004. The map on the right gives the corresponding 
error. 

 

 
Fig.6: Resulting TPW given in mm from ATOVS for the 4 April 2004 (left). The field is 

obtained by reconverting the normalised field shown in Fig.5 with the monthly mean 
and the extra daily standard deviation. The map on the right-hand side shows the 
corresponding error (also in mm), as obtained by renormalisation with the extra daily 
standard deviation. 

 
For many applications only the absolute values are significant for the interpretation of the 
fields, so that a renormalisation is required. It is performed by a reversed application of 
monthly mean and the extra daily standard deviation. After renormalisation, the fields shown 
in Fig. 6 are obtained, which are examples for the final kriging result. 

Instead of depicting the kriging result spatially for one arbitrary day (Figs 5 and 6), the 
obtained data can also be discussed by using time series of the entire month for one arbitrary 
grid point. This alternative depiction of the results is performed for two locations, one in the 
Mid Atlantic (Fig. 7a) and one in the Baltic Sea (Fig. 7b). 
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Fig. 7a:Time series showing both the independent satellite observations used as kriging input 

 
or the grid point in the mid Atlantic (Fig. 7a) the following results are found. The extra daily 

locations with lower data coverage. 
At

(circles) and the obtained kriging result, given by the solid line, here for a location the 
mid Atlantic (27.8°W, 39.8°N). The bars show the kriging error for each day. 

F
variability as it was estimated from the input observations that is the difference between the 
seeming extra daily variability and the mean error variance for the daily means (11.88 mm2 - 
1.44 mm2 = 10.44 mm2) is actually underestimated compared to the kriging procedure (11.94 
mm2). Daily means directly derived from satellite pixels have a mean error variance of 1.44 
mm2, which is almost halved to 0.87 mm2 by the kriging procedure. On 4 April, three 
independent satellite observations are available at this location (only the morning overpass of 
NOAA-16 is missing), with almost identical TPW observations (22.45, 22.50, 22.65 mm). 
Consequently, the error of this individual input value is estimated to be very small, so that the 
kriging procedure provides a rather similar TPW value (22.53 mm) together with a small error 
estimate (0.06 mm). On 14 April, the satellite input varies considerably between 9.90 mm and 
20.85 mm. However, the kriging error remains moderate with 1.33 mm as information from 
neighbouring grid boxes is included. The most striking benefit from kriging certainly is the 
fact that values can be attached to days with no observations at all, as e.g., for 1 April, where 
the error (1.55 mm) is not essentially higher than normal. 

The benefit of kriging becomes even more evident at 
 a grid box located in the Baltic Sea between Germany and Sweden (Fig. 7b), satellite data 

are available for only 6 days within April 2004 due to extensive cloud coverage. Nevertheless, 
a reconstruction of daily TPW time series is possible with errors of about 1 mm.  
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Fig. 7b: As Fig. 7a, but for a location in the Baltic Sea (13.2°E, 55.3°N). 
 
Summary 
In this study a universally applicable technique to merge two data sets is presented. The 
method is based on the commonly known kriging technique applied to daily anomalies of 
total precipitable water that are normalised by the inter-daily variance. In contrast to ordinary 
block kriging it is not necessary to prescribe a fixed radius in which observations are 
considered. The technique presented here manages the aggregation of additional information 
step by step, deciding at each stage which observation could contribute a maximum of new, 
not redundant information. This depends on the three characteristics of the potentially added 
observation: its distance to the predicting point, its individual error and its redundancy with 
the already aggregated observations. 

The procedure is used to combine the total precipitable water fields derived from ATOVS 
instruments on the NOAA-15 and NOAA-16 satellites. Altogether, information from the two 
satellites has been merged successfully. It is an inherent benefit of kriging to provide not only 
optimal interpolations, but also an error field for each map as gratis bonus. It is this field that 
makes the derived data set valuable for variability analysis. This error fields mainly show 
high errors due to bad sampling in regions with high variability as retrieval errors have to be 
measured through comparisons to other external reference data. However, retrieval errors 
indirectly show up in the error maps as for instance over desert surfaces where ATOVS 
temperature and mixing ratio retrievals are hindered by the not well known surface emissivity 
and the poor knowledge of the actual surface temperature and its correlation to the air 
temperature in the lower atmosphere. Additionally, the method has the potential to include 
retrieval errors in its processing if those are for instance known as function of the TPW or the 
spatial distribution of errors is given.  
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Abstract

We give a brief description of the Total Carbon Column Observing Network (TCCON), a new net-

work of ground-based Fourier Transform spectrometers (FTS) dedicated to measurement of green-

house gas absorption (CO2, CO, N2O, CH4) in the near infrared. We present preliminary retrievals

of CO2 total column densities from the TCCON site in Lauder, New Zealand between July 2004 –

when routine measurements began – and April 2005, and compare these retrievals with in-situ CO2
measurements from the monitoring station at Baring Head, New Zealand. A discussion of how we

plan to compare the ground-based FTS retrievals with in-situ surface observations and greenhouse

gas retrievals from satellite radiances follows.

Introduction

The strengths of the sources and sinks of greenhouse gases such asCO2 and CH4 are currently inferred

from in-situ measurements made at a network of ground-based monitoring stations. However inverse

modelling based on this data set has serious limitations because of the sparcity of the network, and

because errors in model predictions of advective transport and mixing are aliased into flux estimates

(Heimann and Kaminski, 1999).

Accordingly, a number of extensions to the ground and space-based trace gas observing system are

currently being planned and implemented (e.g. the North American Carbon Program, the CarboEurope

Integrated Project, current operational satellite instruments SCIAMACHY,MOPITT, AIRS, IASI, and

planned dedicated satellite missions OCO and GOSAT).

Ground-based measurements of trace gas column densities are an importantcomponent of these new

observing systems. Accurate ground-based measurements of column densities provide useful constraints

in inverse modelling, particularly when coupled with simultaneous, co-located in-situ surface measure-

ments, and they are vital to validation of measurements of trace gas column densites from space.

In this paper we give an overview of the TCCON network (including preliminary results from the

Lauder site) and briefly describe how we plan to make best use of FTS measurement information content

in comparisons with in-situ measurements and retrievals from satellite radiances.
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Overview of the TCCON network

TCCON is a global network of ground-based Fourier Transform spectrometers which acquire near in-

frared solar absorption spectra in the 4000–14000 cm−1 interval at 0.02 cm−1 resolution. Spectra are

analysed to retrieve CO2, CO, CH4, N2O, HF and O2 column densities and column average mixing

ratios (denoted XY). FTS measurements will be complemented with simultaneous in-situ surface mea-

surements of all target trace gas concentrations (CO2, CO, CH4, N2O) wherever possible. The five

confirmed and three proposed TCCON sites are tabulated in Table 1.

Column-integrated trace gas measurements are less sensitive to local sources and sinks and seasonal

and diurnal rectifier effects than in-situ surface measurements. However, if the TCCON network CO2
measurements are to provide useful additional constraints for the global carbon budget – both directly,

and through validation of satellite column measurements – they must achieve a precision of 0.1% and an

accuracy of 0.3%. Accurate solar tracking, surface pressure measurements, spectroscopy and retrieval

algorithms are all key factors in achieving these error targets.

At each TCCON site the solar tracker and interferogram aquisition are coupled to a GPS timing

system and tracker pointing accuracy (±0.4 mrad, 10% of the solar radius) will be monitored using

spectral characteristics of the observed solar spectrum (Doppler shift and strength of line absorption).

The FTS measurement is complemented with accurate measurements of surfacepressure (±0.1 hPa,

∼10 minute frequency), and the FTS instrument line shape (ILS) is routinely monitored using an HCl

cell.

Currently retrievals are performed using a maximum likelihood profile scaling algorithm GFIT de-

veloped by G. Toon. In this method the total column density is retrieved assuming the relativea priori

distribution of the absorber in the vertical is specified correctly, thus reducing the problem to the retrieval

of a single profile scale factor. Alternative, and in principle optimal, methods toestimate the total column

density by integration of full profile retrievals are being developed by B. Connor in the framework of the

OCO mission.

While profile scaling is clearly a suboptimal retrieval of the total column for cases where the vertical

profile of absorber number density is not known perfectly, this method is believed to be less sensitive

to forward model errors (e.g. specification of the ILS, spectroscopic parameters and/or atmospheric

temperature) than methods based on full profile retrieval. Research is currently being undertaken in

the TCCON program to characterise the impact of forward model error onretrieval accuracy for profile

scaling and profile retrieval algorithms (Connor et al., 2004).

Finally, independent estimates of O2 column densities (derived from measurements of surface pres-

sure and estimates of water vapour column density) are compared with O2 column densities retrieved

from O2 1.27 micron and A-band spectra to provide an end-to-end characterisation of measurement and

retrieval accuracy, and hence provide an internal network standard.

Note: we refer hereinafter to the ratio of retrieved and independently estimated O2 column densities as

the O2 profile scale factor. Similarly, column average volume mixing ratios XCO2
are derived by dividing

retrieved CO2 column density by corresponding independent estimates of the dry air columndensity.
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Table 1: Geographical location of confirmed and proposed TCCON sites. Sites denoted with a † will have con-
tinuous in-situ surface measurement capability for all target trace gases (CO2, CO, CH4, N2O). Park Falls has
continuous in-situ CO2 measurement capability and weekly surface flask sampling of all target trace gases. Arrival
Heights has monthly surface flask sampling of all target trace gases.

Confirmed sites Lat. Long. Proposed sites Lat. Long.
Park Falls WI USA 45.9N -90.3E Billings OK USA 36.6N -97.5E
Lauder† New Zealand 45.0S 169.7E Arrival Heights Antarctica 77.8S 166.8E
Darwin† NT Australia 12.5S 130.9E Wollongong† NSW Australia 34.4S 150.9E
Bremen Germany 53.1N 8.8E
Ny Alesund Spitzbergen 78.9N 11.8E

Preliminary results from the Lauder site

Near infrared spectra have been acquired routinely at the Lauder site since July 2004. Results from

preliminary analysis of this data are described here.

1.27 micron band retrievals of O 2 column densities

O2 profile scale factors derived from Lauder spectra are illustrated in Figure 1. Profile scale factors

should be unity at all zenith angles. The non-unit, zenith angle dependentcharacter of retrievals is

attributed to spectroscopic uncertainties and should be corrected with improved band strength and spec-

troscopic parameter estimates (magnetic dipole linewidths and their temperature dependence, parameter-

isation of collision-induced continuum absorption).

At a given solar zenith angle retrieval precision is of the order of 0.002 (0.2%), compared with the

target precision of 0.001 (0.1%). Efforts to identify the sources of retrieval error and improve retrieval

precision are ongoing. Our current focus is the characterisation of solar tracker pointing accuracy, the

effects of errors in the specification of ILS in general (particularly phase errors), the effect of variations in

source intensity during interferogram acquisition in particular, and the effect of errors in the atmospheric

temperature profile assumed in retrievals.

A preliminary and encouraging measure of accuracy is given by the comparison of the quadratic

regression relations derived from Lauder and Park Falls retrievals, which agree to within 0.1–0.3%.

Timeseries of 1.6 micron band CO 2 retrievals

Column average CO2 volume mixing ratios XCO2
derived from Lauder spectra are illustrated in Figure 2.

The mean mixing ratio for the timeseries is 376.2± 0.7 ppmv (0.2%). The standard deviation of diurnal

variations range from 0.1 to 1.0 ppmv and the day-to-day variation is of the order of 0.5 ppmv.

Comparison with preliminary Baring Head baseline data

In-situ surface CO2 concentrations measured in southerly wind conditions at the trace gas monitoring

station at Baring Head, New Zealand (41.4S, 174.9E) between January 2004 and April 2005 are also
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Fig. 1: O2 profile scale factors retrieved from the 1.27 micron band as a function of solar zenith angle. Scale factors
should be unity at all zenith angles. A regression fit of retrieved scale factors as a quadratic function of solar zenith
angle is illustrated for Lauder retrievals in red. An equivalent analysis of scale factors retrieved from Park Falls data
is illustrated in blue.

Fig. 2: CO2 column average volume mixing ratios derived from 1.6 micron band CO2 retrievals since routine
measurements began at Lauder (July 2004). In-situ CO2 measurements from the surface monitoring network site
at Baring Head are illustrated for comparison.
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illustrated in Figure 2. Direct comparison of surface volume mixing ratio and FTS XCO2
is justified,

at least to first order, because i) the surface measurements (by the nature of their sampling) are repre-

sentative of Southern Hemisphere background CO2 concentrations and ii) the tropospheric CO2 volume

mixing ratio is nearly constant with height in the Southern Hemisphere (Olsen and Randerson, 2004).

The two sets of measurements are generally in good agreement, and notably show no marked tem-

poral (seasonal) variation in column average or surface in-situ CO2 concentrations over the period of the

FTS measurements (July 2004 – April 2005). This is because the secular increase and seasonal draw-

down of atmospheric CO2 are of similar magnitude in the Southern Hemisphere during this period of the

year (e.g. see Figure 4 of Brailsford et al., 2005).

The FTS estimates of XCO2
are on average 0.1% (0.4 ppmv) higher than the surface measurements,

which may be due to spectroscopic band strength errors. This difference between surface and column

average volume mixing ratios could however be a result of the enhancementof CO2 concentrations

(of the order of 1%) in the mid and upper troposphere in Southern Hemisphere midlatitudes due to

poleward transport of CO2 enriched tropical air in the upper troposphere and oceanic uptake in the

southern midlatitudes (Olsen and Randerson, 2004).

Diurnal variations

A significant component of the diurnal variation of the FTS XCO2
is associated with a monotonic de-

crease in XCO2
of the order of 1 ppmv over the course of the day (not shown). This decrease is signifi-

cantly larger than the range of decreases (0–0.6 ppmv) in XCO2
due to plant photosynthesis predicted by

modelling studies (Olsen and Randerson, 2004). The FTS retrievals may overestimate the diurnal cycle

of XCO2
due to solar zenith angle dependent retrieval averaging kernels (see Figure 3) and/or coherent

diurnal variation in the errors in the atmospheric temperature profile assumedin retrievals. These effects

will be quantified in the near future.

There is also evidence that line width errors introduce solar zenith angle dependent CO2 retrieval

errors of the type illustrated in Figure 1 for oxygen profile scale factor retrievals. These spectroscopic

errors will also contribute to observed diurnal variability in retrieved XCO2
.

Day-to-day variability

The day-to-day variability observed in the Lauder time series (of the orderof 0.5 ppmv) is much higher

than expected based on model predictions of the spatial gradients of CO2 column densities in the South-

ern Hemisphere (Olsen and Randerson, 2004). This may be due to aliasingof the diurnal variation of

XCO2
retrievals (be it real or a retrieval artifact) because the FTS temporal sampling of the diurnal cycle

differs from day to day (and measurements on a given day are often clustered either in the morning, or

in the afternoon).

CO2 retrievals from AIRS (and TOVS) could provide very useful, complementary information on

the spatial homogeneity of CO2 concentrations in the mid and upper troposphere of the Southern Hemi-

sphere, and guide further FTS retrieval error diagnostics and retrieval validation. We hope to make a

International TOVS Study Conference-XIV Proceedings

643



preliminary comparison of retrievals from the Lauder ground-based FTSand the AIRS instrument on the

EOS-AQUA platform in the coming year.

Correlation of O2 and CO2 retrievals

The mean quadratic solar zenith angle dependence illustrated in Figure 1 hasbeen subtracted from re-

trieved O2 scale factors, and the resulting residuals have been plotted against retrieved XCO2
. These plots

(not shown) indicate that O2 scale factor residuals and XCO2
are correlated (r=0.5), suggesting some of

the variability in the O2 and CO2 retrievals is due to common retrieval errors. In this case O2 column

densities could be used to derive and hence improve the precision of XCO2
estimates once issues with

the spectroscopy of the 1.27 micron O2 band have been resolved (and if common sources of error cannot

be otherwise mitigated).

Profile retrieval and applications

As discussed in the introduction, in principle profile retrieval has severaladvantages over profile scaling

algorithms. Firstly, as illustrated in Figure 3, profile retrieval algorithms are capable of providing nearly

ideal, solar zenith angle independent total column averaging kernels, thusreducing the smoothing error

contribution to the retrieval error budget substantially, and secondly, it extracts some information on

absorber distribution in the vertical (typically 3–4 degrees of freedom for signal for CO2 retrievals).

However, as noted previously, profile retrieval is potentially more sensitive to forward model errors and

and careful study is needed to determine the most appropriate retrieval algorithm in practice.

Comparison of FTS, in-situ and satellite measurements

Planned comparison of ground based FTS and satellite measurements and retrievals will take retrieval

errors and averaging kernels into account explicitly, following the work of Rodgers and Connor (2003).

One way of doing this is to apply satellite retrieval averaging kernels to ground based FTS profile re-

trievals.

Theoretical FTS partial column averaging kernels for CO2 retrievals are illustrated in Figure 4, and

suggest several further possibilities: corresponding boundary layer and free troposphere partial column

profile retrievals should improve comparisons with in-situ surface measurements and provide a potential

link between surface and satellite measurements.

Conclusions

Preliminary results from the Lauder TCCON site are encouraging: LauderO2 and CO2 retrievals have a

precision of 0.2% and O2 retrievals are in good agreement with data from the Park Falls site.

Work is ongoing to identify the sources of observed variability and improve the precision and accu-

racy of retrievals to attain the TCCON error targets (0.1% precision, 0.3% accuracy). This work includes

monitoring and improving solar tracker accuracy, characterising the effects of ILS errors (phase errors)
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Fig. 3: FTS CO2 total column averaging kernels for profile retrieval and profile scaling algorithms and solar zenith
angles of 30 and 75 degrees. The ideal column averaging kernel is unity at all levels.

Fig. 4: FTS CO2 partial column averaging kernels for profile retrieval integration from 0–2 km (boundary layer) and
for z > 2 km (free troposphere) and solar zenith angles of 30 and 75 degrees.
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and variations in source intensity during interferogram acquisition on retrieval accuracy, quantifying pos-

sible sources of bias in retrieved diurnal variation of XCO2
(averaging kernels, temperature dependence),

improving near infrared spectroscopic parameterisations (O2 and CO2 linewidths and band strengths and

parameterisation of collision-induced continuum absorption), and the development and comparison of

profile scaling and profile retrieval algorithms (with due consideration of theimpact of forward model

errors).

Comparison with independent measurements of CO2, while not trivial, will be an important compo-

nent of FTS retrieval validation. Initial comparisons of FTS retrievals with in-situ surface measurements

from the Baring Head monitoring station show good agreement between the measured CO2 concen-

trations and their temporal variation. We will continue to compare FTS retrievalswith surface in-situ

measurements of CO2 from Baring Head and the Lauder site, and we will extend these comparisons

to attempt to take the very different measurement sampling characteristics into account explicitly (e.g.

estimate biases, compare partial column retrievals).

CO2 retrievals from satellite thermal infrared radiances will potentially provide useful additional in-

formation on CO2 concentrations in the mid and upper troposphere, and their spatio-temporalvariability,

and we intend to compare of retrievals from the Lauder ground-based FTS and EOS-AQUA AIRS spectra

in the coming year.
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Abstract

We characterise the forward model differences between two AIRS fast models participating in the

ITWG AIRS fast model intercomparison, Gastropod v0.3.0 (Sherlock et al., 2003) and RTTOV7.1

(Saunders et al., 2002). We then examine the impact of these model differences (and their spec-

tral correlation) on the accuracy of full nonlinear iterative 1D-Var retrievals from synthetic AIRS

radiances with and without bias correction using the NESDISchannel selection. Retrieval error co-

variance matrices and degrees of freedom for signal are estimated for ensembles of 1D-Var retrievals

and are compared with predictions from linear theory. The results of the retrieval experiments under-

taken suggest that if these fast model differences are representative of real fast model errors, and if

bias correction can be performed accurately, the accuracy of temperature and humidity retrievals us-

ing the NESDIS channel selection should not significantly compromised by radiative transfer model

errors.

Introduction

The results of the ITWG AIRS radiative transfer model intercomparison (Saunders et al., 2003, 2005)

indicate that fast model differences are often significantly larger than fast model error estimates1 derived

from comparisons of the fast forward model with its reference (generating) line-by-line model. As a

novel extension of this intercomparison study, we ask what the impact on retrieval accuracy would be if

these fast model differences were indeed a useful proxy for real forward model errors.

In this paper we characterise the forward model differences between two AIRS fast models partic-

ipating in the ITWG AIRS fast model intercomparison, Gastropod v0.3.0 (Sherlock et al., 2003) and

RTTOV7.1 (Saunders et al., 2002), and compare these differences withindependent estimates of trans-

mittance prediction errors for the Gastropod model. We then examine the impact of these model trans-

mittance prediction errors and forward model differences (and their spectral correlation) on the accuracy

of full nonlinear iterative 1D-Var retrievals from synthetic AIRS radiances using the NESDIS channel

selection.
1Referred to hereafter in the context of the Gastropod model as transmittance prediction errors.
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The nomenclature which is used to refer to retrievals throughout this paperis as follows: in direct

retrievals synthetic spectra are simulated and retrievals are performed with the same radiative transfer

model; in cross retrievals synthetic spectra are simulated and retrievals are performed with different

radiative transfer models.

Retrieval error covariance matrices and degrees of freedom for signal are estimated for cross re-

trievals from uncorrected and bias-corrected synthetic radiances, using full and diagonal specifications

of the observation error covarianceR. These error characterisations are compared with predictions from

linear theory and with an equivalent error characterisation of direct retrievals using the Gastropod model

and its associated transmittance prediction error covariance estimate (Sherlock et al., 2003).

Method

Radiances were simulated with Gastropod and RTTOV for a set of 69 tropical, mid and high latitude

profiles drawn from the ECMWF 50-level diverse profile set (Chevallier, 1999). These simulations were

used to estimate the bias correction and forward model error covariance for cross-retrievals and combined

with realisations of AIRS intrumental noise (Sherlock et al., 2003) to generate synthetic AIRS spectra

for the 1D-Var retrievals2.

Each of the 69 profiles was perturbed (twice) in accordance with the 1D-Var background error co-

varianceB (Collard and Healy, 2003) to generate background state vectors for retrievals (138 retrievals

in total). 1D-Var retrievals of temperature (on 44 levels between 0.1 and 1013.25 hPa + Tskin) and hu-

midity (on 27 levels between 122 and 1013.25 hPa) were performed using theMet Office 1D-Var v3.1

retrieval software (Collard, 2004) distributed by the Eumetsat NWP SAF.

We calculated the difference between the unperturbed profile (the true atmospheric state), the per-

turbed background profile and the 1D-Var retrieval for each member ofthe perturbed profile ensemble

and used these differences to make standard statistical estimates of the ensemble background and re-

trieval error covariance matricesBe andAe. Degrees of freedom for signal (DFS) were estimated using

projection onto the eigenvectorsei of B:

DFS =
∑

1 −

e
T
i Aeei

e
T
i Beei

(1)

to account for modification of the ensemble background error covariance due to 1D-Var profile checks

(see Figure 1).

These results were then compared with optimal linear theory for full specification of the observation

error covarianceR (Rodgers, 1990), and suboptimal linear theory for a diagonal approximation toR ma-

trix (Watts and McNally, 1988). The linear error covariance for the ensemble of 69 states was estimated

(assuming independent errors) byAL = 1

N

∑
AL,k for the k=1 to N=69 atmospheric states.

2A realisation of the forward model error was added explicitly to synthetic spectra used in direct retrievals. Forward model
error is implicitly included in the cross-retrieval process.
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Fig. 1: Example of projection of the ensemble back-
ground and retrieval error covariance matrices onto
the eigenvectors of B. SV are the singular values
of the 1D-Var background error covariance matrix
B and PC are the projection coefficients of the en-
semble background and retrieval error covariances
Be and Ae onto the eigenvectors of B. Eigenvector
indices 1–45 correspond to temperature modes, in-
dices 46–72 correspond to humidity modes.

Characterisation of fast model differences

A statistical summary of RTTOV–Gastropod forward model differences estimated from radiance simula-

tions for the 69 atmospheres is given in Figures 2 and 3. Figure 2 illustrates bias and standard deviation of

the forward model differences, and Figure 3 illustrates the interchannelcorrelations in the corresponding

estimate of the observation error covariance matrixR. Gastropod transmittance prediction error estimates

(Sherlock et al., 2003) are illustrated for comparison.

RTTOV–Gastropod forward model difference statistics show:

• significant biases (0.5–2.0 K) in the CO2 ν2 and ν3 bands, isolated water vapour lines in the

longwave window region and some channels in the H2O ν2 band;

• standard deviations comparable or greater than instrumental noise levels in the O3 ν1 andν3 bands,

the CO2 ν3 band, the shortwave window region, the H2O ν2 band and water vapour line centres in

longwave window region;

• significant off-diagonal contributions toR across most of the spectrum because fast model differ-

ences are comparable with or greater than instrumental noise levels in many spectral intervals.

Most of these significant differences are attributable to differences in spectroscopy (Sherlock, 2004),

although additional error sources – e.g. differences in stratospheric extrapolation assumptions and fast

model transmittance prediction errors in the H2O ν2 and O3 ν1 andν3 bands – almost certainly also play

a role.

Characterisation of retrieval accuracy

Direct retrievals

The impact of Gastropod transmittance prediction errors on retrieval accuracy has been quantified for

direct retrievals using the NESDIS channel set. Estimated retrieval standard deviations and DFS are

illustrated and tabulated in Figure 4 and Table 1 respectively.
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Fig. 2: Bias and standard deviation of Gastropod forward model errors (black) and Gastropod–RTTOV differences
(blue) for the AIRS instrument. Lower bound estimates of AIRS instrumental noise levels for a representative range
of scene temperatures are illustrated with grey shading. The NESDIS channel set is indicated with filled circles.
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Fig. 3: Correlation coefficients for the observation error covariance matrix R = E + F. Upper triangle, correlations
for the case where F is the Gastropod forward model error covariance matrix. Lower triangle, correlations for the
case where F is the forward model error covariance matrix derived for the RTTOV–Gastropod differences.
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Fig. 4: Retrieval standard deviations derived from linear theory (red) and 1D-Var direct retrievals (blue) for full (solid)
and diagonal (dotted) approximations to the forward model error covariance matrix. The diagonal elements of the a
priori error covariance matrix (solid black) and the retrieval background ensemble (dashed black) are illustrated for
reference.

Table 1:Summary of degrees of freedom for signal (DFS) derived from linear theory and 1D-Var direct retrievals.
ret identifes the model used in retrievals. ref identifies the model used to simulate the spectra (G=Gastropod,
R=RTTOV). Nret is the number of converged 1D-Var retrievals (from 138 member ensembles).

Direct retrievals Nret DFS
ret ref bias full R diagR full R diagR

1D-Var G G - 138 134 16.1 14.3
Linear G - - - - 17.6 16.7

Temperature and humidity retrieval errors for the ensemble of 1D-Var retrievals with full specification

of R are generally in good agreement with the predictions from optimal linear theory. The DFS estimated

for the 1D-Var retrievals with full specification ofR are 1.5 DFS lower than the prediction from linear

theory. This reduction is in part the result of the reduction in the ensemble background humidity error

covariance due to 1D-Var profile checks (see also Figure 1), but the slightly higher 1D-Var stratospheric

temperature retrieval errors also contribute.

Neglecting forward model error correlations leads to a small reduction in retrieval accuracy and

slightly poorer convergence characteristics. Suboptimal linear theory gives a reasonable qualitative de-

scription of error inflation in stratospheric temperature and upper tropospheric humidity retrievals, but

underestimates the actual error inflation and reduction in DFS for the 1D-Var retrieval ensemble. We

attribute this to the effects of Jacobian errors, which are not accounted for in the suboptimal linear error

covariance estimate.

Overall however, these 1D-Var simulations indicate that the effects of transmittance and Jacobian

errors and their correlation do not have significant impact on retrieval accuracy when using the Gastropod

model with the NESDIS channel selection.
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Fig. 5: Retrieval standard deviations derived from linear theory and bias corrected 1D-Var cross retrievals for full
and diagonal approximations to the forward model error covariance matrix. All line styles are as defined in Figure 4.

Cross retrievals

The impact of RTTOV-Gastropod model differences on retrieval accuracy has been quantified for cross

retrievals using the NESDIS channel set. Retrievals have been performed both with bias correction (sim-

ulated radiances are corrected for the ensemble mean forward model differences illustrated in Figure 2)

and without bias correction. Estimated retrieval standard deviations for bias corrected cross retrievals3

are illustrated in Figure 5. DFS for retrievals with and without bias correctionare tabulated in Table 2.

With bias correction and full specification ofR, there is a reduction in the accuracy of stratospheric

temperature and tropospheric humidity retrievals (and a corresponding loss of 2.5–3.5 DFS) compared

with direct retrievals. These reductions are more important when retrievalsare performed with a diagonal

approximation toR (and result in the loss of a further 2 DFS), but do not compromise the overall benefit

of the radiance assimilation substantially. As in the case of direct retrievals, these results are in reasonable

qualitative agreement with the predictions of linear theory.

On the other hand, if no bias correction is performed there is substantial loss of accuracy even with

full specification ofR, and essentially no benefit to assimilation with a diagonal approximation toR (the

reader is referred specifically the third and fouth rows of Table 2).

Conclusions

Forward model differences have been characterised for two fast models participating in the ITWG AIRS

radiative transfer model intercomparison. Calculated forward model differences, and their associated

interchannel correlations, are substantially larger than independent estimates of fast model transmittance

prediction errors, and are comparable with AIRS instrumental noise in several regions of the AIRS

spectrum.

3Cross retrieval error characteristics are similar for the two sets of cross retrieval, so only one set (RTTOV retrievals from
Gastropod simulations) is illustrated in Figure 5.
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Table 2:Summary of degrees of freedom for signal (DFS) derived from linear theory and 1D-Var cross retrievals.
The T/F bias logical indicates whether bias correction has been applied or not. All other parameters are as defined
in Table 1.

Cross retrieval Nret DFS
ret ref bias full R diagR full R diagR

1D-Var R G T 133 133 13.5 11.6
G R T 130 131 12.4 10.8

R G F 131 123 7.3 0
G R F 130 106 8.9 2.2

Linear G - - - - 17.3 15.1

We have quantified the impact of these model differences on the accuracyof retrievals using the

NESDIS channel set. The results of the retrieval experiments undertaken for a representative ensemble

of atmospheric states with bias correction suggest that if these fast model differences are representative

of real fast model errors, and if bias correction can be performed accurately, the accuracy of temperature

and humidity retrievals using the NESDIS channel selection should not significantly compromised by

radiative transfer model errors.

The accuracy of retrievals with a given channel selection depends critically on other aspects of the

assimilation system (bias correction, specification of the observation errorcovariance matrix). For this

reason 1D-Var simulation studies of the type undertaken here have a role toplay in estimating and

minimizing the impact of suboptimal retrieval choices in operational data assimilationsystems.
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New satellite instruments, such as MODIS, GLI and AIRS, provide new capabilities in cloud 
detection.  This poster addresses the impact of cloud optical depth on cloud detection using passive 
remote sensing instruments on a satellite or high-altitude aircraft platform. 
 
What is a cloud? The answer to that question is determined by the application.  What is considered a 
cloud in some applications may be defined as clear in other applications.  For example, detection of 
thin cirrus clouds is important for applications of infrared remote sensing of sea surface temperature, 
but of little concern for microwave remote sounding of atmospheric temperature. The MODIS and 
GLI cloud masks were designed to support various applications, but the optical depth limit of 
detection has not been defined.  This paper compares MODIS and MAS cloud detection retrievals 
with lidar observations to estimate the optical depth limit of detection for these passive instruments.  
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An Automated, Dynamic Threshold Cloud Detection Algorithm  
 

Liu Jian and Xu Jianmin 
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(Nation Satellite Meteorological Center, Beijing, China) 

 
 

Abstract: An operational scheme for cloud detection for FY-2C data is presented. 
The scheme consists of two major parts: total cloud detection and high cloud detection.  
Cloud detection separates cloud from underline surface, for every pixel, it is either 
clear pixel or is cloudy pixel. High cloud detection separates high cloud from other 
cloud types.  
Key words: cloud detection, dynamic threshold 

 
1. Introduction 

Clouds are generally characterized by higher reflectance and lower temperature 
than the underlying earth surface.  As such, simple visible and infrared window 
threshold approaches offer considerable skill in cloud detection. However, there are 
many surface conditions when this characterization of clouds is inappropriate, most 
notably over snow and ice. Additionally, some cloud types such as thin cirrus, low 
stratus at night, and small cumulus are difficult to detect because of insufficient 
contrast with the surface radiance.  

 
  The International Satellite Cloud Climatology Project (ISCCP) has developed 
cloud detection schemes using visible and infrared window radiances. The AVHRR 
Processing scheme Over cLoud Land and Ocean (APOLLO) cloud detection algorithm 
uses the five visible and infrared channels of the AVHRR. The NOAA Cloud Advanced 
Very High Resolution Radiometer (CLAVR, Stowe et al., 1995) and the Moderate 
Resolution Imaging Spectroradiometer (MODIS) (Ackerman et al., 1997) also uses a 
series of spectral and spatial variability tests to detect a cloud. Additionally, spatial 
coherence of infrared radiances in cloudy and clear skies has been used successfully in 
regional cloud studies. 
 

The above algorithms are noted as they have been incorporated into current global 
cloud climatology or have been run in an operational mode over long time periods. 
FY2C was launched on 2004. It has one visible channel, one water vapor channel, one 
near infrared channel and two infrared split channels. Now it has been an important 
data source for weather analysis. Building on above works, this paper described an 
operational cloud detection method for FY satellite.   
 
2. Cloud Detection Methods 

 
Cloud detection approach includes histogram analysis, threshold detection, 

deviation analysis, and so on. Infrared and visible channels are basic data; water vapor 
and near infrared channel are also used.  

 
Dynamic threshold is used with visible and infrared channel data to create a cloud 

mask for each pixel on a single image automatically. Histogram analysis was used to 
get dynamical threshold for each small area of pixels. For an area that contain either 
clear pixels or cloud pixel, it would appear a peak that is corresponding to low grey 
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level (high temperature or low reflectance). This peak possibly represented clear 
surface. Then the value that was the first and the maximum scaled second derivate 
might be decided as threshold. Figure 1 was an example that shows how to get 
dynamic cloud detection threshold. In this step, three factors should be considered. 
First, the size of analyzed area was important. If the area was larger, it would contain 
more complex information, it would be difficult to gain distinct peak value in 
histogram. On the country, its information was too less to calculate peak value. 

 
Second, different types of surface have different properties. We must think about 

surface properties and topography. In some area, there is great elevation difference 
between neighbor pixels. If there were more than two kinds of surface types or the 
DEM difference was so larger, we should analysis dynamic thresholds for every kind 
of surface type and adjust according to different surface properties when it was used 
to detect cloud for each pixel. So the surface classification data and DEM data are 
necessary ancillary data to detect cloud. 

After getting the value in histogram, it should be judged if it was cloud detection 
threshold. Clear radiance has periodic value during one day. Gotten peak value was 
compared with the periodic curve before 24 hour. If there was great difference 
between two values, gotten value might be invalid to detect cloud. When this 
appeared, it showed cloud detection threshold wasn’t gotten. Figure 2 showed the 
relationship between the threshold and daily curve to judge threshold ‘s usefulness. 

 
In order to get more accurate threshold, smoothed analysis area method was used. 

The histogram analysis area is at the center and four neighbor areas were also used. 
Because cloud properties have more changes in latitude than in longitude, the 
surround analysis areas aren’t square. They would be rectangle.   

 
Third, if the peak value wasn’t found in histogram, that means pixels of the area 

had the similar properties. At this situation, we used another kind of cloud detection 
method. Clear pixel and cloud pixel have clearly contract at reflectance at the most 
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Fig 1. Histogram processing for selecting dynamic threshold at 
the maximum of the scaled second derivate. 
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case. So the visible channel is very useful to detect cloud. In reflectance image, 

dynamic cloud detection threshold is much easier to find than infrared channel. But 
when sun zenith is too large or at night, visible channel data are invalid. 
 

Except dynamic threshold method, we also used some simple but very useful 
methods to detect cloud. For example, brightness temperature difference between 
infrared and water vapor channel was used to detect cloud. It is well known that at 
most cases, brightness temperature at infrared channel is larger than water vapor 
channel. If brightness temperature difference between infrared and water vapor 
channel appeared negative, it showed the pixel was covered by deep convective cloud. 
 
  The brightness temperature difference test is used to detect cirrus clouds during the 
day and night over a variety of surfaces. The thresholds are dependent on the satellite 
zenith angle and 11µm (Saunders and Kriebel, 1988). We used radiative transfer model 
to build a look-up table for clear/cloud detection under various conditions. 
 

At night the difference between the brightness temperatures measured in the 
shortwave (3.7µm) and in the longwave (11µm ) window regions can be used to detect 
partial cloud or thin cloud within the FOV. Small or negative differences are observed 
only for the case where an opaque scene (such as thick cloud or the surface) fills the 
FOV of the sensor. Negative differences occur at night over extended clouds due to the 
lower cloud emissivity at 3.7µm. 
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Fig2 To judge the usefulness of cloud detection threshold 

International TOVS Study Conference-XIV Proceedings

658



 
Cloud always was mixed with snow in single channel. Dynamic threshold method 

sometimes failed for the case. Deviation method can help to detect broken cloud at sea. 
Sea has uniformity properties. If sea pixels were polluted by small and broken cloud, 
the deviation of these pixels would become larger. At that time, 15-day composite 
clear data and numerical weather forecasting data are also used as ancillary data to 
help cloud detection. 

 
For high cloud detection, infrared and water vapor channels are used 

simultaneously. The pixels with high (low) correlation between the two channels 
around it are defined as high (low) level cloud. 

 
In high plateau region, pixels pass through both total and high cloud detections are 

identified high cloud. In other regions, pixels pass through total or high cloud 
detections are identified as cloudy.  

 
3. Discussion 

 
Fig. 3 was a FY-2C cloud detection result. Different grey levels all represent cloud. 

This cloud detection method is an operational method. Detecting results shows that 
the algorithm performs well for most cases. But in high latitude regions, the cloud 
detecting methods failed sometimes due to strong surface temperature inversions. 
Some surface conditions may make this approach inappropriate, most notably over 
snow and ice. In addition, some cloud types such as thin cirrus, low stratus at night, 
and small cumulus are difficult to detect because of insufficient contrast with the 
surface radiance.  

 

Reference 
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Algorithm Theoretical Basis Document (MOD35). Version 3.2 

 

 
Fig. 3  an example of cloud detection result 
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Abstract 
In the evening of Sept. 6, 2004, as part of the Southern Italy Eaquate campaign, the Proteus aircraft flew four 
times over a moderately thick high cirrus cloud in the Potenza region, southern Italy. The evolution of the 
cloud was monitored by the DIFA Raman lidar ground station in Potenza and four radiosondes were released 
from the IMAA ground station (8 km far from the DIFA location), both providing potentially an excellent 
description of the atmospheric gaseous and particulate state. The general evolution of the cloud field was 
monitored using MSG infrared images, available every 15 minutes. 
 
Among the instrument flying on Proteus, the sensor NAST-I  is used to compare with accurate radiance 
simulations based on the description provided by the ground based instrumentation and radiosondes. 
Considered the quality of the comparison among simulated and measured radiances, the vertical structure of 
fluxes and cooling/heating rates is computed thus providing a link between the measured state and the time 
evolution of the cirrus cloud. 
 
Introduction 
Data analyzed in this work were collected during the Italian phase (first phase from 5th - 10th September 
2004) of the international field experiment campaign called Eaquate. A second phase of the experiment took 
place in the UK (13th - 22nd September 2004). The Eaquate campaign was designed to study the atmosphere 
using aircraft and ground based instruments, demonstrating the benefit of these measurements in validating 
hyperspectral satellite sounding observations. The Proteus high altitude aircraft participated in both 
campaigns, providing measurements from the NAST thermal infrared interferometer and microwave 
radiometer, the Scanning HIS infrared interferometer, the FIRSC far-IR interferometer, and the micro-MAPS 
CO sensor. The Italian phase, funded by the Integrated Program Office and by the Province of Benevento, 
was carried out within an international collaboration between NASA Langley Research Center, University of 
Wisconsin, the Istituto di Metodologie per l'Analisi Ambientale (IMAA-CNR), the Mediterranean Agency 
for Remote Sensing (MARS) and the Universities of Basilicata and Napoli. The experiment involved a range 
of ground based remote sensing instruments (lidars, microwave radiometer, infrared interferometer, 
ceilometer) as well as an Earth Observing System-Direct Readout Station. [http: 
//metresearch.net/eaquate/Homepage.html]. 
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More specifically, data here analyzed refer to the second day of measurements of the Italian campaign (6th of 
September) when the Proteus aircraft flew four times over an high cirrus cloud in the Potenza region. High 
spectral resolution (every 0.24 cm-1) interferometric measurements of the radiance field [-45, +45°] were 
collected by the NAST-I sensor covering the long-wave band region 645-2700 cm-1. The cloud evolution was 
monitored by the DIFA Raman lidar ground station in Potenza by measuring particle backscatter at 355 and 
532 nm and extinction at 355 nm. The Raman lidar system also measured water vapour mixing ratio and 
atmospheric temperature profile. In addition three radiosondes were released from the IMAA ground station 
(Tito Scalo - Potenza) in 4 hours, and the description of the time evolution of the atmospheric temperature 
profile  and of the atmospheric gaseous and particulate state is therefore excellent. The Proteus aircraft also 
carried the NAST-M micro-wave radiometer and the S-HIS interferometer.  
 
The objectives of this study are: 1) to co-locate and jointly process data measured by a range of different 
sensors (Radiosondes/Raman-lidar/NAST-I interferometer); 2) to evaluate the relevance of the lidar 
information in clear and cloudy sky conditions; 3) to simulate very high spectral resolution interferometric 
radiances (at different viewing angles) by using a Line-by-Line Multiple Scattering (LbLMS) code and 
investigate the consistency between measured/modeled radiances in presence of ice clouds; 4) to determine 
the temporal sequence of the cloud cooling rates and evaluate the importance of the combined lidar–
spectrometer information in predicting the evolution of a cirrus cloud, and 5) to set the basis for a study of 
the evolution of the cirrus cloud accounting for the dynamics and microphysics. 
 
Data Analysis and Results 
Ground-based Raman lidar measurements were run almost continuously during the measurement period of 
the airborne NAST-I interferometer. Lidar provides profile information with accurate information of the 
statistical measurement uncertainty so that large uncertainties of the lidar-measured parameters may be easily 
identified and imprecise data can be excluded from further interpretations. Lidar measurement were acquired 
with a maximum temporal and vertical resolution of 1 min and 30 m, respectively. Vertical and temporal 
resolution can be traded-off to improve measurement precision. Typical precision for day-time water vapour 
mixing ratio measurement is 10% at 2 km, while 2 % at 2 km and 20% at 6 km for night-time operation. 
Typical precision for day-time particle backscatter measurements is 2 % at 2 km, while 1 % up to 5 km and 5 
% at 10 km for night-time operation.  
 
The radiosonde temperature profile is used to characterize the atmosphere below flight level during the 4 
overpasses. The water vapour mixing ratio profile, obtained from the lidar measurements, is used when the 
associated percentage error is less than 50% and  radiosonde data are used to fill the lidar blind region (60 m 
above the lidar) and the lidar data affected by large uncertainties. Since the radiance field  that has been 
simulated is the one above the DIFA lidar ground station, the use of the lidar information in defining the 
water vapour profile, implies a more accurate data in terms of time and location with respect to that obtained 
from radiosondes.  
 
The rest of the atmospheric column above lidar and radiosondes data is described using the US Standard 
(USS) atmospheric profile. The concentration profiles for the other molecules (CO2, O3, N2O, CO, CH4, 
O2, NO, SO2, NO2 ,N2, CCl3F, CCl2F and CCl4) are also taken from the USS. The number of levels used 
for the computation is 94. The number of layers occupied by the cloud is variable and related with the actual 
cloud geometrical depth measured by the lidar. 
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Line-by-line computations of layers optical depths are performed using HARTCODE (Rizzi et al., 2002). 
Single scattering properties for the cloud layers are generated assuming that ice particles are hexagonal 
columns (Fu et al., 1997; Fu et al., 1998). The cloud optical depths, altitudes and geometrical thickness for 
the 4 overpasses are determined by the lidar measurements of extinction and back-scattering coefficients. 
The radiative transfer calculations are performed using the RT3 code, based on adding and doubling method 
to handle multiple scattering conditions (Amorati and Rizzi, 2001). The code is interfaced with the gaseous 
and particulate optical depth databases. To simulate accurate interferometric measurements, high spectral 
resolution radiances are convolved with the appropriate instrumental function.  
 
The NAST-I radiances measured during the 4 overpasses and the DIFA lidar data indicate the presence of an 
high cirrus cloud whose optical depth is decreasing from the first to the fourth overpass. Lidar backscatter 
data places cloud top at about 10 km of altitude above the DIFA site, as indicated in Table 1 where a 
summary of the main features of the cirrus cloud in correspondence to the 4 Proteus overpass Potenza is 
given.. 
 

Table 1: Main features of the cloud as measured by the DIFA Raman lidar 
Overpass 

 # (GMT [hh:mm]) 
Lowest cloud 
Limit [km] 

Upper cloud
Limit [km] 

# 
 of layers

Total Optical (Up/Down)
Depth at 355 nm 

Simulated Infrared 
Transmis. (900 cm-1)

1 (18:02) 6.505 10.065 2 2.45 (1.44 / 1.01) 0.30 
2 (18:20) 6.710 10.020 2 0.57 (0.52 / 0.05) 0.75 
3 (19:20) 8.450 10.020 2 0.087 (0.073 / 0.014) 0.96 
4 (19:40) 8.380 9.230 1 0.0019 0.999 

 
From the data reported it can be noted that the cloud becomes thinner and that the cloud base is raising while 
the top stays at almost the same level. The lowest of the two layers becomes more transparent as can be 
inferred from the optical depth values in the fifth column of the same table and during the last overpass the 
cirrus is almost totally disappeared and the sky can be considered as clear.  
 
Some words need to be used in explaining the geometrical difficulties encountered during the simulation 
process. In fact, it has to be considered that in every overpass flight altitude was changing and also flight 
track was different from one pass to another (Proteus never passed on the zenith of the DIFA location). This 
means that the viewing angle to be considered changes every time since the right field of view (FOV) is the 
one looking at the top of the cloud over the DIFA for the cloudy scenes, that is about 10 km on its vertical. 
Moreover, in our computation the airplane rolls has been accounted for since it was quite sensible (reaching 
the order of some degrees) due to the light weight of aircraft and the high levels’ winds. The complication of 
the entire simulation process is clear if the geometrical complexities are added to those ones usually implied 
by a LbLMS computation.  
 
NAST-I spectral radiances and brightness temperature (BT) were successfully simulated. The biases in 
brightness temperature (BT) are less then 4%. Since the percentage error of the difference between the 
simulated interferometric radiances and the NAST-I data (for everyone of the 4 overpasses) is very low in 
the whole spectrum, fluxes and heating rates have been computed at all levels at resolution of 0.05 cm-1 for 
every NAST-I overpass of the Potenza region. The results for the spectral cooling rates are shown in Figure 1 
where the spectral resolution has been degraded to 20 cm-1 for visual purposes. During the first overpass 
(upper left panel) the cloud is composed of two optically thick layers with a similar optical depth. The high 
optical depth produces heating at cloud base in the window region. In the far infrared cloud base is still 
immersed in a quite opaque spectral region determined by the water vapour rotational band. As a 
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consequence, very low values of  heating and cooling are detected there. The maximum cooling is observed 
from 200 to 600 cm-1 and in the upper part of the cloud layer. 
 
After 20 minutes (upper right panel) the lower cloud layer has almost disappeared and the window heating 
takes place at the same altitude of the far infrared cooling. The same situation is found during the third 
overpass (lower left panel), but the heating and cooling are of lesser magnitude because of the smaller optical 
depth. During the 4th overpass (lower right panel) the typical features of the clear sky cooling show up. It is 
interesting to note the cooling structure at 400-600 cm-1 and between 2-4 km of altitude in the rotational band 
of  water vapour, a feature not evident in presence of strong down-welling cloud fluxes during the first 
overpass. The lidar-derived parameters are fundamental in distributing the IWC inside the cloud depth and 
thus in determining the cooling rates and layers’ energy balance.  
 

 
 
Fig. 1: Spectral cooling rates (averaged on 20 cm-1 resolution for visual purposes) in 
correspondence of the 4 Proteus overpasses the DIFA lidar base. The time sequence is 1st 
overpass: upper left, 2nd: upper right, 3rd: lower left and 4th: lower right panel. In the firsts 3 panels 
the measured cloud optical depth (in the short-wave) is also reported. 
 
 
The total cooling rates computed for the 4 Proteus overpasses over the DIFA site are plotted in Figure 2. The 
cloud effect is evident both in and out the cloud layers. A sensible gradient between cloud top and bottom is 
developed only in the first overpass. Nevertheless, the total cooling rates show how the radiative forcing 
seems to be insufficient to explain the complete cloud dissipation. This is mostly due to the large geometrical 
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thickness (at about 4 km) over which the cloud optical depth is spread. An attenuation of the clear sky 
cooling below the base cloud level is obtained by the water vapour absorption of the cloud re-emitted and 
back-scattered infrared radiation. On the second overpass the lower layer of the cloud has almost completely 
disappeared, causing the window heating and far infrared cooling happening more or less at the same altitude 
thus strongly compensating each other with the final result of producing a very attenuated cooling peak at the 
top of the cloud. An interesting cooling feature is obtained for the 4 overpass near the ground level: it can be 
noted that the cooling of the very low atmospheric levels are less intense with respect to the 2nd and 3rd 
overpasses. The reason lies in the formation of an inversion layer near the ground with the approach of 
nighttime. 
 
 

 
 
Fig. 2: Total infrared cooling rates (100-2500 cm-1) computed at the four GMT times in 
correspondence of the Proteus overpasses the Potenza region.  
 
 
Conclusions and future work 
For the case under study the radiative energy exchange does not explain the whole ice cloud sublimation. 
Microphysics and dynamics need to be accounted for an exhaustive study of a cloud evolution.  More lidar 
information can be used to constrain the simulation (profile of the extinction coefficient, extinction to 
backscattering ratio, temperature profile) and new cloud particle parameterizations are required to improve 
consistency between the solar (lidar) and infrared (interferometer) wavelengths. 
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Abstract 

  Atmospheric water vapor amount is an important parameter in weather 

and climate studies. As using mid-infrared and microwave spectral bands to 

detect water vapor amount have some difficulties[1], the possibility of using 

visible, near infrared spectral band [2][3][4][5] is investigated. We did some research 

in this field using both simulated and real satellite data. The results indicate that 

it is possible to retrieve water vapor amount from near infrared satellite data and 

the results are consistent. with the radiosonde.  

 

1. DATA  AND  INFORMATION 

1) 6 channels 

 
Table 1 Channel Performance 

No of channel   CH1   CH2   CH 3   CH 4   CH5   CH6  

Wavelength(nm) 893-913 913-933 933-953 953-973 853-873 1013-1033 

Absorption Weak Weak Strong Weak window window 
 

2)  6 Standard Atmosphere Profiles: tropical, mid-latitude summer, mid-latitude 

winter, sub-arctic summer, sub-arctic winter and U. S. standard atmosphere. 
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3)  Surface Reflectance: 

● 0.1-0.5   for land 

● 0.05- 0.1  for ocean 

4)  Aerosol Type: Land and Ocean 

      visibility: 5km, 23km, 50km 

 

2. WATER VAPOR CHANNEL TRANSMITTANCE COMPUTATION 

   

Table 2  Water Vapor Channel Transmittance   (Visibility: 23km) 

Mid-latitude    

Summer Winter 

Obser-

vation 

Height 

(KM) 

  CH1   CH2 CH 3 CH 4   CH1   CH2    CH3  CH 4 

1.5 0.81791 0.77003 0.39606 0.65607 0.91425 0.90085 0.63159 0.83524 

3.0 0.77083 0.71242 0.32644 0.58996 0.89946 0.86087 0.55339 0.78042 

10.0 0.74224 0.67898 0.29457 0.55572 0.85397 0.83229 0.51166 0.74579 

Space 0.74026 0.67716 0.29374 0.55431 0.85182 0.83022 0.51030 0.74399 

  From Table 2: 

● Transmittances for all the channels >29% 

● Water vapor absorption mostly occurs in the troposphere 

● Transmittances in winter are slightly higher than that in summer 

● Water vapor channels carries column water vapor information 

 

3. SENSITIVITY STUDIES 

1) Variation of Water Vapor Channel Reflectance with Solar Zenith Angle(Fig.1) 
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Fig.1 (a)  Land in Mid-latitude (visibility: 23km) 
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Fig.1 (b) Ocean  (visibility: 23km) 
 

2) Variation of Water Vapor Channel Reflectance with Surface Reflectance 

(Fig.2) 

● U. S. standard atmosphere profile 

● Solar zenith angle: 40° 

● Visibility: 23km 
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Fig.2 (a) 
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Fig.2. (b) 
 

3) Water Vapor Channel Reflectance in Different Atmospheric Temperature and 

Moisture Profiles.   

Conditions: 

● Solar zenith angle: 40° 

● Land surface reflectance :0.3 

● Ocean surface reflectance :0.05 

● Visibility :23 km 

● Water vapor amount for different atmospheric moisture profile 
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• Tropical atmosphere:                         4.120cm 

• Mid-latitude summer atmosphere(Midl. summer):  2.930cm  

• Mid-latitude winter atmosphere(Midl. winter):     0.853cm 

• Sub-arctic summer atmosphere(Subar. summer):   2.102cm 

• Sub-arctic winter atmosphere(Subar. winter):      0.419cm 

• U. S. standard atmosphere(US standard):         1.424cm 
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Fig.3(a) Land 
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Fig.3(b) Ocean 
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From Fig 3: The higher total water vapor content, the smaller channel 

reflectance. The lowest channel reflectance is in tropical atmosphere, the 

highest channel reflectance is in sub-arctic winter atmosphere 

4) Reflectance for Two Channels in Different Water Vapor Amount and Same  

Atmospheric Temperature Profile  

Conditions : ● Solar zenith angle :40° 

● Land surface reflectance :0.3 

● Visibility :23 km 

● U. S. Standard atmosphere profile 

● Water vapor amount : 0.7cm, 1.4cm, 2.5cm, 2.9cm and 

4.1cm 

● Channels : 903nm (weaker absorption 

943nm (stronger absorption) 
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Fig. 4 The Variation of Reflectance with water vapor amount 
 

Taking 903nm(CH1) as a example, we know that the variation of CH1 
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reflectance with atmospheric profiles is from 0.18 to 0.25 shown in Fig. 3(a), 

but the variation of CH1 reflectance with water vapor is almost 0.18 to 0.25 in 

Fig.4. It shows that water vapor effect on the reflectance of 903nm (CH1) is 

larger than atmospheric temperature. CH3 (943nm) reflectance are more 

sensitive than CH1 (903nm) in the dry area. 

5) Sensitivity of Water Vapor Channel Reflectance to Aerosol 
 

Table3 Calculating Channel Reflectance and Radiance (Solar zenith angle 40°) 

Mid-latitude  

Summer  Winter  
Visibility  

 CH1  CH2  CH3  CH4  CH1  CH2  CH3  CH4 

ρ* 0.0721 0.0621 0.0216 0.0468 0.0876 0.0824 0.0421 0.0690 5km 

L 16.952 13.993 4.661 9.689 20.615 18.674 9.082 14.272 

ρ* 0.0703 0.0608 0.0213 0.0463 0.0855 0.0807 0.0414 0.0681 23km 

L 16.541 13.713 4.596 9.573 20.109 18.195 8.940 14.094 

ρ* 0.0703 0.0608 0.0213 0.0463 0.0854 0.0807 0.0414 0.0682 

 S
ur

fa
ce

 R
ef

le
ct

an
ce

 ρ
=0

.1
 

50km 

L 16.526 13.707 4.596 9.578 20.092 18.188 8.940 14.100 

Mid-latitude  

Summer Winter 
Visibility   

 CH1  CH2  CH3  CH4  CH1  CH2  CH3  CH4 

ρ* 0.2777 0.2398 0.0755 0.1819 0.3411 0.3230 0.1599 0.2737 5km 

L 65.323 54.055 16.306 37.628 80.240 72.826 34.528 56.624 

ρ* 0.3162 0.2728 0.0854 0.2065 0.3886 0.3677 0.1816 0.3110 23km 

L 74.392 61.502 18.451 42.719 91.418 82.909 39.214 64.346 

ρ* 0.3221 0.2778 0.0869 0.2102 0.3958 0.3745 0.1849 0.3166 Su
rf

ac
e 

 R
ef

le
ct

an
ce

 ρ
=0

.5
 

50km 

L 75.770 62.631 18.776 43.489 93.115 84.438 39.924 65.513 

 

From Table 3 we get :  

● Aerosol effect on the reflectance is very small when visibility is greater 

than 20km 

● Changes of the reflectance for the most channels are significant when the 

visibility decreases from 23km to 5km 
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4. RETRIEVAL OF TOTAL WATER VAPOR CONTENT 

1) Algorithm 

the radiance L observed by near infrared channel of satellite can be written as : 

                L = Lsρeτ + Lp                                              (1) 

Where Ls = solar radiation above the atmosphere, Lp =the path scattered radiation, ρ e 

= Surface reflectance, τ=atmospheric transmittance . The first item in the right-hand 

of Eq. (1) is the direct solar radiation reflected by surface and atmosphere . Lp and τ 

include water vapor information. Question is how to get total water vapor content 

from the satellite measurement L ?  

  When visibility is greater than 20km , Equation(1) can be written as : 

L =K Lsρeτ                                (2) 

The two sides of eq. (2) is divided by Ls , then  

ρ* = Kρeτ                                  (3)    

For window channel :     ρ*
0 = K0ρe0τa0                                          (4) 

For water vapor channel :  ρ*
w = Kwρewτawτw                        (5) 

Where ρ* is channel reflectance, τaw and τw are aerosol transmittance and water vapor 

transmittance of the channel respectively. Eq.(5) is divided by eq.(4) and based on 

molecular spectroscopy theory[3]   

τw = e -α√m                                                  (6) 

lnB = β – α√m                            (7) 

Where m is water vapor amount , coefficient β = ln�Kwρewτaw/ K0ρe0τa0�, B= ρ*
w/ρ*

0 

can be known from satellite measurements . If coefficients α and β were known , m 

would be retrieved . 

  Coefficients α and β can be calculated by two ways : 1. According to eq. (7) using 

conventional radiosonde data and simulated ‘B’ by radiative transfer model to make a 

regression analyses; 2. According to eq. (7) using conventional radiosonde data and 

‘B’ obtained from satellite measurements to make a regression analyses. α and β 
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depend on regions and seasons . 

2) Retrievals for Two Cases 

Case 1: using the method ‘1’ to get α and β , then to retrieve ‘m’ 

Data : atmospheric profiles and surface reflectance are same as indicated 

in section 1. 
    solar zenith angle 0°~ 60°, interval 10° 

aerosol type:  land and ocean ; visibility 23km 
Total samples are 294, 290 of them are used for  
computing coefficients α and β ,the others are used for retrieval . The results are 
shown in Table 4. 

 
 
 
 

Table 4 Retrieved Water Vapor Amount Using CH1/CH5 
 

Case 2 : 

Data from FY-1C 

channel 2 

(840nm-880nm) ,channel 10 (900nm-965nm) in June-July 2000, and co-located 

radiosonde data in the same time, are used to get α and β . Then these coefficients 

are used to retrieve the water vapor amount with FY-1C channel 2 and channel 10 

data on May 13 of 2001. The results are shown in Fig. 5 . 

 Midlatitude 
Summer  

Midlatitude 
Winter  

Land 6.350 1.956 Retrieved m′ 
Ocean 6.324 1.929 

Average Value of m′       6�337 1.943 

Ground Truth m       6�313 1.967 
Relative Error       -0.4% +1.2% 
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(a) Ground truth              (b)Retrieval 

Fig. 5 Total Column water vapor 
 
                            
                         (a) Ground truth                     (b) Retrieval 
                                      

Fig.5 Column water vapor 
 

The results from Fig.5 (a) and (b) are comparable . 

 

5.  CONCLUSION 

In this paper, the experimental studies show that the near infrared spectral 

channels can provide atmospheric total column water vapor information, the 

retrieval results from both simulated data and FY-1C satellite observations are 

consistent with the radiosonde 
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FY3 is new generation polar orbit meteorological satellite of China plan to launch in 2006. There is 
total of 11 different remote sensing sensor onboard it, design to get the geophysical parameters of 
atmosphere, land, and ocean surfaces at the same time all day and night and in all weather conditions. 
The MWRI is a 10-channel five-frequency linearly polarized, passive microwave radiometer imager 
system onboard the FY3, which measures atmospheric, ocean, and terrain microwave brightness 
temperatures at 10.65, 18.7, 22.3, 36.5, and 89 GHz. In this paper, in order to derive surface 
temperature and soil moisture from the MWRI data, a new developed microwave RT model, AIEM 
was used to simulate the microwave emission characteristic of bare soil, and an new surface soil 
moisture inversion algorithm was established, which is only need the 10.65GHz V and H channel 
data. Applying the algorithm to AMSR-E orbit data, which is very similar with the FY3/MWIR, the 
daily globe soil moisture distribution was derived. The surface temperature was also derived by using 
a empirical model. To compare the inversion results with insitu data, the meteorological data in china 
area was collected, and points were interpolated to area with the resolution of MWIR by using a new 
interpolate model of complex terrain.  
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The increased spectral, temporal and spatial resolutions of the Hyperspectral Environmental Suite 
(HES) on the Geostationary Operational Environmental Satellite (GOES)-R and beyond will provide 
a substantial increase in the quantity and quality of the products. The GOES-R, slated for launch in 
2013, will offer improved data from an advanced operational, geostationary sounder HES. The HES 
will be a multi- or high-spectral imager and hyperspectral sounder instrument suite with three 
threshold tasks.  HES will provide high-spectral resolution Hemispheric Disk Soundings (DS), Severe 
Weather Mesoscale (SW/M) soundings, and Coastal Waters (CW) imaging. HES DS will provide 
better than 10 km spatial resolution from 3.7 μm to 15.4 μm with a one-hour refresh rate of the full 
disk, 62° local zenith angle.  SW/M will cover a 1000 x 1000 km square in 4 minutes, at 4 km spatial 
resolution for the infrared (IR) bands.  The GOES-R HES will be a very flexible instrument that can 
provide hourly coverage of the near full disk, or provide more frequent coverage of smaller areas 
(1000 x 1000 km in 4 minutes) with 4 km horizontal resolution.  The latter will be used when there is 
the potential for explosive development of severe thunderstorms, hurricanes, or severe winter storms. 
It can also be used in areas where the numerical forecast models have low confidence (targeted 
observations).   
 
IR data from the HES will be used for:  1) providing an accurate, hourly three-dimensional picture of 
atmospheric temperature and water vapor; 2) tracking atmospheric motions by discriminating more 
levels of motion and assigning heights more accurately; 3) distinguishing between ice and water cloud 
and identifying cloud microphysical properties; 4) providing a 4 km field of view (FOV) for better 
viewing between clouds and cloud edges; 5) providing accurate land and sea surface temperatures and 
IR surface emissivities;  6) distinguishing atmospheric constituents with improved certainty, including 
dust, volcanic ash and ozone;  and 7) detecting clear-sky low-level atmospheric inversions. 
 
The HES-IR will be able to provide higher spectral resolution observations (on the order of 1 cm-1, 
compared to 20 cm-1 on today’s broadband GOES sounder).  There are many areas where the HES 
sounder capabilities and applications offer a distinct advantage over the current filter-wheel GOES 
Sounders. Two such examples are the improved spatial coverage and the vertical moisture 
information. Due to a coverage rate 5 times faster than current GOES, the HES will allow much 
improved spatial coverage. The current GOES sounder only scans the continental U.S. and some 
surrounding oceans, while GOES-R will be able to cover the land and ocean regions within 62 
degrees of satellite sub-point in one hour. Due to its high spectral resolution, the HES will provide an 
hourly three-dimensional picture of water vapor as never before seen from geostationary orbit.  
 
Improvements mentioned above and additional applications of HES on GOES-R are demonstrated in 
this talk by using current satellite and aircraft measurements as well as simulated data.  
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Abstract 

 
The Sounder instrument aboard the Geostationary Operational Environmental 

Satellite series (GOES-8, 9, 10, 11, and 12) currently provides information on changes in 
atmospheric state through a physically-based retrieval of vertical temperature and 
moisture profiles.  The GOES Sounder typically samples the continental U.S. and 
surrounding oceanic regions on an hourly basis at a 10 km horizontal resolution.  As a 
first step in the retrieval process, guess profiles of temperature and moisture are obtained, 
usually from short-term numerical model forecasts.  Following this, the first guess 
profiles are then adjusted so that forward calculations match the Sounder measured 
radiances within some pre-determined noise level.  This iterative process results in the 
final temperature/moisture retrieval.  To date GOES moisture retrievals have provided a 
noticeable improvement over the first guess, while temperature retrievals have remained 
very similar to the first guess.  The lack of temperature profile improvement in the 
physical retrieval process might be caused by insufficient use of the GOES Sounder 
radiance information, or the implementation of the radiative transfer calculation in the 
physical retrieval.  This study demonstrates that both guess temperature and moisture 
profiles can be improved (by up to ~ 0.5 K for temperature and ~5% for Total 
Precipitable Water) when the GOES Sounder radiance measurements are used in a simple 
statistical retrieval approach that modifies the guess profiles prior to the physical 
retrieval.  Another aspect of retrieval improvement involves taking into account both the 
time continuity of GOES Sounder radiance observations and the spatial stability of the 
upper atmosphere within the retrieval process.  Lastly, a spatial and temporal filtering 
operator can be applied to reduce the random and striping noise in the GOES Sounder 
radiance measurements, while preserving the optimal information for subsequent 
sounding retrieval generation.  The improvement of GOES Sounder products (sounding 
retrievals, total ozone, etc.) realized via noise reduction will be demonstrated.  Together, 
these improvements are significant for better use of current GOES Sounder data, and are 
also important in preparation for the next generation of GOES Sounder – the 
Hyperspectral Environmental Suite (HES), scheduled for launch in 2013.   

 
I. Introduction 

 
The sounder instrument aboard the Geostationary Operational Environmental 

Satellite series (GOES-8, 9, 10, 11, and 12) currently provides information on the 
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changes in the atmospheric state using a physically-based retrieval of temperature and 
moisture profiles.  The GOES Sounder typically samples the continental U.S. and 
surrounding oceanic regions on an hourly basis.  As a first step in the retrieval process, 
guess profiles of temperature and moisture are generated, usually from short-term 
numerical model forecasts. Thereupon, the first guess profiles are adjusted so that 
forward calculations match the Sounder measured radiances; this iterative process results 
in the final retrievals.  To date, GOES moisture retrievals have provided a noticeable 
improvement over the first guess, while temperature retrievals have remained very 
similar to the first guess.  The lack of temperature profile improvement in the physical 
retrieval process might be caused by insufficient use of the GOES Sounder radiance 
information or the implementation of the radiative transfer calculation in the physical 
retrieval.  This study demonstrates that both guess temperature and moisture profiles can 
be improved (by up to ~ 0.5 K for temperature and ~5% for Total Precipitable Water) 
when the GOES Sounder radiance measurements are used in a simple statistical retrieval 
approach.   
 

2. Methodology 
 
      The GOES atmospheric temperature, moisture, and ozone retrieval algorithm in 
this paper is a statistical synthetic regression or regular regression with an option for a 
subsequent non-linear physical retrieval.  The retrieval procedure involves linearization 
of the radiative transfer model and inversion of radiance measurements.  To derive the 
statistical synthetic regression coefficients, GOES Sounder infrared band radiances are 
calculated from radiosonde observations of the atmospheric state, generating an ensemble 
of computed GOES Sounder radiances with associated observed atmospheric profiles.  
The radiative transfer calculation of the GOES Sounder spectral band radiances is 
performed using a transmittance model called Pressure layer Fast Algorithm for 
Atmospheric Transmittances (PFAAST) (Hannon et al. 1996); this model has 101 
pressure level vertical coordinates from 0.05 to 1100 hPa. The fast transmittance model 
uses line-by-line radiative transfer model (LBLRTM) calculations and the high-resolution 
transmission molecular absorption spectroscopic database HITRAN 2000. The 
calculations take into account the satellite zenith angle, absorption by well-mixed gases 
(including nitrogen, oxygen, and carbon dioxide), water vapor (including the water vapor 
continuum), and ozone.    
 
       In the regression procedure, temperature and moisture are regressed together 
against radiances from CO2, water vapor, and window bands.  This method is often used 
to generate a first-guess for a physical retrieval algorithm, as is done in the International 
ATOVS Processing Package (IAPP) (Li et al. 2000) and the operational MODIS 
atmospheric profile product (Seemann et al. 2003). The statistical regression algorithm 
for atmospheric temperature is summarized below for cloud-free skies. 
 

The general inverse solution of radiative transfer equation for the atmospheric 
profile can be written as (Smith 1970) 

),(),(),( knYniAkiX = .  (1) 
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Where  is the number of parameters to be retrieved, k  is the number of profiles and 
surface data in the training sample, and  is the number of channels and other predictors 
used in the regression procedure. The statistical regression algorithm seeks a “best-fit” 
operator matrix A that is computed using least squares methods with a large sample of 
atmospheric temperature and moisture soundings and collocated radiance observations.  
Minimizing the difference between synthetic observations and the regression model 

i
n

02 =− XAY
A∂
∂ ,        (2) 

yields 
1)],(),()[,(),(),( −= nkYknYnkYkiXniA TT ,  (3) 

where ( )YY T  is the covariance of the radiance observations, and ( )XY T  is the covariance 
of the radiance observations with the atmospheric profile. 
 
      In the GOES Sounder regression procedure, the primary predictors (Y in Eq.1) are 
infrared spectral band brightness temperatures (BTs).  The algorithm uses 15 infrared 
bands with wavelengths between 3.8 μm and 14.7 μm.  Quadratic terms of all BT 
predictors are also used as separate predictors to account for the non-linear relationship of 
moisture to the GOES Sounder BTs.   
 
       Ideally, the radiance predictors Y would be taken from actual GOES Sounder 
measurements and used with time- and space-collocated radiosonde profiles X to directly 
derive the regression coefficients A.  In such an approach (regular regression), the 
regression relationship would not involve any radiative transfer calculations.  However, 
radiosondes are only routinely launched twice each day at 0000 UTC and 1200 UTC 
simultaneously around the earth; GOES Sounder has observation hourly each day.  It is 
therefore possible to obtain many time- and space-collocated radiosondes and GOES 
Sounder radiances that are globally distributed at a wide range of locations.  The 
advantage of regular regression is avoiding the bias and uncertainties related to the 
radiative transfer caculations, while the disadvantage is introducing the radiances and 
RAOB collocation error and lack of matchup samples over regions where RAOBs are not 
available.   
 
       In addition, the synthetic regression coefficients can be generated from GOES 
Sounder radiances calculated using a transmittance model with profile input from a 
global temperature and moisture radiosonde database.  The advantage of this approach is 
that it does not need GOES Sounder radiances collocated in time and space with 
atmospheric profile data; it requires only historical profile observations.  However, it 
involves the radiative transfer calculations and it requires an accurate forward model in 
order to obtain a reliable regression relationship.  Any uncertainties (e.g., a bias of the 
forward model) in the radiative calculations will influence the retrieval.  To address 
model uncertainties, radiance bias adjustments should be implemented in the retrieval 
algorithm (Seemann et al. 2003). 
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3. Training data 

 
     Synthetic regression retrievals of atmospheric properties from GOES Sounder require 
a hemispheric dataset of temperature, moisture, and ozone profiles in addition to 
estimates of skin temperature and emissivity to train the regression.  A new data set 
consisting of more than 12,000 global profiles of temperature, moisture, and ozone has 
been created, drawing from NOAA-88, ECMWF, TIGR-3, ozonesondes, desert 
radiosondes.  Radiance calculations for each training profile are made using the PFAAST 
101 pressure layer transmittance model.  These calculations require a skin T and 
emissivity value for each profile.  In the past, skin temperature and emissivity were 
assigned relatively randomly to each profile in satellite regression retrieval algorithms, 
including MODIS atmospheric retrievals (Seemann et al, 2003), ATOVS retrievals (Li et 
al., 2000), NAST-I retrievals (Zhou et al. 2003).  Emissivity was assigned using a mean 
of 0.84 and standard deviation of 0.15 at 4 μm, a mean of 0.95 at and standard deviation 
of 0.03 at 9 μm, and linear in between.  Skin temperature/surface air temperature 
difference was given a mean of zero and standard deviation of 10K.  Recently, work has 
been done to better characterize the skin temperature/surface air temperature difference 
and the global emissivity in order to assign these values to the training profiles using a 
more physical basis.   
      
        To characterize global skin temperature as a function of surface air temperature, 
and solar zenith and azimuth angles, the MODIS MOD11 land surface temperature 
product was used together with global radiosondes.  For two years (2001-2002) of data, 
MOD11 and radiosondes were collocated within 3 hours and 0.1 degrees latitude and 
longitude.  The resulting skin T / surface air T pairs were divided into ecosystem groups 
using the IGBP classification and further separated into 3 solar zenith angle and 7 solar 
azimuth angle bins. 
 
    Work toward preliminary high spectral surface emissivity estimates for use in the 
training data has also begun.  Land surface emissivity is well characterized globally by 
the same MOD11 product used for land surface temperature, however it is only available 
at 6 discrete wavelengths: 3.7 μm, 3.9 μm, 4.0 μm, 8.5 μm, 11 μm, and 12 μm.  For use 
with a training data set for high spectral resolution retrievals, the gaps between these 
wavelengths must be filled in.  To address this, we took advantage of some laboratory 
measurements of emissivity from the MODIS emissivity library (UCSB, Dr. Zhengmin 
Wan) and the ASTER spectral library (JPL, JHU, and USGS).   The drawback to the 
laboratory measurements is that the materials measured are not physically representative 
of global ecosystems.  For example, the emissivity of a single leaf is not necessarily the 
same as the emissivity of a canopy of leaves in a forest as seen from a satellite.  In order 
to combine the physically-relevant (though low spectral) MOD11 emissivity 
measurements and the high spectral laboratory measurements, the MODIS spectral 
response functions were used to reduce the spectral resolution of the high spectral 
laboratory measurements (a convolution of sorts).  Then all lab spectra (> 200) were 
compared with the 6 MOD11 emissivity values for each 5km MOD11 point globally to 
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find the best match.  Results were combined by ecosystem, and a histogram of all lab 
spectra matched with MOD11 points for each IGBP ecosystem was created.   
 
      This approach is a promising way to derive high spectral resolution emissivity for 
use with synthetic regression retrievals, however it would be better performed by 
matching MOD11 emissivities at 6 wavelengths to high spectral aircraft measurements of 
a range of real global ecosystems as opposed to laboratory measurements of basic 
minerals and pieces of vegetation. 
 
      In the GOES Sounder retrieval algorithm, the training data set described above is 
used to generate the regression coefficients.  The emissivities at the MODIS spectral 
bands assigned to each profile are linearly interpolated into the GOES Sounder spectral 
bands.  The radiative transfer calculation of the GOES Sounder spectral band radiances is 
performed with the PFAAST model for each profile from the training data set to produce 
a temperature-moisture-ozone profile/GOES Sounder radiance pair. The synthetic 
regression coefficients (see Eq.(3)) are generated using the calculated radiances and the 
matching atmospheric profile.  550 coefficients are generated for each training profile, 
corresponding to different local zenith angles from 10o to 65o with an increment of 
approximately 0.1o. 

 
       The estimated GOES Sounder instrument noise was added to the calculated 
spectral band radiances before creating the coefficients.  The noise was randomly 
generated with a Gaussian distribution, a standard deviation equal to the NedT plus an 
estimated forward model error of 0.25K for each spectral band, and a mean of zero (white 
noise).  The correlation in the noise between the spectral bands was not considered in the 
regression, and it is assumed that any impact of spectral noise correlation on the retrievals 
should be small.  This impact will be further studied in future work.  

 
       The predictands, or the parameters to be retrieved by regression, include the 
temperature profile, the logarithm of the water vapor mixing ratio profile, the logarithm 
of the ozone mixing ratio, the surface skin temperature and the surface emissivities at 15 
GOES Sounder spectral channels.  To perform the retrieval, Eq. (5) is applied to the 
actual GOES Sounder measurements, where Y is now the observed GOES Sounder 
radiances.  Integration of the retrieved profiles yields the total precipitable water (TPW), 
total column ozone, and three layers of column water vapor (WV1, WV2, and Wv3).  
Other atmospheric parameters such as 40 levels of temperatures and moistures, as well as 
stability indices can also be derived from the predictands.  The retrieved water vapor 
mixing ratio at each pressure level is checked for saturation and the mixing ratio at any 
level with relative humidity greater than 100% is set equal to the saturation mixing ratio 
at that level.  

 
       As a first step in the retrieval process, guess profiles of temperature and moisture 
are generated, usually from short-term numerical model forecasts.  Thereupon, the first 
guess profiles are adjusted in a physical approach (Ma et al. 1999) so that forward 
calculations match the Sounder measured radiances; this iterative process results in the 
final retrievals.  To date, GOES moisture retrievals have provided a noticeable 
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improvement over the first guess, while temperature retrievals have remained very 
similar to the first guess, at least over the CONUS.  The lack of temperature profile 
improvement in the physical retrieval process might be caused by insufficient use of the 
GOES Sounder radiance information.  In this study, the forecast profile is used together 
with GOES Sounder radiances to produce the first guess.  In practice, the forecast 
temperature and moisture profiles are used as additional predictors in the regression Eq. 
(1) in both the regular regression or synthetic regression.  Results for this study 
demonstrate that both guess temperature and moisture profiles can be improved (by up to 
~ 0.5 K for temperature and ~5% for Total Precipitable Water) when the GOES Sounder 
radiance measurements are used together with forecast temperature and moisture profiles 
in a simple statistical retrieval approach.  This illustrates that the forecast profiles are 
used as reference or background in the regression retrieval, and the GOES Sounder 
radiances make adjustment to the forecast profiles for an improvement, thus the GOES 
Sounder radiance information are properly used to improve the first guess for the 
physical retrieval, or generate a simple statistical retrieval.  The moisture first guess can 
be further improved by employing the physical approach (Ma et al. 1999) that accounts 
for the nonlinearity of moisture to the radiance measurements. 

   
4. Preliminary results 

       
 
Figure 1.  The guess temperature (left panel) and water vapor mixing ratio (right panel) 
root mean square error (RMSE) (compare with RAOB) from the forecast alone (black 
line), the GOES Sounder radiances alone (red line), and the combination of the forecast 
and the GOES Sounder Radiances (green line).   
 

GOES-12 Sounder radiances are used to test the algorithm.  Figure 1 shows the 
guess temperature (left panel) and water vapor mixing ratio (right panel) root mean 
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square error (RMSE) (compare with RAOB) from the forecast alone (black line), the 
GOES Sounder radiances alone (red line), and the combination of the forecast and the 
GOES Sounder Radiances (green line).  368 independent profiles, mostly over the 
CONUS, are included in the statistics.  Figure 2 shows TPW physical retrieval with 
model forecast as first guess (upper panel), and the TPW physical retrieval with 
regression (forecast + radiances) as first guess.  
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Figure 2. (Upper) TPW physical retrieval with model forecast as first guess;  (lower) 
TPW physical retrieval with regression (forecast + radiances) as first guess.  
 
 
   
  The combination of GOES sounder radiances and forecast temperature and 
moisture profiles provides a better first guess than either forecast alone or the regression 
retrieval from the GOES Sounder alone. 
 
 

4. Noise filtering 
 

Spatial filtering of the noise from IR radiance measurements has been tested using 
GOES-8 data (Plokhenko et al. 2003).  The signal-to-noise ratio (SNR) of GOES Sounder 
radiances can be improved by filtering the spatial structure of the GOES Sounder 
measurement errors.  For example, taking advantage of large spatial gradients in the 
upper atmosphere, a simple 5 by 5 field-of-view (FOV) radiance averaging would reduce 
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the noise of band 1 (a stratospheric channel), while still retaining the atmospheric 
structure in the retrievals.  Subsequently, a 4 by 4 FOV radiance averaging can be applied 
to band 2 (sensitive to tropopause temperature), 3 by 3 radiance averaging to band 3 
(sensitive to upper level temperature), and so on.  The size of the box used for radiance 
averaging is based on the weighting function peak of each channel, and is smaller for 
lower-peaking channels.  The surface-viewing channels (6, 7 and 8) will not have spatial 
smoothing applied, in order to retain the single FOV (10 km nominal spatial resolution) 
information.   Figure 3 shows the GOES-12 Sounder band 1 (14.7 mm) and band 9 (9.7 
mm) images before spatial filtering (left panels), after spatial filtering (middle panels), 
and difference images thereof (right panels).  The random noise is filtered by this filtering 
operator, the impact of noise filtering on the ozone product is positive.    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Band 1: 14.7 µm

Band 9: 9.7 µm

Before filtering          After filtering                    difference

 
Figure 3.  The GOES-12 Sounder band 1 (14.7 mm) and band 9 (9.7 mm) images before 
spatial filtering (left panels), after spatial filtering (middle panels), and difference images 
thereof (right panels). 
 

6. GOES time continuity application 
 

The GOES Sounder provides hourly radiance measurements containing 
atmospheric sounding and cloud-top property information.  Since atmospheric 
temperature and moisture evolution follows the dynamic rule, and the temperature profile 
typically doesn’t change dramatically within one hour, it is possible to take the time 
continuity of GOES observations into account in the sounding retrieval algorithm.  For 
example, one can use the prior retrieval as the first guess, or use the averaged radiances 
from two time steps (previous and current) for the retrieval.  Figure 4 shows the 850 hPa 
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water vapor mixing ratio from single time step (upper right) and two time steps (lower 
left).  The retrievals are less noisy from two time steps than that from the single time step.  
 
 
 

Forecast                         t2 alone

t1+t2                            t1+t2+t3

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  850 hPa moisture retrieval image with GOES-12 Sounder radiances from 
current time (t2) (upper right), current time and previous time (t1) (lower left).  The 
forecast (upper left) and retrieval from three times (lower right) data are also shown for 
comparison.  Using time continuity is expected to be better than using a single time 
alone.      
 

7. Conclusions 
 

Both regular regression and synthetic regression can be used for improved first 
guess retrieval.  The realistic assignment of surface skin temperature and emissivities for 
each profile in training data set is crucial for a synthetic regression procedure.  When the 
GOES Sounder radiances are used together with the forecast temperature and moisture 
profiles as predictors in regression, the first guess can be better than either forecasts alone 
or the regression retrievals from the GOES Sounder radiances alone.  Prelimary results 
demonstrate that the current GOES Sounder radiances can improve the forecast when 
their information is correctly used.  The noise filtering and time continuity application are 
also studied.  Noise filtering and application of time continuity are very important for 
improving the sounding retrieval.  
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Synergistic Use of the ABI and HES for Atmospheric Sounding and 
Cloud Property Retrieval 
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The Advanced Baseline Imager (ABI) and the Hyperspectral Environmental Suite (HES) on the 
GOES-R series will enable improved monitoring of the distribution and evolution of atmospheric 
thermodynamics and clouds.  The HES will be able to provide hourly atmospheric soundings with 
spatial resolution of 4 ~ 10 km with high accuracy using its high spectral resolution infrared 
measurements.  However, the presence of clouds affects the sounding retrieval and needs to be dealt 
with properly.  The ABI will provide at high spatial resolution (0.5 ~ 2km) a cloud mask, surface and 
cloud types, cloud-top phase information, cloud top pressure (CTP), cloud particle size (CPS), and 
cloud optical thickness (COT), etc.  The combined ABI/HES system offers the opportunity for 
atmospheric and cloud products to be improved over those possible from either system alone.   The 
key step for synergistic use of ABI/HES radiance measurements is the collocation in space and time.  
Collocated ABI can (1) provide HES sub-pixel cloud characterization (mask, amount, phase, layer 
information, etc.) within the HES footprint; (2) be used for HES cloud-clearing for partly cloudy HES 
footprints; (3) provide background information in variational retrieval of cloud properties with HES 
cloudy radiances.  The Moderate-Resolution Imaging Spectroradiometer (MODIS) and the 
Atmospheric Infrared Sounder (AIRS) measurements from the Earth Observing System’s (EOS) Aqua 
satellite provide the opportunity to study the synergistic use of advanced imager and sounder 
measurements.  The combined MODIS and AIRS data for various scenes are analyzed to study the 
utility of synergistic use of ABI products and HES radiances for better retrieving atmospheric 
soundings and cloud properties.  ABI can also help HES for cloud-clearing of footprints in partial 
cloud cover.   Currently there is an option that ABI and HES might be located on different satellites, 
this design will have impact on the ABI/HES synergism.  In order to answer the question on what the 
impact will be on the ABI/HES synergism if the two satellites are separated by a distance of 1, 2.5, or 
5.0 degree in longitude, a study is carried out to simulate the ABI BT differences within collocated 
HES footprints due to the two-satellite system for ABI and HES. 
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NOAA-KLMN HIRS Level 1b Data Issues 
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Data Representation 
 
The HIRS instrument generates 13-bit radiometric data (bits 0-12) with the 13th bit, that is bit 12, set 
to 1 for positive values and to 0 for negative values.  Bits 0-11 are the measurement's amplitude.  This 
is the way the readings appear in the data stream downloaded from the spacecraft and how they appear 
to the preprocessor, which interprets the data as follows: If bit 12 is set to 1, it is set to 0, and the result 
is used; otherwise, the number is multiplied by -1 and that result is used. 
 
The KLM User's Guide states that the original 13-bit data are stored in 2-byte words in the 1b data set, 
i.e., that the 13 bits generated by the HIRS instrument are placed, unchanged, in the low order bits of 
the 2-byte word and that the other bits (bit 13-15) are set to 0.  This however, is not the case. The 1b* 
to 1b converter builds 1b data sets from 1b* data sets. The 1b* data contains HIRS data in an 
unpacked format, that is, in the natural (i.e., 2's complement) format used by most computers.  The 
data are converted before they are inserted into a 1b data record as follows:  If the number is negative, 
its value is ANDed with a mask in which bits 0-11 are 1s and bits 12-15 are 0s.  This effectively turns 
bits 12-15 off and leaves bits 0-11 as they appeared in the 2's complement representation.  Notice that 
for negative numbers in the range that the HIRS produces, this has exactly the same effect as would 
adding 212, i.e., 4096.  For example if the HIRS produced a reading of  0 0010 0000 1001, the 
preprocessor would interpret it as -521.  The converter could compute the value to be output by simply 
adding 4096 to -521, which produces exactly the same bit pattern as does ANDing -521 with 4095. 
Thus to convert HIRS 1b radiometric data for internal use by a computer, one need only put the1b data 
into an integer variable and subtract 4096. Most users have already discovered this.  
 
Histogram Anomolies  
 
Figure 1 gives an example of the HIRS-3 count histogram near zero.  The black lines are the linear fit 
to the positive and negative counts.  The yellow markers are the extrapolation of the negative counts 
and the green markers are the extrapolation of the positive counts. The red line and markers accentuate 
the area of interest from -0 to plus 2 counts. There are several observations to be made: 1) Negative 
and positive values appear to be of different populations, 2) Odd values are more common than even 
values, 3) -0 is heavily overpopulated, 4) +0 is unpopulated, 5) +1 and +2 are underpopulated, and 6)  
-0 has a net gain of about 200 over the loss from +0,+1,+2.  From these observations we conclude that 
counts destined for -0,+0 and +1 are showing as -0. 
 
Calibration Flag Channel Order 
 
According to the specification of HIRS level 1b format, the Channel Calibration Quality Flags (bytes 
37-76) are to be in telemetry order (1, 17, 2, 3, 13, 4, 18, 11, 19, 7, 8, 20, 10, 14, 6, 5, 15, 12, 16, 9 ).  
However, the implementation was in sequential order.  This has been corrected when the NOAA-N 
format became operational on 28 April 2005. 
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Measured and predicted HIRS3 Histograms
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Figure 1.  Histogram of HIRS counts near zero. 

International TOVS Study Conference-XIV Proceedings

693



Plotting Realistic Instantaneous Field of View Ellipsoids on an 
Arbitrary Earth Projection 
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Introduction 
 
The ability to draw realistic fields of view (fov) in an arbitrary earth projection has a number 
of uses.  It can be used with coastlines to assess the geolocation and pointing accuracy of an 
instrument.  In conjunction with surface type atlases, it can help in estimating surface 
emissivity and land fraction. It can also be used to easily co-locate disparate instruments from 
different platforms.  This paper outlines a method for performing this function.  The 
mathematical derivation is not given here, but will be published in the open literature. 
 
Description of the technique 
 
The fov of most nadir scanning satellite instrument normally is circular at nadir and increases 
in size both along and cross track as the scan angle increases.  The cross track distortion is due 
to the fact that the fov edge closer to nadir is also farther away from the horizon, which causes 
a stretching of the fov.  In fact the distance from the fov center to the edge farthest from nadir 
is larger than the distance from the fov center to the edge closest to nadir. The along track 
distortion is simply due to the fact that fov angle is fixed, but the distance from the satellite to 
the viewing location on the earth increases as the scan moves away from nadir.  The technique 
used to produce the figures shown here assumes a spherical earth, that topography can be 
neglected, that the field of view can be represented by an ellipse, that the satellite attitude is 
nominal, that the satellite height and sub point are known, and that the location of the centers 
of the individual fields of view are known.  The ellipse semi-major and semi-minor axes are 
computed from known satellite height and scan angles via plane trigonometry.  The rotation 
of the ellipse with respect to latitude parallels is computed from the sub-satellite point and the 
fov location via spherical trigonometry.  Finally, the ellipsoid is approximated by a polygon 
of an arbitrary number of sides using the equation of an ellipse in polar coordinates. Examples 
of these plots are given in the figures below.  
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Figure 1: NOAA-17 AMSU-A and AMSU-B scan pattern in cylindrical coordinates.   
Coastline is North New Guinea.   
 

 
 
Figure 2: NOAA-17 AMSU-A and AMSU-B scan patterns near the north pole in polar 
stereographic coordinate. 
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Figure 3. Hypothetical 40 km nadir resolution geosynchronous sounder scan pattern in a 
satellite coordinate system 
 
 
 

 
 
Figure 4. Hypothetical 40 km nadir resolution geosynchronous sounder scan pattern in a 
cylindrical coordinate system. 
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The Atmospheric Infrared Sounder (AIRS) instrument suite, which includes the Advanced Microwave 
Sounding Unit A (AMSU-A) as well as a near-copy of the AMSU-B - the Humidity Sounder for 
Brazil (HSB), was launched on the NASA Aqua satellite in May 2002. During the on-orbit checkout it 
became apparent that the microwave instruments, in particular AMSU-A, exhibit a significant scan 
angle dependent bias. This phenomenon has also been noticed in the AMSU instruments operated by 
NOAA on NOAA-15 through NOAA-17 and is expected to also be a feature of the next series of 
AMSU instruments, on NOAA-N and NOAA-N’ as well as on equivalent European satellites. The 
Advanced Technology Microwave Sounder (ATMS), to be launched first in 2006 on the NASA NPP 
satellite and thereafter on a number of NPOESS satellites, is also expected to have significant scan 
bias. This bias is a major hindrance to the effective use of the microwave observations, both 
operationally and in atmospheric research, and much effort has been devoted by NOAA as well as 
NASA to analyze it, with a view toward correcting the measurements on an objective basis from first 
principles. These efforts have not yet been entirely successful, and many data users have resorted to 
making empirically derived corrections instead. While that may be satisfactory for operational use, it 
is not desirable for climate research and similar applications. The effort to model the bias therefore 
continues. In this paper we report on work that has been done at the Jet Propulsion Laboratory in this 
regard, including some progress in modeling the bias. 
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Introduction to China Meteorological Satellite Operational System 
 

Zhao Licheng 
National Satellite Meteorological Center, CMA 

 
Affiliation to the China Meteorological Administration, the National Satellite Meteorological Center 
(NSMC) is responsible for receiving, processing, distributing the meteorological satellite data in 
China.  
 
There are two satellite operational systems operated by the NSMC: polar-orbiting and geostationary.  
The polar system consists of three satellite data receiving stations in Beijing, Guangzhou, Urumuqi, 
respectively. The data received by the three stations are transmitted to the Data Processing Center in 
Beijing. The ground segment of geo-stationary satellite consists of a primary processing center at 
NSMC and three ranging stations. Sub-systems include CDAS, SOCC, DPC ASC, CNAS and USS. 
Currently, NSMC receives data from 11 satellites (FY-1D, FY-2B/2C, Meteosat-5, GOES-9, NOAA-
14/16/17, EOS/TERRA/AQUA). 
 
More than 40 imagery and quantitative products are generated every day and distributed to users 
through dedicated meteorological communications network and internet. Also, a DVB-S system 
distributes level-1b data and various products, about 50Gb of data volume, to 86 users over the 
country every day. The satellite data and products are being used in weather forecast, climate and 
environment change, and disaster monitoring. Space weather service is being explored with the 
measurements of Space Environment Monitor and X-ray Monitor onboard the geo-stationary satellite. 
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The Infrared Atmospheric Sounding Interferometer (IASI) is a key payload element of the METOP 
series of European meteorological polar-orbit satellites. It is developed jointly by CNES and 
EUMETSAT. It has been designed for operational meteorological soundings with a very high level of 
accuracy  (Specifications on Temperature accuracy : 1K for 1 km and 10 % for humidity) and also for 
estimating and monitoring trace gases on a global scale. The IASI system includes the 3 instruments, 
a data processing software integrated in the EPS ground segment and a technical expertise centre 
(TEC) implemented in CNES Toulouse. 
 
The first IASI model is planned to be launched in April 2006. This paper presents the CNES plan for 
the in-flight calibration and monitoring of the IASI performance (Instrument and processing up to 
Level 1, i.e. radiances computation) that will be performed by the TEC. A companion paper in this 
conference presents the results of the on-ground calibration of the instrument. 
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Selection of a subset of IASI Channels for Near Real Time
Dissemination

A.D. Collard and M. Matricardi

European Centre for Medium-Range Weather Forecasts, Reading, U.K.

Abstract

IASI is currently due to be launched on the MetOp-1 satellite in April 2006. Global IASI Level
1C data will be distributed to European users, probably by EUMETCast. Users have requested
that it be distributed lossless, i.e. either all 8461 channels, or using PCA data compression plus
residuals.

In addition, global IASI Level 1C data will be distributed to many users on the GTS. Here the
bandwidth limitations are greater, and so the working assumption is that channel selection will be
used, at least on Day 1. Currently AIRS is distributed in near real time to NWP centres in a
similar manner with 324 out of 2378 channels being provided (the data volume is further reduced
by distributing only one field of view in nine).

A subset of IASI channels that may be distributed should be chosen such that the total loss of
information is a minimum. This is achieved through consideration of the loss of information
content in the context of retrievals using a short range NWP forecast as prior information. Before
the final channel selection, extensive pre-screening is performed to ensure channels are not
chosen where there are large forward model errors or interfering species.

Introduction

This document describes a proposed methodology for the selection of a subset of IASI channels
that may be distributed such that the total loss of information is a minimum. The final decision
on the channels to be used should be made as late as possible as advances in our knowledge of the
problem (e.g., forward model errors) or in the exact requirements for this dataset may evolve with
time.

The exact content of a selected set of channels will be highly dependent on the precise application
to which it is being applied. As techniques and modeling accuracy evolve, the “optimal” set of 
channels will also change. Therefore, the aim with this study is not to produce an absolutely
“optimal” set of channels, as this is almost certainly not possible for all applications, but a
conservative but close to optimal set of channels for physical retrievals of the atmospheric state.
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The methodology is based on the information content-based channel selection of Rodgers (1996,
2000) but has been modified to account for uncertainties arising from the non-linearity of the
temperature Jacobians of the water vapour and ozone channels and also to account for the fact
that some channels will not be usable in the daytime but may still contain extra useful information
at night. The final channel selections are critically examined to ensure that they are reasonable
and so that if there are any obvious gaps in the selection these may be addressed.

Criteria

The information that is required to be preserved in the channel selection is:

Main quantities to be retrieved from the IASI spectra:

Temperature profile, Humidity profile, Ozone profile

Secondary quantities to be retrieved from the IASI spectra (these are additional quantities that are
included in the channel selection on the request of users and/or EUMETSAT - the precise choice
of these quantities is not considered here) :

Minor gas (e.g., CO2, CO, CH4) profiles, cloud properties, surface emissivity

Other restrictions:

Shortwave channels (5m) can be affected by sunlight and should not be chosen in
preference to longwave channels that can provide similar information. Water vapour and
ozone channels should not be the primary providers of temperature information as their
temperature Jacobians can be highly non-linear.

Pre-screening

The channel selection method described should avoid channels with large forward model
uncertainty.

This pre-screening can be done through a variety of routes:

1. Consideration of channels that are significantly dominated by trace species (i.e., minor species
that one is not able to include in the retrieval vector). This may be achieved through radiative
transfer calculations where species’ abundances in the radiative transfer model are varied by 
their climatological range (for various representative test atmospheres) and any channel
showing variation by more than the IASI instrument noise level is rejected. However, for
some species (e.g., CH4) this might result in an unacceptably high rejection rate (thousands of
channels) and the criterion might need to be relaxed (but with the assumed forward model
error adjusted accordingly). Conversely, some species might have a correlated spectral signal
that, while below instrument noise level for a single channel, becomes significant when
considered for the spectrum as a whole. The information on random noise contributed by
trace species for unrejected channels should be included in the estimate for the forward model
error covariance matrix.
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2. Consideration of intercomparison exercises. Intercomparison exercises such as LIE (Tjemkes
et al., 2003) and Rizzi et al. (2002) and the various AIRS validation studies can be used to
identify areas in the spectrum where the radiative transfer calculations are particularly
problematic. J. Taylor (priv. comm.) has, for example, identified spectral lines in the 6.3μm 
water vapour band that appear to have erroneous spectroscopy in the line databases.

The LIE study includes comparisons between different radiative transfer models and between
these models and existing observed high spectral resolution infrared observations (plus
measurements of the associated atmospheric state), thus highlighting spectral regions where
there is disagreement in forward modeling. Although this is useful as an indicator of possible
problems, the best possible forward model and spectroscopy should be assumed when doing
pre-screening and in determining the forward model error covariance matrix.

3. NWP monitoring statistics. Comparisons between observed radiances and simulated radiances
from short-range forecast fields can identify possibly problematic channels which might
necessitate late changes to the channel selection. The current experience with AIRS can
identify many such channels (e.g., the high-peaking channels around 4.3μm which are highly 
influenced by non-LTE effects) but AIRS does not cover the same spectral range nor does it
have the same spectral resolution as IASI. If post-launch monitoring of IASI does identify
bad channels, they may either be substituted for good ones (if such a change is not too late) or
advice may be distributed on the use of these channels (as is current practice with satellite
measurements).

In summary, channels should be avoided if they are sensitive to elements not in the radiative
transfer model; which are sensitive to variable species whose variability is not considered in the
background or on retrieval; or which have known radiative transfer weaknesses.

Selection Methodology

After pre-screening, channel selection will be based on the methodology suggested by Rogers
(1996, 2000). This method was shown to be the best method for a priori determination of an
optimal channel set by Rabier et al. (2002) and has been further evaluated in the context of AIRS
by Fourrié and Thépaut (2003).

The method relies on evaluating the impact of the addition of single channels on a figure of merit
and proceeds as follows:

1. Test which single channel most improves a chosen figure of merit. This figure of merit is
normally a quantity reflecting the improvement of the retrieval error covariance matrix, A, over
the background error covariance matrix, B. Therefore, starting with A0=B (where Ai is the
retrieval error covariance matrix after i channels have been chosen), the possible values of A1 for
each chosen channel will need to be calculated.

2. After the optimal Ai has been determined through the choice of the best new channel, find the
remaining channel that most improves the figure of merit.

3. Repeat until a sufficient number of channels have been selected.

Rodgers speeds this process up by noting that, if the instrumental noise plus forward model error
covariance matrix is diagonal, on adding a new channel, i, to the retrieval, the solution error
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covariance is changed from Ai-1 to Ai thus:

  i
T

i1ii1ii1ii h)h(AhAhIAA   1)( T

where hi is the Jacobian for channel i normalised by the standard deviation of the instrument plus
forward model noise for that channel. However, provided that a realistic estimate of the full error
covariance matrix may be obtained, it will be desirable to properly treat the correct, correlated
matrix.

In this scheme, the degrees of freedom for signal (DFS) for the retrievals (defined as Tr(I-AB-1))
is used as the figure of merit. An alternative is the entropy reduction ( -½Ln|AB-1| ) but past
experience (e.g., Rabier et al., 2002) has shown that the differences between choosing DFS or
entropy reduction are small. Required for this method are an estimate of the background error
covariance matrix (the ECMWF NWP background error covariance matrix, modified for use in a
1DVar scenario, for example), an estimate of the observational error covariance matrix (including
forward model errors), and a forward model to estimate the Jacobians for the atmospheres being
considered which will initially be RTIASI (Matricardi and Saunders, 1999; Matricardi, 2003).
Usually, the process is applied to the case of a single atmospheric profile, but it will be extended
to consider, simultaneously, multiple profiles.

As the effect of the precise atmospheric profiles used on the final selection may be important
(Rabier et al., 2002), the final channel selection will be tested against the optimal selection for a
diverse range of atmospheric profiles.

The method is then implemented as follows:

1. Take the IASI channels that remain after pre-screening

2. Choose a range of atmospheric scenarios: the six AFGL standard atmospheres or part of the
ECMWF atmospheric database (Chevallier, 1999; Chevallier et al. 2000), for example. Consider
these different scenarios simultaneously, so that, while the A and B matrices themselves are
calculated independently, the total DFS for all the profiles is used as the figure of merit. The
reason for this is to ensure that channels are chosen based on the combined requirements of th
range of atmospheres.

3. To ensure that temperature information is primarily coming from the relatively linear CO2

channels, start by ignoring those channels that are primarily sensitive to water vapour or ozone.
Also, ignore those channels that are sensitive to solar irradiance; as it should be ensured that the
channel selection does not rely on channels that cannot be used in the daytime.

4. Perform the above analysis for temperature, using the CO2 channels that remain. The number
of channels that are chosen is determined by consideration of the total number that are required
and the amount of DFS that is explained as a function of the total for all the channels being
considered.

5. With the temperature channels chosen above pre-selected, perform the DFS analysis once
more with the water vapour channels included and with both water vapour and temperature
retrievals allowed. Further channels are thus chosen which are primarily sensitive to humidity
but which will also contribute further temperature information.
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5a.Optionally repeat the above for trace gas (O3, CO2, CH4, CO, N2O etc.) retrievals, if required.

6. Repeat steps 3 and 4, but include the solar-affected channels.

7. The selection of channels useful in the determination of cloud properties and surface
emissivity, if this is required, is probably best done through manual selection of channels (if
suitable ones are not already in the above dataset) on consideration of the spectral properties
being considered. This approach may also be preferable for trace gases (rather than step 5a
above) as our knowledge of the B-matrices for these is often poor.

The channel selection process is normally stopped either once a pre-selected number of channels
is reached or once the improvement on adding new channels is relatively small. In the above
method both criteria will be used and there will necessarily be some subjective choices to be
made.

Example Channel Selection

In this section an example of the channel selection method is given where a total of 300 channels
are chosen. This is an example with a diagonal observation plus forward model error covariance
matrix, where the forward model error is 0.2K plus the effect of trace gases only. The selection
of channels for the retrieval of trace gases (i.e., all species except water vapour and ozone) is not
performed in this example.

The initially blacklisted channels are shown in Figure 1. Channels are blacklisted if the effect on
the brightness temperature due to climatological variability is greater than 1K for any of the six
AFGL standard atmospheres. Ten species were examined in this way (CH4, CO, N2O, CCl4,
CFC-14, HNO3, NO2, OCS, NO, and SO2) but only the first three had large enough effects for
blacklisting. If a species has an impact lower than 1.0K, its effect is added to the forward model
error covariance matrix. CO2 has been assumed to have a constant abundance in this example,
although variability in its abundance can cause variations in the observed brightness temperature
of up to around 0.5K in the 15μm band, as much of this variability can probably by removed 
through bias correction or the use of a climatological mean (e.g., Engelen et al., 2001).

In addition channels between 2220cm-1 and 2287cm-1 are blacklisted as they are affected by non-
LTE effects which are greatest in the daytime but are still present at night (based on AIRS
experience and calculations by Castelain et al., 1998).

Additionally shown in Figure 1 are those channels which are significantly influenced by the
surface, by water vapour, by ozone and by solar irradiance. Some or all of these channels are
removed in “pre-selection” runs.

The assumed instrument plus forward model error is shown in Figure 2. The instrument noise is
the official level 1c instrument noise; the forward model noise is taken to be a constant 0.2K plus
estimates of the error due to the variability of trace gases. In this case the instrument plus
forward model error covariance matrix is assumed to be diagonal.
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Fig. 1: Blacklisted channels for channel selection. Channels with possible signals from
CH4, CO or N2O greater than 1K are blacklisted together with those channels in the

4.3μm CO2 band which are affected by non-LTE effects. Channels with large
contributions from H2O, O3, the surface and solar irradiance are also indicated above

and below the spectrum.

Fig. 2: The assumed observational plus forward model noise for the channel selection.
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Fig. 3: Standard deviations of temperature, humidity and ozone taken from the
operational ECMWF background error covariance interpolated onto the 90 RTIASI

levels. A skin temperature error of 0.3K is assumed (based on observed background
departures for AIRS).
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This channel selection is based on the six AFGL standard atmospheres and degrees of freedom
for signal (DFS) is used as the figure of merit. As interchannel error correlations are not
accounted for and the IASI level 1c data are apodised and thus have highly correlated errors
between adjacent channels, a channel cannot be chosen if one of its immediate neighbours is
already chosen.

This channel selection is performed in six stages:

1) An initial run is performed with only the temperature analysis being considered and with
the water vapour, ozone and solar channels excluded (in addition to the blacklisted
channels, of course). This is to ensure that a minimum amount of temperature
information is derived from CO2 channels rather than H2O and O3 channels (as in a linear
analysis the dependence of the temperature Jacobians on H2O and O3 amount is not
accounted for). Solar channels are excluded to ensure that this set is usable in the
daytime as well as night. Approximately 50% of the total degrees of freedom for signal
are obtained with the first 25 channels.

2) Taking the 25 pre-selected channels from the first stage, the channel selection is now
preformed with water vapour being considered in addition to temperature and with the
water vapour channels included. 250 channels (including the 25 pre-selected ones) are
chosen. The total DFS in this case is 92.4 (i.e., an average of 15.4 per profile) of which
64.7 is obtained with the 250 channels.

3) Allow the solar irradiance-affected channels to be used. The total available DFS
increases to 94.0. These selection runs until a channel that is not affected by solar
radiation is once more chosen. Only 15 channels are chosen in this way, increasing the
total DFS from the selected channels to 65.6.

4) Taking the channels from Stage (2), allow ozone retrievals. For this step the retrieval is
for ozone only (i.e., the temperature and water vapour profiles are assumed to be known).
The total DFS for ozone is 12.0 with the 15 chosen ozone channels accounting for 7.1.

5) In case these channels might be used at night, select 12 channels that are affected by non-
LTE effects (here the non-LTE blacklisting is relaxed). The total available DFS is now
96.2 of which the current channels supply 66.3.

6) Add in 11 additional channels covering the long and shortwave windows that may be
used to derive surface emissivity and/or cloud optical properties.

The chosen channels are shown in Figures 4 and 5 and the evolution of the DFS is shown in
Figure 6.
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Fig. 4: 300 channels chosen with the methodology described in the text.

Fig. 5: As Figure 5, except focusing on the 15μm CO2 band.
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Fig. 6: Evolution of the DFS during the channel selection.

Some notes on the channels chosen:

 Many channels are chosen in the 670-710cm-1 region which sounds the upper
troposphere and lower stratosphere. This is partially a reflection of the relatively
high a priori temperature errors in this region, compared to the troposphere, but
also reflects the somewhat higher instrument noise levels for these channels.

 Channels are not necessarily chosen that are in the wings of the spectral lines.
These channels are, all things being equal, desirable as they have sharper
Jacobians. However, this algorithm also considers the sensitivity of the channels
in relation to the instrument noise. In the channel selection being performed here
channels in the centres of spectral lines are often chosen in preference to
channels which sound similar levels in the wings of lines if the former are in
regions of relatively low noise.

 While the Jacobians of the channels in the shortwave wing of the 4.3μm CO2

band in general have sharper Jacobians, only a few add significant information to
those in the longwave part of the spectrum. This is a reflection of the relatively
high instrument noise in the shortest IASI band. It should be noted that the total
percentage of the available DFS has fallen from 70.0% before the shortwave was
considered to 69.8% on adding the 15 solar channels, although the total DFS still
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increases. A similar drop in the percentage explained occurs with the non-LTE
channel selection.

 Very few surface sounding channels are chosen as the skin temperature variance
is reduced by over an order of magnitude by the very first surface sounding
channel chosen. This is a result of the forward model error not including the
highly correlated errors resulting from emissivity uncertainty and undetected
cloud. This deficiency has been addressed by the manual inclusion of extra
window channels in Step 6 above.

Figures 7 and 8 compare this channel selection with the 324 channels chosen for near-real time
distribution from AIRS. However, it is hard to make a direct comparison as the AIRS channels
do not have exactly the same frequencies as the IASI ones; the instrument spectral response
functions differ; the instrument noise characteristics are different; the longwave portion of the
6.3μm water vapour band is missing for AIRS and the criteria for choosing these channels was
different.

The robustness of the algorithm is addressed with respect to its dependence on the assumed
background error covariance matrix and also on its dependence of the atmospheric profiles being
considered. It is tested by performing the channel selection for alternate scenarios (i.e., different
B-matrix or different atmospheric profiles) and recomputing the DFS's that would result from the
alternate channel sets but for the original scenario. That is, the detailed channel selection may
well be different in the alternate scenarios but what is tested is whether the alternate channel
selection contains similar information to the original when considered for the same profile and B-
matrix.

Fig. 7: A comparison of the 324 channels distributed for AIRS and the 300 channels
chosen for IASI.
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Fig. 8: As Figure 7, except focusing on the 15μm CO2 band.

The alternate B-matrix used is a diagonal one with constant large standard deviations (100K for
temperatures, 1 for dq/Ln(q) and 1 for O3 mixing ratio). On using this very different B-matrix,
the DFS after the temperature channels pre-selection was 18.9 (i.e., 3.2 per profile) rather than
20.1 for the optimal case. After the main run the respective values were 61.8 and 64.7.

Seven alternate atmospheric profiles are taken from the Chevallier dataset and are chosen to cover
a representative set of possible atmospheric states. In this case the DFS was identical to three
significant figures after the pre-selected temperature channels and 64.5 versus 64.7 after the main
run.

The impact of these different selections on the expected retrieval errors for the U.S. Standard
atmosphere and the ECMWF B-matrix are shown in Figure 9.

While, as expected, there is some loss of information on changing the selection scenarios, these
losses are relatively small and indicate that the channel selection is robust enough to serve as a
global channel selection set.

The final set of 300 channels is given in appendix A.

Summary

A selection of IASI channels has been determined based on the ECMWF background error
covariance matrix. Channels have been chosen based on their information content (degrees of
freedom for signal) derived from a linear analysis, but with the non-linear effects of the change in
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Jacobians for variable species being accounted for. The robustness of the selection has been
explored with respect to the assumed atmospheric states and the background error covariance
matrix.

It is necessary to combine the automatic channel selection algorithm of Rogers (1997, 2002) with
manual intervention not only to mitigate the effects of non-linearity but also to ensure that the
selection is as close to optimal as possible in various circumstances (e.g., daytime versus
nighttime) and to allow for effects that are difficult to explicitly include in the algorithm
(correlated error from surface emissivity).

The final choice of channels must also depend on the number of channels that may be
communicated. Retrievals with 300 channels explain around 60% of the available DFS, 500 will
explain around 80%–at what point is the increased information content not worth the cost of the
extra channels? The exact answer to this will depend on the requirements of the final users of the
data.
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Appendix: A 300 Channel Selection.

The 300 channels chosen by the example selection in this paper. Channels marked “Temp” were 
derived in the initial temperature pre-selection and “Window” were the additional channels added 
to ensure cloud and emissivity effects are allowed for.

Channel Freq.
(cm-1)

Notes

7 646.50
16 648.75
49 657.00
55 658.50
57 659.00
61 660.00
63 660.50
70 662.25
72 662.75 Temp
74 663.25
79 664.50
81 665.00
83 665.50
85 666.00
87 666.50 Temp
89 667.00 Temp
92 667.75 Temp
95 668.50 Temp
98 669.25 Temp
100 669.75 Temp
102 670.25
104 670.75
106 671.25
109 672.00
111 672.50
113 673.00
116 673.75
119 674.50
122 675.25
125 676.00
128 676.75
131 677.50
133 678.00
135 678.50
138 679.25
141 680.00 Temp

144 680.75
146 681.25
148 681.75 Temp
151 682.50
154 683.25 Temp
157 684.00
159 684.50
161 685.00
163 685.50
167 686.50 Temp
170 687.25
173 688.00
180 689.75
185 691.00
187 691.50
193 693.00
199 694.50 Temp
205 696.00
207 696.50
212 697.75
214 698.25
216 698.75
218 699.25
220 699.75
223 700.50
225 701.00
227 701.50
230 702.25
232 702.75
236 703.75
239 704.50
243 705.50 Temp
246 706.25
249 707.00
252 707.75
254 708.25
260 709.75
262 710.25

265 711.00
267 711.50
269 712.00
275 713.50 Temp
282 715.25
294 718.25
296 718.75
299 719.50
303 720.50 Temp
306 721.25
322 725.25
327 726.50
345 731.00 Temp
347 731.50
350 732.25
353 733.00
356 733.75
371 737.50
373 738.00
375 738.50
377 739.00
380 739.75
382 740.25
384 740.75
386 741.25
389 742.00
398 744.25 Temp
401 745.00 Temp
404 745.75
407 746.50
410 747.25
416 748.75 Temp
426 751.25
428 751.75 Temp
432 752.75
434 753.25 Temp
439 754.50 Temp
456 758.75
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546 781.25
552 782.75
559 784.50
566 786.25
570 787.25
572 787.75
578 789.25 Window
662 810.25
668 811.75
693 818.00
699 819.50
756 833.75 Window
867 861.50 Window
1027 901.50 Window
1194 943.25 Window
1271 962.50 Window
1442 1005.25 Ozone
1446 1006.25 Ozone
1452 1007.75 Ozone
1563 1035.50 Ozone
1570 1037.25 Ozone
1583 1040.50 Ozone
1586 1041.25 Ozone
1600 1044.75 Ozone
1624 1050.75 Ozone
1630 1052.25 Ozone
1635 1053.50 Ozone
1641 1055.00 Ozone
1646 1056.25 Ozone
1694 1068.25 Ozone
1696 1068.75 Ozone
1884 1115.75 Window
2092 1167.75
2094 1168.25
2119 1174.50
2199 1194.50
2213 1198.00
2239 1204.50 Temp
2249 1207.00 Temp
2271 1212.50
2321 1225.00
2398 1244.25
2701 1320.00
2741 1330.00
2819 1349.50
2889 1367.00
2907 1371.50
2910 1372.25
2939 1379.50
2944 1380.75
2949 1382.00
2957 1384.00
2959 1384.50
2977 1389.00
2983 1390.50
2985 1391.00
2988 1391.75
2991 1392.50
3002 1395.25
3027 1401.50
3029 1402.00
3036 1403.75
3049 1407.00
3053 1408.00
3058 1409.25
3064 1410.75
3069 1412.00

3093 1418.00
3098 1419.25
3105 1421.00
3107 1421.50
3110 1422.25
3151 1432.50
3160 1434.75
3168 1436.75
3178 1439.25
3207 1446.50
3221 1450.00
3228 1451.75
3244 1455.75
3248 1456.75
3252 1457.75
3256 1458.75
3264 1460.75
3303 1470.50
3312 1472.75
3322 1475.25
3333 1478.00
3339 1479.50
3375 1488.50
3390 1492.25
3396 1493.75
3398 1494.25
3411 1497.50
3438 1504.25
3440 1504.75
3443 1505.50
3446 1506.25
3448 1506.75
3450 1507.25
3453 1508.00
3458 1509.25
3463 1510.50
3467 1511.50
3476 1513.75
3484 1515.75
3497 1519.00
3499 1519.50
3504 1520.75
3506 1521.25
3509 1522.00
3518 1524.25
3527 1526.50
3555 1533.50
3575 1538.50
3577 1539.00
3580 1539.75
3582 1540.25
3586 1541.25
3589 1542.00
3599 1544.50
3653 1558.00
3655 1558.50
3658 1559.25
3661 1560.00
3724 1575.75
3962 1635.25
4032 1652.75
4037 1654.00
4842 1855.25
5297 1969.00
5299 1969.50
5367 1986.50
5371 1987.50

5378 1989.25
5380 1989.75
5382 1990.25
5384 1990.75
5398 1994.25
5400 1994.75
5402 1995.25
5405 1996.00
5407 1996.50
5409 1997.00
5480 2014.75
5483 2015.50
5492 2017.75
5502 2020.25
5507 2021.50
5509 2022.00
5517 2024.00
5557 2034.00
5953 2133.00
5986 2141.25
5988 2141.75
5990 2142.25
5992 2142.75 Temp
5995 2143.50
6000 2144.75
6003 2145.50
6721 2325.00 non-LTE
6736 2328.75 non-LTE
6743 2330.50 non-LTE
6758 2334.25 non-LTE
6765 2336.00 non-LTE
6767 2336.50 non-LTE
6772 2337.75 non-LTE
6785 2341.00 non-LTE
6792 2342.75 non-LTE
6992 2392.75 Solar
6994 2393.25 Solar
6996 2393.75 Solar
6998 2394.25 Solar
7000 2394.75 Solar
7002 2395.25 Solar
7004 2395.75 Solar
7006 2396.25 Solar
7008 2396.75 Solar
7011 2397.50 Solar
7014 2398.25 Solar
7016 2398.75 Solar
7019 2399.50 Solar
7024 2400.75 Solar
7027 2401.50 Solar
7885 2616.00 Window
8094 2668.25 Window
8224 2700.75 Window
8358 2734.25 Window
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 The introduction of clouds and aerosols in RTIASI 
 

Marco Matricardi 
ECMWF 

 
A new version of RTIASI, the ECMWF fast radiative transfer model for the Infrared Atmospheric 
Sounding Interferometer (IASI) has been developed that features the introduction of multiple 
scattering by aerosols and clouds. In RTIASI, multiple scattering is parameterized by scaling the 
optical depth by a factor derived by including the backward scattering in the emission of a layer and 
in the transmission between levels (scaling approximation).  
 
The RTIASI radiative transfer can include by default eleven aerosol components, five types of water 
clouds and eight types of cirrus clouds. The database of optical properties for aerosols and water 
droplets has been generated using the Lorentz-Mie theory assuming these particles have a spherical 
shape. For cirrus clouds, a composite database of optical properties has been generated using the 
Geometric Optics method for large crystals and the T-matrix method for small crystals. In either case, 
ice crystals have been assumed to have the shape of a hexagonal prism randomly oriented in space.  
 
To solve the radiative transfer for an atmosphere partially covered by clouds, RTIASI uses a scheme 
(stream method) that divides the field of view into a number of homogeneous columns, each column 
containing either cloud-free layers or totally cloudy layers. Each column is assigned a fractional 
coverage and the number of columns is determined by the cloud overlapping assumption (maximum-
random in RTIASI). The total radiance is then obtained as the sum of the radiances for the single 
columns weighted by the column fractional coverage. 
 
To assess the accuracy of the scaling approximation we have compared approximate radiances with 
reference radiances computed by using a doubling-adding algorithm. For aerosols, the largest errors 
are observed for the desert dust type. For this case, errors are less than 1 K in the thermal infrared and 
less than 0.25 K in the short wave. For water clouds, errors are typically less than 1K in the thermal 
infrared and less than 4 K in the short wave. For the cirrus cloud type, we found a remarkable 
agreement between approximate and reference radiances. For a tropical profile, errors introduced by 
the scaling approximation never exceed 0.5K whereas for an arctic profile errors are typically less 
than 0.1 K. 
 
Work has started to incorporate the science of RTIASI into RTTOV. This will lead to the release of a 
new version of RTTOV that can process IASI and AIRS radiances using many of the advanced 
capabilities of RTIASI. The new RTTOV will include a finer vertical pressure grid, variable trace 
gases, solar radiation, a new parameterization of the Planck function and an altitude dependent 
computation of the local viewing angle. 
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Assimilation of infrared limb radiances from MIPAS in the
ECMWF 4DVAR system

Niels Bormann and Sean Healy

European Centre for Medium-range Weather Forecasts (ECMWF),
Shinfield Park, Reading, Berkshire RG2 9AX, U.K.,

n.bormann@ecmwf.int

Introduction

ECMWF is developing the capability to directly assimilate emitted clear-sky infrared limb radiances
from the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS). It is the first time that
the assimilation of limb radiances into a numerical weather prediction (NWP) system is being
investigated. The developments have been prompted by the success of the assimilation of nadir
radiances.

MIPAS is a very high spectral resolution sounder (0.025 cm-1 wavenumber resolution) onboard ESA's
Envisat satellite. It provides 59,605 spectral points or channels in 5 bands in the range 685-2410 cm-1.
In the nominal scanning configuration, it gives one scan about every 5º latitude for 17 tangent altitudes
between 6 and 68 km. The field of view (FOV) is 3 km in the vertical and 30 km in the horizontal.

Channel selection and information content

A subset of MIPAS data has been selected for assimilation studies. The iterative method of Dudhia et
al. (2002) has been applied to select 325 channels over channel-specific tangent altitude ranges
(Fig. 1). This selection aims to maximise the information content relative to the error estimate in the a
priori (i.e., the ECMWF short-term forecast). The control variables are profiles of temperature,
humidity, and ozone.

Figure 1: Location of the selected MIPAS channels and tangent heights. Colour coding gives
the ranking in the selection.
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Figure 2 shows that the selected MIPAS radiances have the potential to significantly reduce the
analysis error of humidity and ozone throughout the stratosphere. Temperature errors are also
significantly reduced in the stratosphere above about 30 km. MIPAS limb radiances are able to resolve
background errors at much finer vertical resolution than nadir radiances (not shown).

Figure 2: Theoretical reduction of analysis error that can be achieved with the selected
MIPAS data. Black is the ECMWF background error; cyan the retrieval error expected if only
MIPAS instrument noise and the background error are taken into account; orange is the
estimate of errors introduced through the forward model (e.g., spectroscopic uncertainty,
fixed climatology for certain gases, etc); blue the expected total retrieval error.

Assimilation framework

The above subset of MIPAS data is being used for assimilation studies with ECMWF's 4DVAR
system. Two experiments are compared here, the control run without MIPAS radiance assimilation,
and an experiment with the assimilation of MIPAS radiances. Both experiments use 6-hourly 4DVAR
and an analysis and model resolution of T159 (approx. 125 km), with 60 levels in the vertical. The
approach to the limb radiance assimilation is as follows:

 The radiative transfer model used is RTMIPAS, a regression-based fast radiative transfer model
that follows RTTOV methodology (Bormann et al. 2004, 2005; see also Bormann et al. in these
proceedings).

 Results presented here are based on using a 1-dimensional observation operator that assumes local
horizontal homogeneity for the limb radiance calculations. Work on taking horizontal structure
into account in the assimilation is in progress.

 Cloud-affected radiances are screened out using the method of Remedios and Spang (2002).
 Tangent pressure information is taken from ESA's level 2 data, since the satellite's engineering

pointing information is not considered accurate enough.
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 Correction of radiance biases is described below.
 Radiances with tangent altitudes above 60 km are excluded, to avoid radiances sensitive to regions
above the ECMWF’s model top at 0.1 hPa. Similarly, radiances with tangent altitudes below 9 km
are not used to avoid errors arising from neglecting horizontal gradients in the radiative transfer
calculations.

For both experiments, other observations are used as in operations, except for the following: MIPAS
ozone retrievals are not assimilated in our experiments. GPS radio occultation bending angles are
assimilated, in order to provide additional temperature information for the lower stratosphere and
upper troposphere (Healy and Thépaut 2005). In contrast to operational practice, the humidity analysis
for the stratosphere is switched on, following the developments of Hólm et al. (2002).

Correction of radiance biases

Following the experience for nadir radiances, it is considered essential to correct so-called radiance
biases in MIPAS data before the assimilation. If the MIPAS radiances are assimilated without bias
correction, inconsistencies appear in the bias of analysis departures for different MIPAS radiances
with weighting functions peaking at similar heights. Designing a bias correction for MIPAS radiances
is made more difficult by the presence of biases in the model fields in the stratosphere, especially for
humidity and ozone.

To resolve the ambiguity between model and radiance biases, an iterative method is being
investigated, which involves repeated assimilation and tuning of subsets of the selected MIPAS
channels over a 14-day study period. Such an iterative method provides some scope to separate
between model and radiance biases, given that for each tangent altitude many MIPAS channels are
available with weighting functions peaking around this tangent altitude.

Currently, bias correction is done with the so-called "γ/δ" method (e.g., Watts and McNally 2004), 
which scales optical depths in the radiative transfer model with a channel-specific γ, and models the 
remaining bias with a constant δ. This approach has been found to give a good first model for the
biases observed over a range of tangent altitudes for a large number of channels (Fig. 3).
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Figure 3: FG biases (from 30º x 20º longitude/latitude boxes between 45S and 45N) vs the
signature of a 5 % perturbation in gamma (calculated with a mean atmospheric profile per
longitude/latitude box) for a MIPAS temperature channel (both in nW/(cm2 sr cm-1)). Colour
coding shows tangent height bands with grey for 60 km and green for 27 km.

Assimilation trials

Preliminary assimilation trials over the 14-day period 18-31 August 2003 show the following key
results:

MIPAS radiances can be assimilated while maintaining a similar level of fit to other observations
sensitive to stratospheric temperature.

The assimilation of MIPAS radiances has a significant impact on the mean temperature, humidity,
and ozone analyses in the stratosphere, qualitatively in agreement with a reduction of known biases
in the model fields (Figures 4, 5). For instance, the stratospheric analyses are considerably wetter
with the MIPAS radiances assimilation, correcting for a known dry bias in the stratospheric
humidity fields. Comparisons to other independent observations are required to verify quantitatively
to what extent biases are reduced.

Analyses with MIPAS radiances agree better with MIPAS level 2 retrievals in the regions expected
from the information content study (Fig. 6). This provides a first cross-validation of the radiance
assimilation.
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Figure 4: Difference in mean temperature analyses [K] at 5 hPa between the experiment with
and the one without MIPAS radiance assimilation.

Figure 5: Relative difference in the mean humidity analyses [%] at 12 hPa between the
experiment with and the one without MIPAS radiance assimilation.
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Figure 6: Departure statistics for ESA's MIPAS temperature retrievals (bias - solid; standard
deviation - dotted) for the region 0-20S, without (a) and with (b) MIPAS radiance assimilation.

Conclusions

Limb radiances from MIPAS have for the first time been directly assimilated into an NWP model. The
results highlight the considerable potential of limb radiances to improve the analyses of temperature,
humidity, and ozone in the stratosphere. Provided radiance biases are adequately addressed,
assimilation of MIPAS radiances appears to correct considerable biases in the mean stratospheric
analyses, and these biases qualitatively agree with known deficiencies in ECMWF model fields.
Further work is needed to validate the resulting analyses against other observations in the stratosphere.
More work is also required to characterise the temporal stability of the radiances biases, refine the
assigned observation errors, and to investigate the influence of a 2-dimensional observation operator
versus the 1-dimensional operator used in these experiments.

The above approach of direct assimilation of radiances could be adopted to the assimilation of data
from EOS-Aura's MLS.
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Introduction 
 
An RTTOV-type fast radiative transfer model has been developed for emitted clear-sky limb radiances 
from the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) onboard ESA's 
Envisat. MIPAS is an infrared sounder with very high spectral resolution (0.025 cm-1, Table 1). It is 
designed to provide information on the thermal structure and chemical composition of the upper 
troposphere to lower mesosphere. The fast model is referred to as RTMIPAS, and it has been 
developed to directly assimilate limb radiances in a global variational data assimilation system (see 
Bormann and Healy in these proceedings). 
 
Table 1: Main characteristics of MIPAS. 
Spectral resolution 0.025 cm-1 unapodised 

0.035 cm-1 apodised 
Spectral region 685-2410 cm-1 in 5 bands 
Nominal tangent altitudes in normal scanning mode 6-42 km in 3 km steps; 47, 52, 60, 68  km 
Field of view at tangent point (vertical x horizontal) approx. 3 km x 30 km 
Data coverage Sept. 2002 - March 2004; one scan approx. every 5° 

 
 
Methodology 
 
The method adopted for RTMIPAS follows the regression-approach developed over the years for 
nadir-viewing geometry in fast radiative transfer models such as RTTOV (e.g., Saunders et al. 1999). 
RTTOV is widely used for the direct assimilation of nadir radiances at a number of numerical weather 
prediction centres. Details about the methods employed in RTMIPAS can be found in Bormann et al. 
(2004, 2005); the main characteristics adopted from the RTTOV methodology are: 

• The atmosphere is represented on 81 fixed pressure levels (Fig. 1). 
• Convolved level-to-satellite transmittances are parameterised through regression models for 

the effective layer optical depths. 
• The regressions are derived from results of line-by-line (LBL) computations for a sampled set 

of 46 ERA-40 profiles, using the Reference Forward Model (RFM) developed at the 
University of Oxford (Dudhia 2005). The set of profiles has been chosen to adequately sample 
the atmospheric variability above 500 hPa. Horizontal homogeneity is assumed in the LBL 
calculations. 
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Fig. 1: Schematic representation of the levels (horizontal lines) and pencil beams (curved 
lines) used in RTMIPAS, mapped into a plane-parallel view. 

 
• Humidity and ozone are treated as variable gases; for other contributing gases a fixed 

climatology is assumed. 
 
The main differences and extensions to the nadir-RTTOV methodology are: 

• Ray-tracing is required to determine the path conditions. 
• The predictors have been extensively revised for the limb-geometry; the most fundamental 

change consists of replacing the secant of the zenith angle with layer path length in the 
predictors. 

• Field of view (FOV) convolution in the vertical is required. To do this, radiances are 
calculated for rays with tangent pressures at a subset of the fixed pressure levels (Fig. 1). A 
cubic fit through these "pencil beam" radiances is used for the FOV convolution. This follows 
similar approaches used in ESA’s routine retrieval processing (Ridolfi et al. 2000). 

 
 
Validation 
 
The RTMIPAS radiances and transmittances have been compared to RFM equivalents for a set of 53 
ERA-40 profiles not used in the training (“independent set”). This characterises the errors introduced 
through the fast parameterisation  (“fast model errors”). Errors introduced through the spectroscopy or 
through neglecting the variability of gases other than humidity and ozone are not addressed here. Note 
also that the independent set may share some of the characteristics of the training set since both were 
sampled from ERA-40 data. 
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Fig. 2: Maximum over 40 channels (i.e., 1 cm-1 intervals) of the standard deviation of the 
RTMIPAS minus RFM radiance differences, scaled by the MIPAS noise. Note that this 
display emphasises the poorest performace of RTMIPAS per 1 cm-1 interval. 

 

 
Fig. 3: Distribution of the number of channels [%] versus the standard deviation of the 
RTMIPAS minus RFM radiance differences scaled by the MIPAS noise. Results for 8 
selected pencil beams are shown, with tangent pressures indicated in the legend. 
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The main findings of this validation are: 
• RTMIPAS can reproduce LBL radiances to an accuracy that is below the noise level of the 

MIPAS instrument for most channels and tangent pressures (Figures 2 and 3).  
• Fast model errors tend to be larger for the lower pencil beams. 
• Fast model biases are small and mainly confined to lower pencil beams (Fig. 4). 
• Root mean squared (RMS) differences between RTMIPAS and LBL transmittances are 

typically around 10-4 - 10-5, and the maximum RMS difference rarely exceeds 0.005 (not 
shown). 

 

 
Fig. 4: As Fig. 3, but for the number of channels [%] versus the mean RTMIPAs minus RFM 
radiance differences scaled by the MIPAS noise. 

 
 
RTMIPAS for horizontal cross-sections 
 
Limb radiances are sensitive to the vertical and the horizontal structure of the atmosphere. Neglecting 
horizontal gradients and assuming horizontal homogeneity, as done in the above calculations, can 
introduce large errors in the radiance simulation for lower FOVs, and these errors can exceed by far 
the noise level of the instrument (Fig. 5).  
 
RTMIPAS has been adapted to calculate radiances for a given horizontal atmospheric cross-section 
(“RTMIPAS-2d”,  Bormann and Healy 2005). To avoid the costly retraining of the regression 
coefficients, we employ the same regression coefficients calculated under the assumption of horizontal 
homogeneity, but use a 2-dimensional ray-tracer to provide the inputs for the predictor calculation. 
The hypothesis is that the regression coefficients are adequate as long as the atmospheric variability on 
both sides of the tangent point is captured in the initial set of training profiles.  
 
To evaluate the performance of RTMIPAS-2d we compare radiances simulated with RTMIPAS-2d 
and the RFM (2d) for a set of 40 diverse cross-sections sampled from ECMWF model fields (Fig. 6). 
The cross-sections have been chosen to sample different geographical regions and seasons and to 
capture situations with considerable horizontal structure. 

International TOVS Study Conference-XIV Proceedings

727



 
The main findings are: 

• For tangent pressures of less than 300 hPa, RTMIPAS-2d performs similarly well as 
RTMIPAS in the horizontally homogeneous case. This suggests little benefit from retraining 
the regression coefficients on the basis of diverse cross-sections.  

• For tangent pressures larger than 300 hPa, RTMIPAS-2d shows larger deviations from the 
LBL calculations than in the horizontally homogeneous case. This suggests some benefit from 
retraining the regression coefficients on the basis of diverse cross-sections for these tangent 
pressures. 

• Even without retraining of the regression coefficients the fast model errors in RTMIPAS-2d 
are much smaller than the large error introduced for lower pencil beams by neglecting the 
horizontal gradients in the atmosphere (cf, Fig. 5 and 6). 

 

 
Fig. 5: Error introduced by neglecting horizontal gradients for a sample of 40 cross-sections 
taken from ECMWF model fields. The plot shows the maximum over 40 channels (i.e., 1 cm-1 
intervals) of the standard deviation of the RTMIPAS-1d minus RFM-2d radiances, scaled by 
the MIPAS noise. 
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Fig. 6: As Fig. 2, but for a set of 40 cross-sections. 

 
 
Conclusions 
 
A regression-based fast radiative transfer model for emitted clear-sky radiances has been adapted to 
the limb geometry for the first time. The model can simulate radiances for all channels of the MIPAS 
instrument in the 685-2000 cm-1 wavenumber range, taking into account effects of variable humidity 
and ozone. Tangent linear and adjoint routines have also been developed. 
 
The validation of RTMIPAS shows that for horizontally homogeneous atmospheres the error 
introduced through the fast parameterisation is below the instrument noise for most channels and 
tangent altitudes. RMS differences between RTMIPAS and LBL transmittances are typically around 
10-4 - 10-5, and the maximum RMS rarely exceeds 0.005. This indicates a performance comparable to 
RTIASI for the nadir geometry. The model extends well to atmospheres with horizontal gradients, for 
which the assumption of horizontal homogeneity introduces considerable errors for lower tangent 
altitudes or channels in more strongly absorbing spectral regions. 
 
The small errors introduced by the fast transmittance parameterisation in RTMIPAS are unlikely to 
give a significant contribution to the total forward model error, compared to uncertainties in the 
spectroscopy. In any case, the effect of the “fast model errors” on the assimilation of MIPAS data can 
be minimised by avoiding channels with larger “fast model errors” at the channel selection stage. This 
can be done using channel selection methods which take into account sources of forward model error 
(e.g., Dudhia et al. 2002). Such channel selection is necessary due to the prohibitive number of 
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observations provided by MIPAS. The performance of RTMIPAS is thus expected to be adequate for 
data assimilation purposes. However, it should be noted that the fast model errors and other forward 
model errors in general are likely to be correlated between channels, similar to findings for high-
resolution nadir sounders (Sherlock 2000).  
 
RTMIPAS shows that a regression-based approach to transmittance modelling can be successfully 
adapted to the limb geometry, and the method could be used for radiative transfer modelling for other 
limb sounding instruments. The RTMIPAS method has already been successfully adapted to the 
Microwave Limb Sounder (MLS) on EOS-Aura (Liang Feng 2005, pers. communication). 
 
A separate contribution summarises the first experiences with assimilation of MIPAS limb radiances 
in the ECMWF system (Bormann and Healy in these proceedings). 
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Operational Use of AIRS Observations at the Met Office 
 
James Cameron1, Andrew Collard2, Stephen English1
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2 now at ECMWF, UK 
 
Abstract 
 
Observations from the Atmospheric Infrared Sounder (AIRS) have been operationally 
assimilated into the Met Office’s Numerical Weather Prediction (NWP) model since 26 May 
2004. AIRS observations are screened by a 1D-Var pre-processing stage before being passed 
to the Met Office’s 4D-Var data assimilation system. The 1D-Var pre-processing stage is 
used for quality control, bias correction, cloud detection, channel selection and monitoring. 
The final quality control step is to test for good convergence in the 1D-Var retrieval, using the 
6-hour forecast field from the previous assimilation cycle as the background. Currently, only 
cloud-free fields-of-view over the sea are selected for data assimilation. A subset of 45 and 60 
channels are assimilated for day-time and night-time fields-of-view respectively. 
 
Three pre-operational trials were carried out. Two one-month trials were run to determine the 
impact of the new system for summer and winter periods, and both indicated positive impact. 
The changes required to assimilate AIRS observations were added to the Met Office’s 
operational system as part of a package of satellite data changes. The entire package was 
tested by incrementally adding each component to a trial running in parallel to operations. 
The results of these pre-operational trials indicate a positive impact of around 0.4–0.5 on the 
global NWP index from the use of AIRS observations; a satisfactory result given the 
conservative nature of the initial system. The global NWP index is explained in annex 1 of 
Hilton et al. (2005). It is planned to continue to develop the system to better exploit the 
potential of AIRS observations. 
 
Introduction 
 
The Atmospheric Infrared Sounder (AIRS) is the first of a new generation of high spectral 
resolution infrared sounders. AIRS is a grating spectrometer with 2378 channels and covers 
most of the spectral range 3-15 μm. It is mounted on Aqua, one of the satellites in NASA’s 
Earth Observing System. The high spectral resolution of AIRS, between 0.4 and 2.1 cm-1, and 
its large number of channels make it similar to the planned series of operational high 
resolution infrared instruments: IASI on MetOp and CrIS on NPOESS. The main difference is 
that IASI and CrIS are interferometers rather than grating spectrometers. AIRS presents an 
opportunity to gain experience of working with high spectral resolution infrared sounders and 
to prepare for these future operational instruments. 
 
The AIRS data processing system 
 
AIRS data is sent to the Met Office from NASA via NOAA/NESDIS. The data rate is reduced 
by a factor of 9 by only sending the central AIRS field-of-view in every AMSU-A footprint. 
The data transmission costs are further reduced by sending a subset of 324 of the 2378 
channels. This BUFR data is sent over a dedicated link and is forwarded to other European 
NWP centres on receipt. At present, only observations from every other AMSU-A footprint 
are processed at the Met Office. The incoming AIRS data is converted into an internal BUFR 
format, containing additional fields, before being stored on the Met Office’s database, see 
Figure 1. 
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Figure 1: AIRS data processing at the Met Office 
 
A 1D-Var pre-processing stage is used to apply quality control, bias correction, cloud 
detection and channel selection. Output from the 1D-Var retrieval is used to generate new 
bias corrections and to monitor the data quality and performance of the retrieval system. In 
addition to gross quality control checks and cloud detection, it is demanded that the 1D-Var 
converges well in its fit to the observation, before the data are selected for use in the Met 
Office’s 4-D Var data assimilation system. The 1D-Var is also used to infer quantities 
required to model the observed radiances but which are not available from the NWP forecast 
fields, specifically the skin temperature and the temperature profile above the model top. The 
processing of AIRS data is also described in Collard (2004) and Collard et al. (2003). 
 
New bias corrections (Harris et al. 2003, Cameron 2003) are typically generated using 
statistics from a month’s worth of cloud-free observations over the sea. The bias correction 
uses the 800-300 hPa and 200-50 hPa model thicknesses as predictors and predictor 
coefficients are derived for every channel. In addition, a constant offset is derived for every 
channel and every AMSU-A scan position. The scan bias is very slight for AIRS channels but 
is quite significant for the AQUA AMSU-A channels, which are also bias corrected. None of 
the AMSU channels are assimilated under the AIRS system but AMSU channel 3 is used for 
cloud detection. 
 
Only a small fraction of the 324 channels are used for assimilation. These channels were 
selected by first excluding those that are sensitive to ozone (which is not, at present, a 
prognostic variable in the Met Office model) and those that peak significantly above 3 hPa. 
The data for some of the high-peaking water vapour channels often falls outside the limits 
used to train the forward model, so these channels are also excluded. These considerations 
reduce the number of channels available for assimilation to 187. It was decided to exclude all 
channels in the short wavelength band for day-time fields-of-view to avoid solar 
contamination. The final selection used a method that considers the information content of 
each channel for a variety of atmospheres (Rodgers 1996). 45 channels were selected for day-
time fields-of-view and 60 for night, see Figure 2. 
 
Currently, only cloud-free fields-of-view over the sea are used for retrievals. Cloud affected 
observations are identified using the variational cloud detection method of English et al. 
(1999). 7 AIRS channels and AMSU-A channel 3 are used to calculate a cost function which 
is related to the probability of cloud in the field-of-view. Figure 3 shows the cost function 
versus the observed minus background (O-B) for a long wavelength window channel. Clouds 
might normally be expected to make the O-B negative. Observations with a cloud cost of less 
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Figure 2: AIRS channel selection. 7 AIRS channels plus AMSU-A channel 3 are 
used for cloud detection. 45 AIRS channels are used in retrievals for day-time fields-
of-view and 60 channels for night-time fields-of-view 
 

 
Figure 3: Plots of cloud cost versus the difference between observed and 
background for a long-wave window channel. The right-hand plot is a close up of the 
left-hand plot. The blue box indicates observations deemed to be cloud-free 
 
than 0.4 and an |O-B| difference of less than 2K are identified as cloud free, typically 7-8% of 
the observations. 
 
A 1D-Var retrieval is carried out for the cloud-free fields-of-view. The value of the cost 
function at the minimum is used as a final quality control check. Figure 4 shows histograms 
of the final 1D-Var cost function. Observations that do not converge or have a final cost 
function of greater than 0.6 are rejected. 
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Figure 4: Histograms of the 1D-Var cost function after minimisation (normalised by 
the number of channels). Observations that do not converge or converge with a cost 
function greater than 0.6 are rejected. The blue histogram shows the theoretical 
distribution that would be expected for a linear problem with correctly specified 
Gaussian errors (Collard 2003). 
 
Observations that pass the 1D-Var retrieval are thinned so that no two observations lie within 
154 km of one another. The thinning improves the assumption of independent errors in 4D-
Var and reduces the fraction of observations reaching 4D-Var to about 5%. The number of 
AIRS fields-of-view used in a data assimilation cycle is typically 500-1000 for a ‘main’ run 
and about 1700 for an ‘update’ run. Update runs are performed just before a new main run to 
try and produce as good a background forecast field as possible for the new data assimilation 
cycle. They make use of observations which did not arrive in time for the previous main run. 
The data cut-offs are 2 hours and 7 hours for main and update runs respectively. The 
observation errors assumed in the 4D-Var retrieval are higher than those used in the 1D-Var 
stage to allow for errors of representivity and the effect of forward model non-linearity on the 
minimisation, see Figure 5. Errors of representivity and non-linearity are particularly 
problematic for channels sensitive to water vapour. The analysis that results from the 4D-Var 
data assimilation step is used as the starting point for a new numerical weather forecast. 
 

 
 
Figure 5: The observation errors assumed by the 1D-Var and 4D-Var retrievals are 
shown in black and blue respectively. 1D-Var errors include a 0.2 K forward model 
error. The 4D-Var errors are inflated to allow for non-linearities in the retrieval 
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Pre-Operational Trials 
 
The AIRS system was tested for two trial periods: four weeks in December 2002 and January 
2003, and three weeks in July 2003. The results, in Figure 6, show a positive impact in 
almost all fields. These fields are used in the calculation of the NWP index, the measure of 
forecasting skill used by the Met Office. An outline of how the calculation is done is given in 
annex 1 of Hilton et al. (2005). The trials indicate an improvement of 0.4–0.5% in the NWP 
index when verified against observations and analysis fields. 
 

 
 
Figure 6: The results of summer and winter trials of assimilating AIRS observations. 
The values are the percentage change in RMS error verified against either 
observations or analysis fields. Negative values indicate an improvement. There was 
a problem with the verification of PMSL at the time of the summer trial 
 
The AIRS system was introduced to operations as part of a package of satellite data changes 
and this package was first tested by running in parallel to the operational suite. Each 
component of the package was added incrementally to the parallel suite so that its impact 
could be verified. Figure 7 shows the percentage difference in the NWP index between the 
parallel and operational suites; here a positive number indicates an improvement. The time 
axis runs from left to right and the last bar of the left-hand plot corresponds to the first two 
bars of the right-hand plot. The ‘Post Op’ column corresponds to the first 10 days after 
operational implementation. The vertical bars in the right-hand plot indicate an approximate 
error based upon the scatter of the results. 
 
Switching to RTTOV7 initially gave a negative impact because the bias corrections for the 
new forward model were not yet tuned. The addition of AIRS data gave a 1% improvement in 
the NWP index but the interpretation of this is complicated by the re-tuning of biases shortly 
beforehand. A larger AIRS impact in the pre-operational parallel suite than that found in 
earlier impact trials might be expected, since the operational system had been reduced from 3 
to 2 AMSU-A following the failure of NOAA-17 AMSU-A in October 2003. After a second 
re-tuning of the biases, the impact of the entire package levelled off at about 3%. The package 
was added to operations on 26 May 2004. As expected, the difference between the parallel  
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Figure 7: The results of the pre-operational trial, see the text for details 
 
and operational suites dropped sharply after the change and the difference would have fallen 
to zero had the experiment been continued. 
 
Future Developments 
 
An initial system for assimilating AIRS observations has been successfully implemented, but 
there remains considerable room for making better use of AIRS data. NOAA/NESDIS are 
able to provide another AIRS data set that contains the warmest field-of-view for every 
AMSU-A footprint. This data set contains many more clear fields-of-view than the current 
one and should significantly increase the number of AIRS observations being assimilated into 
our model. It is planned to experiment with using the warmest field-of-view data set, 
increasing the number of channels used, revisiting the 4D-Var observation errors and using 
high peaking channels over land. The possibility of assimilating observations over uniform, 
low-level cloud is being investigated. It is hoped that these avenues of research will lead to a 
greater realisation of the potential of this exciting new data type. 
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Estimation of the Representivity Error for AIRS 
 

James Cameron 
Met Office 

 
High resolution infra-red instruments generally have several thousand channels the weighting 
functions of which significantly overlap. Extracting the full vertical resolution from these 
measurements while not introducing noise may require a careful treatment of the statistics of channel 
differences. Covariances in the observation error for similar channels may limit the effective vertical 
resolution. It is therefore desirable to be aware of the structure of the observation error, which is made 
up of the instrument error, forward model error and errors of representivity. 
 
The error of representivity for AIRS observations in a global model data assimilation system is 
estimated. The method follows the Hollingsworth-Lonnberg technique by studying the covariance of 
nearby, cloud-free fields-of-view for different spatial separations. It is argued that the covariance at 
the smallest separation studied, 80km, is a reasonable approximation to the magnitude and structure of 
the instrument noise plus representivity error. 
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Assimilation of cloudy radiances from hyperspectral infrared 

radiances 
 

Sylvain Heilliette and Louis Garand 
MSC, Dorval, Canada 

 
Research is carried out aiming at assimilating cloudy hyperspectral infrared radiances, thereby 
extending the sounding down to the uppermost cloud layer.  1D-Var assimilation tests are made with 
real AIRS data combined with a NWP first guess.  The pre-processing defines two cloud parameters: 
cloud top height and cloud fraction from a scheme using CO2 slicing estimates of these parameters as 
a first guess.  Currently, only temperature sounding channels in the 13.5-15.5 micron part of the 
spectrum are used so that the assumption of a constant cloud emissivity remains reasonable.  This 
initial study aims at identifying most favorable situations for a successful assimilation and positive 
impact.       
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� jfb'ePdUrfp�rf�Ulo�v�´��ghbkn�jfb`lob°p�g#�Ub`l3���vlh{%bkn�w�ikik�vlonUp�rf eh�%eo���%ik�vrfnUpqehpq�vrfg�¥
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SEVIRI radiance assimilation at ECMWF 
 

Matthew Szyndel, Graeme Kelly and Jean-Noël Thépaut 
 
Introduction
 
The European Centre for Medium-range Weather Forecasts (ECMWF) assimilates satellite 
data from a wide range of instruments using a 4D-Var analysis system (Courtier et al., 1994). 
Humidity sensitive data are assimilated from HIRS, AMSU-B, AIRS and SSM/I on polar 
orbiting platforms, as well as from the GOES imager, MVIRI and SEVIRI instruments on a 
number of geostationary platforms (Thépaut, 2003). The most recent addition to this 
observing system is data from the SEVIRI water vapour sensitive channels flown on 
Meteosat-8 (Szyndel et al., 2005). This satellite is the most recent in the Meteosat series and 
the first of the 4 Meteosat Second Generation (MSG) satellites (Schmetz et al., 2002). These 
data, together with data from Met-5, GOES-9, GOES-10 and GOES-12, give total coverage of 
the tropics with fine temporal resolution. 
 
Clear sky radiance products
 
Infrared radiance data from the MVIRI and SEVIRI instruments are cloud cleared and 
packaged as a ‘clear sky radiance’ (CSR) product by EUMETSAT (Köpken et al., 2004). 
Similarly, GOES imager data are cloud cleared and packaged as a ‘clear sky brightness 
temperature’ (CSBT) product by CIMSS. The EUMETSAT product consists of the mean 
radiance for cloud free pixels in a 16 by 16 pixel square, along with indicators giving details 
of the amount of the segment free of cloud, the confidence in the cloud clearing and other 
similar measures. The CIMSS product is broadly similar, but considers a 17 by 11 rectangle 
of pixels. Both of these products are generated hourly. This frequency of data allows the 
ECMWF 4D-Var analysis to introduce wind increments as well as humidity and temperature 
increments. 
 
SEVIRI CSR data
 
Meteosat-8 became operational on 29th January, 2004. The SEVIRI instrument has 8 infrared 
channels and 4 visible channels, including a high spatial resolution broad spectral response 
visible channel. The infrared channels have a 3 km resolution at nadir. This compares 
favourably with MVIRI’s 2 infrared and 1 visible channel and infrared nadir spatial resolution 
of 5 km. The additional information gathered by SEVIRI allows a more advanced cloud 
clearing algorithm. Furthermore, the infrared channels carried by SEVIRI include two water 
vapour channels, increasing the vertical resolution of the instrument. 
 
Initial comparisons of SEVIRI data from Met-8 and MVIRI data from Met-7, the operational 
back-up for Met-8, were favourable. Large biases are observed between MVIRI infrared 
channels on Met-7 and simulations of these data based on NWP models. These biases were 
much reduced in equivalent SEVIRI channels. The Met-7 MVIRI WV channel has a mean 
bias of 3.5K when compared to simulations from the ECMWF IFS background. The 
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equivalent figures for Met-8 SEVIRI in February 2004 were approximately -1.7K for the 
6.2μm channel and 0.7K for the 7.3μm channel. 
 
The SEVIRI channels do exhibit a diurnal cycle with respect to the ECMWF model which is 
not seen in the MVIRI instruments. This cycle has a peak-to-peak amplitude of about 0.4 K in 
both the SEVIRI water vapour channels. Figure 1 shows mean first guess and analysis 
departures for SEVIRI WV6.2 and WV7.3. 
 

 
Figure 1: (Left) Mean observation departures and standard deviations for MET-8 
WV6.2 channel summing over all data with cloud free fraction 0.7 or greater. (Right) 
as (Left) for MET-8 WV7.3 channel. 
 
Assimilation trial 
 
The effect of assimilation of the water vapour channel clear sky radiance data from SEVIRI 
on Met-8 was tested for the period between 2nd February 2004 and 2nd March 2004. In this 
trial the data were assimilated with an observation error of 2 K for both channels. The data 
were assimilated in place of the Meteosat-7 MVIRI WV channel data. The data were bias 
corrected following the method of Harris and Kelly (2001), using 1000 to 300 hPa thickness, 
200 to 50 hPa thickness and total column water vapour as predictors. Data with more than 
30% of a segment cloudy were rejected, as were data with a local satellite zenith angle of 60° 
or greater and data from a point over ground higher than 1.5 km. These quality controls are 
used to minimise the number of data with residual cloud or which are beyond the tested 
regime for the radiative transfer calculations used in assimilation. Our test was compared with 
an equivalent stream including MVIRI WV assimilation (henceforth called ‘operations’) and 
another stream with both MVIRI and SEVIRI blacklisted (hereafter ‘control’). 
 
The analysis increment due to assimilation of these data shows an increased level of vertical 
structure when compared to the equivalent MVIRI increment. Figure 2(a) shows the 
difference between the first relative humidity analyses of the operations and the control 
stream; it therefore shows the relative humidity increments due to the MVIRI water vapour 
channel. Figure 2(b) shows the equivalent increments due to SEVIRI water vapour channel 
assimilation. It is clear from these increments that water vapour increments are stronger and 
have more structure in the SEVIRI assimilation. Increments to wind vectors are affected in a 
similar manner; increments are stronger and have more structure. 
 

International TOVS Study Conference-XIV Proceedings

748



 
Figure 2: Cross-section of difference in relative humidity increment in percent for first 
analysis due to (Left) MET-7 WV channel assimilation and (Right) MET-8 WV6.2 and 
WV7.3 channels. 
 
Forecast impact 
 
The assimilation of SEVIRI water vapour radiance data improves the fit of radiosonde data; 
figure 3 shows that the biases of sonde humidity data against both the background and 
analysis are reduced in the area observed by Met-8. The fit of AMSU-B data in the same area 
is also improved; figure 4 shows the difference in standard deviation of first guess departure 
of AMSU-B channel 3 on NOAA-16 for the trial and control. The area observed by Met-8 is 
clearly visible, showing that the background is closer to AMSU-B in this area. A similar 
result is found for HIRS channel 12. 
 

 
Figure 3: Standard deviation and bias in first guess and analysis departures of 
radiosonde specific humidity data in the MET-8 observed area in the final week of the 
trial. 
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Figure 4: Difference in standard deviation of AMSU-B channel 3 first guess departure 
on NOAA-16 with and without SEVIRI water vapour channel assimilation. Greens 
and blues imply a better fit, yellows and reds a worse fit. 
 
When RMS error in vector winds are studied, we find that winds, particularly at upper 
tropospheric levels, show a small but statistically significant improvement; table 1 shows the 
t-test significance of RMS error reduction. No indications were found that the RMS error 
grew when SEVIRI data are assimilated. 
 

Forecast Range (Days) 2 3 4 5 6 7 
1000 hPa, Tropics - - - 95%? 99.5%? 99.8%? 
850 hPa, Tropics -? - 90% 95% 98%? 99.5%? 
500 hPa, Tropics - - - - - 99% 
300 hPa, Tropics 95% 99.5% 95% 95% 95% 98% 

Table 1: t-test significance of impact on RMSE in vector wind of the trial versus the 
control run. All impacts are positive, [-] denotes no impact of 90% or greater. A 
question mark indicates that a significant correlation or anti-correlation between 
consecutive cases was detected. 
 
The anomaly correlation of geopotential heights shows a small but statistically significant 
increase in skill for the northern hemisphere when SEVIRI data are assimilated. Table 2 
shows the t-test significance of the change in anomaly correlation. Figure 5 shows the mean 
difference in score between the SEVIRI trial and control normalised by (100% - Mean Score). 
The error bars show the 90% confidence margin. These graphs show a clear increase in skill 
at the 4-6 day range in the northern hemisphere. The southern hemisphere appears neutral. 
 

Forecast Range (Days) 2 3 4 5 6 7 
500 hPa, Tropics - 90% 98% 98% 95% - 
500 hPa, Tropics - - - -? - -? 
300 hPa, Tropics - 90% 99% 99.5% 95% - 
300 hPa, Tropics - - - - - - 

Table 2: As table 1, but for height field anomaly correlations. 
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Figure 5: Difference between MET-8 assimilation and control anomaly correlation of 
height field forecasts. Line marks mean difference and error bars mark 90% 
confidence region adjusted for one-step autocorrelation. 
 
Outlook 
 
In summary the use of two infrared water vapour channels from geostationary orbit appear to 
improve the humidity analysis, as shown by the improvement in the fit to other humidity 
observations. This appears to improve the geopotential anomaly correlation in the northern 
hemisphere, as well as the vector winds in the tropics. Following this we hope to examine the 
impact that FY-2C and MTSAT-R imager humidity measurements have on the ECMWF 
analysis. We are also investigating the possibility of assimilating cloud affected radiances, 
following the work of Chevallier et al. (2004). 
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Abstract 
 
      For the data void areas and with the erosion of the radiosonde coverage in some areas over land, 
satellite data assimilation over land is a very important issue. The problem is that most tropospheric 
channels of sounder instruments are very sensitive to the surface conditions, emissivity and surface 
temperature.  Accurate knowledge of the land surface characteristics is required for NWP radiance 
assimilation. For that purpose, an atlas of surface spectral emissivity (SSE) climatology has been 
developed at Météo-France, which has 18 wavebands in the infrared spectral range and is available for 
each month. In order to start investigating the use of AIRS data over land, a series of four-dimensional 
variational (4D-Var) data assimilation and forecast experiments has been run with the French 
ARPEGE (Action de Recherche Petite Echelle et Grande Echelle) system, using these SSE. 
 
Introduction 

 
      So far both the radiosonde network and the satellite observations are the most important 
contributors to the global observing system for atmospheric data assimilation and numerical weather 
prediction (NWP). However, although radiosonde observations provide measurements with very high 
vertical resolution, their spatial coverage can be poor. Meanwhile, satellite observations provide daily 
global coverage but at low vertical resolution. 

The Atmospheric InfraRed Sounder (AIRS) is a spectrometer of high resolution on AQUA 
satellite with 2378 channels in the range of 640-2700 cm-1 in the infrared spectrum, which was 
launched on 4 may 2002. AIRS observations provided operationally global coverage with both very 
high vertical and horizontal resolution. It is important how to take the benefit sufficiently from the 
AIRS observations. 

With the gradual reduction of radiosonde coverage in some areas and for the data void areas, 
satellite data assimilation over land becomes more important. Accurate knowledge of the land surface 
characteristics is required for NWP radiance assimilation. For that purpose, an atlas of surface spectral 
emissivity (SSE) climatology has been developed at Meteo-France, which has 18 wavebands in the 
infrared spectral range and is available for each month. In this study we have two targets. The first is 
to start investigating the assimilation of AIRS radiances over land. The second is to assess the impact 
of the surface characteristics, emissivity and surface temperature, on the short-range synoptic scale 
forecast. To reach the targets, the ARPEGE 4D-Var system has been used to perform the analysis and 
the forecast. 
 
THE FOUR-DIMENSIONAL VARIATIONAL ASSIMILATION SYSTEM AND THE 
OBSERVATIONAL DATA 

 
The experiments were carried out with the French ARPEGE assimilation and forecast model system. 

The forecast model  is global and spectral. A specific feature of the model is the use of a stretched grid 
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in the horizontal direction to obtain an increased resolution over a geographical area of interest 
(Courtier and Geleyn, 1988). In the horizontal, it uses a triangular truncation T358, the grid is 
stretched with a factor 2.4 from 25 km over France to 150 km over New Zealand. A terrain-following 
pressure-based hybrid vertical coordinate with 41 levels is used. The assimilation system includes a 
multi-incremental 4D-Var (Courtier et al., 1994; Veersé and Thépaut, 1998; Rabier et al., 2000) with 
T107 and T161 truncations. The basic features are a 6-hour time window with two minimization steps, 
using very simplified physics in the first minimization and a more complete set of linear physics in the 
second (Janiskova et al., 1999). The configuration used in the study is taken as the operational one in 
2004.  It includes the assimilation of the conventional data and the satellite data. At Météo-France it 
includes the data as follows. 
 
SYNOP,  land stations and ship. 
AIREP,   Aircraft data 
SATOB,  Atmospheric motion winds 
DRIBU,  Drifing Buoys 
TEMP,    Radiosondes 
PILOT,   Balloons and profilers 
SATEM, Satellite sounding data such as ATOVS, AIRS radiances 
SCATT,  QuikSCAT winds over the ocean 
 
The atlas of surface spectral emissivity climatology for AIRS 
 
(a) Land surface types and the atlas of surface spectral emissivity climatology 
 

The emissivity spectra used in this study were taken from spectral libraries (MODIS, ASTER and 
JPL) compiled with the ones modelled by Snyder et al. (1998). New emissivity maps were produced 
separately for 18 wavebands in the infrared spectral range and for each month (Szczech-Gajewska and 
Rabier 2003).  

The new classification of surface type was based on the Ecoclimap, a complete surface parameter 
global dataset (Masson, 2003). In general, areas of homogenous vegetation were represented by 215 
ecosystems. They were derived by combining existing land cover maps, climate maps, normalised 
difference vegetation index (NDVI) inferred from observations of the Advanced Very High Resolution 
Radiometer (AVHRR) instrument and The Food and Agriculture Organisation (FAO) database of soil 
texture. Most of these ecosystems were a combination of only one of twelve vegetation types (so-
called pure ecosystems) with addition to urban areas and water, which gave us full description of 
fourteen simplified global land cover types as Table 1. 
 

Table 1: Fourteen land cover types 
Number The surface type Comment 

1 bare soil  
2 rocks  
3 permanent snow and ice  
4 crops type C3 omnipresent except tropical and equatorial 

belts, and where the corn is intensively 
cultivated 

5 crops type C4 applied for crops C3 exceptions 
6 irrigated crops  
7 natural herbaceous temperate 
8 natural herbaceous tropics 
9 wetland herbaceous or irrigated grass  

10 needleleaf trees  
11 evergreen broadleaf trees  
12 deciduous broadleaf trees  
13 urban areas  
14 Water  
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     The range (645-2760 cm-1) of the infrared spectrum is divided into 18 wavebands with respect to 
their usefulness for the channel selection (informative bands). The wavebands have been chosen 
narrower and denser in areas with high (>0.5) transmittancy running average over 40 channels. This 
was done in order to follow the variability of the land cover types spectra and to validate the 
emissivity climatology created from emissivity maps of MODIS channel 31 and 32.  
    Climatological fields of surface spectral emissivity were created respectively to these wavebands. 
The creation was based on the global new land cover types and vegetation maps with resolution of 0.5 
all over the globe (Masson, 2003) and SSE calculated for each of 14 simplified types from separate 
emissivity spectra of different natural and man-made materials.  
    AIRS is a grating spectrometer with 2378 channels at approximately 1 cm-1 resolutions covering the 
3-15 μm spectral interval. For data transmission reasons the data volume was reduced, only one in 
every eighteen fields of view are used and thinned additionally by sampled 1/7 locations, and a subset 
of 324 channels was prepared by the NOAA AIRS Science Team. After channel selection, the total 
number is further reduced to 64 channels. These channels were grouped into the seventh of eighteen 
bands. Because of the spectral coverage of AIRS and channel selection, the wavebands 5-8, 11-14 and 
16-18 were out of the AIRS range and the numbers of AIRS channel were not averaged over each 
waveband (Table 2). 
 

Table 2. 64 channels in the infrared spectral range for AIRS at Meteo-France. Nr is 
the waveband number, band is the infrared spectral range of waveband 

Nr Band(cm-1) AIRS channels used 
1 645-760 333  338  362  375 
2 760-805 453  475  484 
3 805-885 497  528  587  672 
4 885-950 787  791  843  870 
9 1210-1240 1301 
10 1240-1968 1329 1371 1415 1424 1449 1455 1466 1477 1500 1519 1520 1538 1545 

1565 1574 1583 1593 1627 1636 1652 1669 1694 1708 1723 1740 1748 
1756   1771 1777 1783 1794 1800 1806 1826 1843 1852 

15 2180-2450 1865 1866 1868 1869 1872 1873 1875 1876 1877 1881 1882 1911  

 
(b) Validation of the atlas of surface spectral emissivity climatology 
 
    In order to evaluate the impact of the SSE, preliminary validations have been performed on the 
differences between observed and simulated brightness temperatures (obs-guess) for different SSE 
over land. These were taken as the atlas of surface spectral emissivity climatology and the constant 
surface spectral emissivity equal to one for the period from 22 to 24 October 2004.  Table 3 presents 
the statistic results of “good points” in the range from –2K to 2K for all of 324 channels before bias-
correction over Europe and Africa.  The atlas of surface spectral emissivity climatology has a positive 
impact on the forecasted brightness temperatures for both day and night time over Europe. The SSE 
improved noticeably the quality of simulated brightness temperature around local night, but it 
degraded significantly the quality around local noon over Africa. The results show that the impact of 
the SSE has some relations with local time. We think that the problem may come from the skin 
temperature, which is under-estimated around local noon. 
 

Table 3: The percentage  of “good points” in the range from –2K to 2K against 
the number of total points (all 324 channels) before bias-correction for the 
atlas of surface spectral emissivity climatology and the constant emissivity 

 Europe Africa 
climatology 62.8 57.0 00UTC 

constant 62.4 53.6 
climatology 52.0 44.3 12UTC 

constant 51.6 46.9 
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PROCESSING OF AIRS RADIANCES OVER LAND 
 

One of the problems of using AIRS data over land is that most channels of AIRS are very 
sensitive to the surface emissivity.  Météo-France does not use AIRS data over land for the time being. 
In order to use more AIRS data over land, we have performed the following work to use them more 
adequately. 

 
• The surface emissivity uses the new surface spectral emissivity climatological maps which 

have 18 wavebands in the infrared spectral range for each month with 14 land cover types 
over land.  Over ocean, the surface emissivity is constant with the value equal to one. 

• The channel selection used over land is the same as over ocean. 
• Over land, if orographic altitude is higher than 1500m, all of the channels are rejected. 
• The neural network bias correction is applied for each channel over land, i.e. the bias-

correction  scheme is the same as over ocean. 
• The observation errors over land were preliminarily analysed. The results show that the value 

of the observation errors over ocean can be used over land too. 
• Cloud detection is the same as over ocean, i.e. NESDIS cloud detection scheme is used 

(Goldberg et al., 2003). 
 
EXPERIMENTS 
 
(a) The impact of AIRS observations over land on the accuracy of NWP 

 
Table 4: experiments of four-dimensional variational data assimilation  

and forecast suite with AIRS observations 
AIRS SSE Num Name 

ocean land ocean land 

Tskin adjusted around 
local noon over land 

Exp.1 reference used no constant  no 
Exp.2 control used used constant climatological no 
Exp.3 emissivity used used constant constant no 
Exp.4 skin 

temperature 
used used constant climatological adjusted 

 
    The impact of AIRS observations over land was evaluated from the results of two experiments in 
table 4. Exp.1 is a reference experiment of four-dimensional variational data assimilation and forecast 
suite with AIRS observations over ocean for the period is from 0000 UTC 22 October 2004 to 0000 
UTC 6 November 2004. The SSE uses a constant emissivity equal to one over ocean. The other 
observations were the same as the present operational suite. Exp.2 is a control experiment of four-
dimensional variational data assimilation and forecast suite with AIRS observations over both land 
and ocean to ensure that differences could only arise from the change in AIRS soundings over land. 
The SSE uses the new surface spectral emissivity climatological maps over land. The others were the 
same as Exp.1. 

Figure 1 shows the root mean square error (RMSE) of geopotential height, temperature and wind 
between Exp.1 (without AIRS over land) and Exp.2 (with AIRS over land) at pressure levels by 72h. 
The RMSE of geopotential height in Exp.2 was less than that in Exp.1 at most pressures (Fig.1, top 
and mid-left panels) over the northern hemisphere (20°N-90°N), especially over northern America. 
The RMSE in Exp.2 was a little more than the RMSE in Exp.1 at most pressures (Fig.1, bottom-left 
panel) over the southern hemisphere (20°S-90°S). The patterns for temperature and wind (Fig.1, mid 
and right panels) are similar to geopotential height.  

In order to investigate the horizontal difference distribution of the two experiments at different 
stage (00h,72h), the root mean square difference between Exp.2 and Exp.1 analysis and the mean 
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differences (Exp.1 - Exp.2) for the root mean square error of geopotential height at 500hPa were 
calculated over the period for forecast time 72h. 

 
Fig.1:  Root Means Square Error (RMSE) and bias of Exp.1 and Exp.2 with respect to 

radiosondes by 72h, left column is geopotential, middle column is temperature, right column 
is wind. The X axis represent RMSE and bias values, and Y axis represent the vertical 

pressure levels. The lines with and without stars represent RMSE and bias respectively. 
Exp.2 is represented in green, Exp.1 in red. 

 
    

 
Fig.2: The root mean square difference between Exp.2 and Exp.1 analysis 
for the root mean square error of geopotential height at 500hPa, Interval: 

2.0, Unit: geopotential 
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Fig.3: The differences (Exp.1 - Exp.2) of the root mean square error of 

geopotential height at 500hPa at 72h forecast, the red solid line is positive, the 
blue dash line is negative, Interval 2.0; Unit: geopotential 

 
The differences between Exp.2 and Exp.1 analysis (Fig.2) are rather large over Africa, Europe, the 

northern part of Northern America, Northern Atlantic, Middle Asia, western part of Russia and Arctic 
and the region of the large difference is a triangle shape, which result from the increase of AIRS 
observations over land. By 72h (Fig.3), the large positive differences cover mainly over north of 30°N, 
the differences are small over Africa, positive and negative differences are distributed over the ocean 
of Southern Hemisphere and the negative values are more than the positive values over the region. 
    The AIRS observations over land has a major impact on the forecast performance over Europe for 9 
November 2004. By 72h the forecast using no AIRS data over land missed a trough over the western 
part of Russia (comparing Fig.4(a) and (b)). The forecast using AIRS data over land successfully 
simulated the trough although it looks more shallow than the verifying analysis, the pattern in Exp.2 is 
closer to verifying analysis than that in Exp.1  (comparing Fig.4(a) and (c)). 

Generarlly, The impact of AIRS observations over land on the quality of forecast is positive over 
the Northern Hemisphere, neutral over Africa, negative slightly over the Southern Hemisphere. 
 
 

 
a 
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b 

 
c 

Fig.4: Geopotential at 500hPa for 9 November 2004, a for the 
verifying analysis, b for the forecast without AIRS data over land 

by 72h, c for the forecast with AIRS data over land by 72h. 
 
 

(b) The impact of surface spectral emissivity on the accuracy of NWP 
 
    In order to investigate the impact of surface spectral emissivity over land, two experiments were 
evaluated in table 4,  Exp.2 and Exp.3. Exp.2 has been mentioned at (a), Exp.3 is a emissivity 
experiment of four-dimensional variational data assimilation and forecast suite with AIRS 
observations over both ocean and land. SSE over land is a constant emissivity equal to 1, the others are 
the same as Exp.2, which can ensure that differences could only arise from the change in SSE over 
land comparing Exp.3 with Exp.2. 

Table 5 shows that impacts of both AIRS and new SSE over land are positive over the northern 
hemisphere, The impact of using AIRS over land with new SSE compared with no data over land is 
strong and increases with altitude.  The impact of using AIRS with new SSE over land compared to 
AIRS with a constant emissivity is slightly positive and decreases with altitude. 
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Table 5:  The differences between experiments for the root mean square error of 
geopotential height at 500hPa by forecast 72h over the northern hemisphere . 
The values in the left column is the difference between Exp.1 and Exp.2, the 

values in the right column is the difference between Exp.3 and Exp.2. Positive 
values mean that Exp.2 improves the quality of forecast 

 The impact of AIRS observations 
over land 

The impact of surface spectral 
emissivity 

300hPa 0.63 0.10 
500hPa 0.41 0.14 
850hPa 0.26 0.15 

 
 (c) The impact of the skin temperature on the accuracy of NWP 
 

In above section, we mentioned that the skin temperature may be under-estimated at 12 UTC over 
Europe and Africa. We also analyzed the values of obs-guess globally at different time (00, 06, 12, 18 
UTC) 22 October 2004, and found that the big biases appear around local noon (Fig.5, figures at 
06,18UTC not shown). These results possibly revealed that the skin temperature has some problems 
around local noon. In order to prove this supposition, a new experiment was run as table 4. Exp.4 is a 
skin temperature experiment of four-dimensional variational data assimilation and forecast suite with 
AIRS observations over both ocean and land. Over land the skin temperature Tskin was adjusted around 
local noon, the others are the same as Exp.2. 

new
skinT is the skin temperature after adjusted 

1

2 1

sinnew old
skin skin

t tT T T
t t

π
⎛ ⎞−

= + Δ × ×⎜ ⎟−⎝ ⎠
 

Where old
skinT  is the skin temperature before adjusted, TΔ is the maximum bias of the skin temperature 

(in this study, =2.5K),  tTΔ 1  and t2 are initial time and finished time of  local mid-day respectively. 
We supposed that the biases of the skin temperature appeared during local mid-day (10:00-14:00) and 
the biases reached their maximum at noon (13:00). 

Comparing Exp.4 (the skin temperature adjusted) with Exp.2 (the skin temperature not adjusted), the 
impact of the skin temperature adjusted is neutral on the forecast quality over globe (figure not 
shown). But it does not mean that the experiment of assimilation and forecast is not sensitive to the 
skin temperature. Fig.6 shows time series of RMSE and bias for geopotential height between Exp.2 
and Exp.4 at 850hPa with time being by 72h. The forecast performance in Exp.4 is different from that 
in Exp.2 for different skin temperature. Generally Exp.4 improves the forecast performance during the 
first half period but degrades the results later over Europe. 

 
a 
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b 

Fig.5: The differences between observed and first guess brightness 
temperatures (obs-guess) for channel 787. a for 00UTC, b for 12UTC 

22 October 2004.  
 

 
Fig.6: Time series of RMSE and bias for geopotential height between 

Exp.2 (the skin temperature not adjusted) and Exp.4 (the skin 
temperature adjusted) at 850hPa being by 72h. The Y  axis 

represents RMSE and bias values,  and the X axis represents date. 
The line with stars represent RMSE, the line without stars represent 

bias, Exp.4 is represented in green, Exp.2 in red. 
 

    
CONCLUSIONS 
 
    In order to investigate the possibility of use of AIRS radiances over land, we have performed four 
experiments with the ARPEGE 4D-Var system at Meteo-France (Table 4). The general conclusions 
for the study are as follows. 
 

• The assimilation of AIRS radiances over land has some positive impact on the forecast quality 
over Northern Hemisphere, even though the scheme is very preliminary. 

• The experiments of assimilation and forecast, using AIRS radiances over land, are sensitive to 
both surface spectral emissivity and the skin temperature. The assimilation of AIRS radiances 
with the atlas of surface spectral emissivity climatology is better than that with a constant 
emissivity equal to one over land. The skin temperature in the operational suite could have a 
problem of under-estimation around local noon.  
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    The preliminary results from assimilation of AIRS radiances over land are encouraging. We think 
that there is still some space to improve the use of AIRS radiances over land. We will study this issue 
further. 
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Abstract 
 
Regression retrievals of atmospheric properties require a global dataset of temperature, moisture, 
and ozone profiles in addition to estimates of skin temperature and emissivity to train the 
regression. A new data set consisting of approximately 12,000 global profiles of temperature, 
moisture, and ozone has been created, drawing from NOAA-88, ECMWF, TIGR-3, ozonesondes, 
and desert radiosondes. In addition, a skin temperature and emissivity value has been assigned to 
each profile. In earlier satellite regression retrieval algorithms, skin temperature and emissivity 
were assigned relatively randomly to each profile. In this paper, we present a more physical basis 
for characterizing the surface. New skin temperature estimates are based on a study of the skin 
temperature/surface air temperature difference measured by ground-based measurements, and a 
global ecosystem-based emissivity is developed. Application of the database to MODIS MOD07 
atmospheric retrievals is presented.  
 
Characterizing the profiles 
 
The new training database of global profiles (called SeeBor v3) consists of 12,245 global profiles 
of temperature, moisture, and ozone at 101 pressure levels for clear sky conditions. The profiles 
are taken from NOAA-88 (Seemann et al. 2003) (44 % of total profiles), an ECMWF training set 
(Chevallier 2001) (34%), TIGR-3 (Chedin et al. 1985) (9%), ozonesondes from 8 NOAA Climate 
Monitoring and Diagnostics Laboratory (CMDL) sites (www.cmdl.noaa.gov) (8%), and 
radiosondes from 2004 in the Sahara desert (5%). Quality checks were applied to all the profiles 
along with the following saturation criteria: for clear sky conditions, the relative humidity (RH) 
value of the profiles must be less than 95 % at each level below the 250 hPa pressure level. In 
addition to adding the new radiosondes and ozone profiles, it is required that the original top of 
sounding pressure be no greater than 30 hPa for temperature and moisture profiles and 10 hPa for 
ozone. A technique to extend the temperature, moisture, and ozone profiles above the level of 
existing data that insures physically consistent behavior near the top of the troposphere was 
implemented. Where ozone data were not included with the original profiles, a regression-based 
algorithm for deriving ozone profiles was used (personal communication with Paul van Delst). 
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In satellite retrievals of atmospheric profiles using a synthetic regression retrieval algorithm, such 
as MODIS MOD07 retrievals (Seemann et al. 2003) and ATOVS retrievals (Li et al. 2000), 
radiance calculations for each training profile are made using a 101-pressure layer transmittance 
model. The calculated radiance/atmospheric profile pairs are then used to derive the regression 
relationship. The forward model calculations require a skin temperature and emissivity value for 
each profile. In the past, skin temperature and emissivity were assigned relatively randomly to 
each profile. Original NOAA88 emissivity spectra assigned to training profiles in MODIS had 
two values (0.84 from 3.7 μm to 4.8 μm and 0.95 from 9.0 μm to 13 μm) with standard deviation 
0.15, 0.03 and a linear interpolation for wavelengths in between. In the same dataset, the 
difference between the surface air temperature and the skin temperature assigned to the training 
profiles was a random number with a mean of 0 and a standard deviation of 10. In the next two 
sections, the new approach for deriving a more physically based skin temperature and emissivity 
are outlined. 
 
 
Emissivity 
 
Infrared surface emissivity spectra for 16 ecosystem categories defined by the International 
Geosphere and Biosphere Programme (IGBP), as a function of month and latitude band were 
created using MODIS MOD11 emissivity data (http://www.icess.ucsb.edu/modis/modis-lst.html) 
and emissivity laboratory measurements. These latter ones were collected from the MODIS 
UCSB Emissivity Library (www.icess.ucsb.edu/modis/EMIS/html/em.html) and from the 
Advance Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Spectral Library 
(JPL, http://speclib.jpl.nasa.gov). 
 
Laboratory measurements of emissivity were used to choose 7 inflection point wavelengths 
necessary to characterize the shape of most land surface emissivity spectra.  Then, the laboratory 
emissivity spectra of 5 common surface materials were used to derive an emissivity at these 7 
wavelengths, called our “baseline” spectra. Fig. 1 shows the spectra from Nebraska, Oklahoma, 
Massachusetts, a sandy soil, and a dry grass that were used to derive the baseline emissivity 
 
Monthly averaged, global MODIS land surface emissivity from the MOD11 product was used to 
adjust the magnitude of baseline emissivity spectra at the inflection points to determine the 
emissivity that was assigned to the training profiles. The emissivity at MOD11 wavelengths (3.7, 
3.9, 4.0, 8.5, 11.0 and 12.0 μm) was averaged by IGBP ecosystem, month, and latitude band.  
Next, a procedure involving the inflection points and the baseline emissivity was used to derive a 
spectrum for a given ecosystem, month, and latitude. This approach was performed for all Terra 
and Aqua MOD11 data for 4 years (Terra) and 2-1/2 years (Aqua). A lookup table was generated 
in order to apply the emissivity to any profile given the month, latitude, and IGBP ecosystem. 
Figure 2 contains a comparison among the spectra of all ecosystems for one latitude band and one 
month over 4 years. 
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Fig. 1: Laboratory-measured emissivity spectra of 5 soils and grasses used to define our 

“baseline emissivity” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Emissivity for 17 IGBP ecosystem classes derived from the laboratory “baseline” 
emissivity and measured MODIS MOD11 emissivity. Emissivities shown are for the 
latitudes between 30N-30S, for four years in the month of August: 2001 (top left), 2002 
(top right), 2003 (bottom left), and 2004 (bottom right). 
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The ice/snow and seawater emissivity is assigned to the profiles using a different method. Ice and 
snow emissivity is based on the average of a number of ice and snow laboratory measurements 
(Fig 3a). The seawater emissivity is determined by the Smith/Wu emissivity model (Wu and 
Smith 1997), which is a function of wind speed, viewing zenith angle and channels (see Fig 3b). 
In the training dataset the viewing angle was set to 0 degrees and the wind speed was assigned 
randomly to the profiles where actual wind speed data were not available. To generate the random 
wind speed, the mean (6.6 m/s) and twice standard deviation (3.3 m/s) of 1900 clear scene 
ECMWF profiles were used.  
 
 

b)a)
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 a): Ice and snow emissivity (black solid line) is based on the average of a number 
of ice and snow laboratory measurements from the MODIS USCB emissivity library. b) 
Seawater emissivity (blue solid line) is based on the Smith/Wu emissivity model. 
 
 
Skin temperature 
 
Global skin temperature over land is characterized as a function of surface air temperature, solar 
zenith angle (3 categories), and azimuth angles (8 categories). To build the relationship, skin 
temperature measurements from the Atmospheric Radiation Measurement (ARM) Program’s, 
Southern Great Plains (SGP) site in Oklahoma were used together with radiosonde data from the 
period April 2001 to October 2003. The difference between the IR thermometer measured surface 
skin temperature and the radiosonde surface air temperature for 124 clear sky cases is shown as a 
function of solar zenith and azimuth angles in Figure 4. The relationship defined by Fig. 4 was 
used to assign a skin temperature to all profiles. 
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Fig 4: Skin Temperature and Surface Air Temperature relationship for the SGP CART 
site based on clear sky observations between April 2001 and October 2003. Points are 
colored according to solar azimuth category. 
 
 
An application to MODIS retrievals 
 
The training dataset with new emissivity and skin temperature is routinely tested on MODIS 
atmospheric retrieval products (called MOD07). Comparisons of MODIS-derived Total 
Precipitable Water (TPW) are made with NWP-, GOES-derived, and ground based measurements 
of TPW over three ARM sites: SGP-Oklahoma, Tropical Western Pacific, and Alaska for 124 
cases that were determined to be clear sky by manual inspection of satellite imagery. 
 
A comparison between TPW derived from the MODIS MOD07 algorithm using the old 
(NOAA88) training dataset with randomly applied skin temperature and emissivity and that using 
the new training dataset with its physically assigned skin temperature and emissivity can be seen 
in Figure 5. In each panel, radiosonde-, GOES- and MOD07-derived TPW values are plotted 
against the ground-based Microwave Water Radiometer (MWR) -derived values. Panel a) shows 
the results when the NOAA88 training data was used in the MOD07 calculation. In this case, the 
Pressure–layer Fast Algorithm for Atmospheric Transmittances (PFAAST) model (Hannon et al. 
1996) was used for the forward calculation. For these 124 clear sky cases from April 2001 to 
September 2003 over the SGP site, we found a 1.61 mm bias and a 3.99 mm rms difference 
between the MWR TPW and MOD07 TPW products. Panel b) shows the results for MODIS 
retrievals with the same forward model but with the new training dataset. For all (wet and dry 
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together) cases the bias is reduced to 1.02 mm and the rms difference improves to 2.68 mm. In 
panel c), the MODIS retrievals used the same training data as in panel b), but with a different 
forward model used in the MOD07 regression coefficient calculation: the prototype Community 
Radiative Transfer Model (pCRTM, formerly OPTRAN) (van Delst, 
http://www.ssec.wisc.edu/~paulv/Fortran90/CRTM/Prototype/). Using pCRTM, the bias was 
improved to 0.3 mm and the rms difference to 2.5 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All: bias=1.61, rms=3.99, n=125 

Dry: bias=-0.04, rms=1.86, n=76 
Wet: bias= 2.7,   rms=3.61, n=48 
All: bias=1.02, rms=2.68, n=124

Dry: bias=-0.28, rms=2.06, n=76 
Wet: bias= 1.26,  rms=3.13, n=48 
All: bias=0.32, rms=2.53, n=124
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Fig. 5: Terra MODIS (red dots), GOES-8 and -12 (blue diamonds), and radiosonde 
(black crosses) TPW is compared to that measured by the ground-based ARM SGP 
microwave water radiometer for 124 clear sky cases from April 2001 to September 2003.  
Results from three different training data sets are shown here: a) illustrates the result 
when the old NOAA88 training data was used in the MOD07 retrievals, b) and c) show 
the results with the new training dataset when PFAAST (b) and the pCRTM model (c) 
was used in the forward calculation. The b) and c) cases are also divided into dry and 
wet atmospheres, where dry is defined as TPW <= 17mm. 
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MOD07 Terra and Aqua near-real time products (including temperature, lifted index, ozone, and 
mixing ratio) computed from direct broadcast data are used to generate comparisons with the 
GOES data at the Space Science and Engineering Center (SSEC), Madison, Wisconsin. An 
example of a GOES-derived TPW comparison is shown in Figure 6. Time series of MWR-, 
GOES-, radiosonde-, and MOD07 derived TPW values at the SGP site and over SSEC are also 
plotted daily. See these images and comparisons at http://cimss.ssec.wisc.edu/modis/mod07. 
 
 

Aqua March 2, 2005 Terra March 2, 2005 

GOES March 2, 2005 0700 UTC 

a) b)

c) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: TPW comparison for March 2, 2005 in the morning. a) and b) show the MODIS 
derived TPW field from the Aqua and Terra satellite, respectively, c) is the GOES TPW 
field at 0700 UTC.  
 
 
Conclusions  
 
Historically, synthetic regression retrievals have relied on training data sets that made little 
attempt to physically characterize the surface. In this paper, a new global training data set that 
combines profiles from a number of sources is presented. Associated with each profile in the data 
set is a physically based characterization of the surface skin temperature and surface emissivity. 
Application of this SeeBor v.3 training data on MODIS MOD07 retrievals of total precipitable 
water show good improvement over the NOAA-88 training data set. With the new training data 
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and an updated forward model, the rms difference between MOD07 TPW and the ARM SGP 
MWR was reduced from 4 mm to 2.5 mm. 
 
 
Future plans 
 
We are planning to add more global radiosonde profiles to the dataset with improved handling of 
the upper atmosphere above the levels of existing radiosonde data. In the near future the 
ecosystem-based emissivity will be replaced by a non-ecosystem-based, global gridded emissivity 
derived from 3 years of MODIS MOD11 emissivity products and high spectral resolution 
laboratory measurements of emissivity. The skin temperature parameterization will be expanded 
to include other areas of the globe. 
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Abstract 

A theoretical analysis is performed to evaluate the retrieval precision of atmospheric 
temperature profiles obtained with the HIRS/3 data. This method is based on singular value 
decomposition and empirical orthogonal function technology. The theoretical results showed that 
the absolute errors in low latitude were less than that in the middle-high latitude and the 
geography distribution of relative errors is opposite to absolute errors in general. For vertical 
distribution, the errors are biggish in the upper and lower atmosphere；lesser from 500hpa to 
850hpa. The sensibilities of retrieval to observation are the lowest in middle atmosphere. 

 

Introduction 
The meteorological satellite can detect the global. The functions of satellite data used in 

weather and climate prediction are always regarded very important. Recently, high performance 
vertical detectors are put into the launched meteorological satellite one after the other. It has been 
proved that using three- and four-dimension assimilation method can assimilate the satellite 
radiation data directly and improve the global weather forecast distinctly. But as an information 
source of atmospheric parameter, the information provided by satellite data is narrow. In other 
words, the retrieval precision of temperature and humidity is limited. So the estimation of retrieval 
precision is important to the exertion of retrieval results and the assimilation of satellite data. 
Theoretically speaking, retrieval errors come from three aspects: radiance observation error, 
vertical resolution error and error of the fast radiative transfer model. Many scholars have 
theoretically analyzed the retrieval vertical resolution and errors on temperature and humidity 
profiles since 1970s (Huang et al., 1992; Rodgers, 1988; Thompson et al., 1986). These analyses 
were based on radiative transfer equation (RTE). Because the retrieval errors in theory vary with 
regions and seasons, a more detailed image of error distribution is needed. 

In this paper, an analytic method of retrieval error is proposed. It is based on ‘generalized 
linear inverses theory’. The retrieved atmospheric parameter modal can be separated under the 
hypothesis of RTE’S linearization. At the same time, the basal vertical structure of temperature 
can be picked-up by using EOF technique.  

 
The method of error analysis 

On the condition of linear approximation, the issue of retrieving temperature profile can be 
come down to calculate the integral equation:  

0

( ) ( )
sp

I K p T p dpν νδ δ= ∫                                 (1)                  

where vI  is the radiation dose reached satellite inductor at frequency v , ( )T p  is the air 
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temperature at pressure p , sp is the surface press, ( )K pν is variation kernel function. 
0I I Iν ν νδ = − ，

0T T Tδ = − ，superscript 0 denote reference value. For practical application, 

when the number of available observation channels is N and the layers of the profile to be 
retrieved is set to M, N linear equations can be constructed and expressed by：δI = Kδ T .                       

As mentioned in introduction, the characters of kernel function often make the retrieval 
ill-posed and cause the solution nonunique or sensitive to the observation errors. The properties of 
the solution can be examined by generalized inverse theory (Wiggins, 1972). This theory is based 
on singular vector decomposition (SVD). From the theory, matrix K can be decompounded as:  

T
p p pK = U Λ V ,                              (2) 

where pΛ is P P× matrix containing P nonzero eigenvalues along the diagonal; pU , pV is 

constructed by the left vectors iu and right vectors iv , respectively. iu , iv satisfy the orthogonal 

relation T
, i j i j u u δ= and T

, i j i jv v δ= . The decomposition implies thatδT ’s projection in pV have 

relationship with the observation data and can be retrieved from observation. While the projection 
of δT in subspace 0V , is independent of the observation. That is the so-called resolution error. 

Assume the observation errors are independent and have the same variance 2
dσ . Then the variance 

of observation-caused error is obtained by: 
2

2 2( )d
rd dtr R

M
σ

σ σ= =-2 T
p P pV Λ V  ,                        (3) 

where tr(A) is the trace of matrix, R is error amplification factor which is mainly determined by 

the minimum of eigenvalue 2
pλ . In actual calculation, 2λ is set to zero if 2λ is less than a specified 

value (Chou, 1986; Wunsch, 1978). 
Another primary source of retrieval error is the resolution error. In order to analysis it, EOF 

technique is used. Consider a time series of temperature profiles represented by a L M× matrix A. 
Solve T T T

i i iA Aq q γ= , we get M eigenvalues iγ and eigenvectors iq . lTδ can be expanded 

according to the orthogonal primary function. After the projection of iq in space pV had been 

counted, the total resolution error can be obtained by:  
2 22 2 2

, ,
1 1 1

( )
M M P

s k i i k i i ij j
i i j

c e c q a vσ
′ ′

= = =

= = −∑ ∑ ∑ ,                   (4) 

where 2
ic  can be directly calculated from sample data. When the model error didn’t be 

considered, retrieval error ,r kσ  is the square root of the sum of observation-caused error, 

resolution error and truncation error of EOF.   
                   
The retrieval error analysis  

Utilizing the error estimate method given in last section, the global retrieval error distribution 
of temperature profile can be calculated with HIRS/3 data. The air parameter samples are the 

1 1× NCEP data in Jan and Jul 1999-2003. The reference values are the average temperature 
profiles at each spot. The vertical structure of temperature increment in most regions can be 
represented by the first 7 truncated EOF vectors.  

 
Optimum truncation order in SVD 
   It’s seen from last section that resolution errors decrease when the truncation order in SVD 
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increases, while the observation-caused errors increase. A good truncate order should be selected 

by considering both stability and resolution. When the observation error 2
dσ and atmosphere 

parameter samples were given, the optimum truncate order can be confirmed according to the least 
error in whole layer. Fig.1 is the distribution of optimum truncation order obtained with HIRS/3 
data in Jan and Jul. Here the assumption that brightness temperature error is 0.25K is applied. It 
was shown in fig.1 that P is small near Tibetan Plateau, low latitude region and some regions of 
Antarctica. In Jan, P is 2 on some equator regions of Indian Ocean. In Jul, the regions 
corresponding to small P extend. In most regions of middle-low latitude of Northern Hemisphere 
P is smaller than or equal to 4. In Southern Hemisphere, the values of P are similar to that in Jan. 
The magnitude of P represents the information of temperature profiles retained in the satellite data. 
The larger P, the more information can be retrieved from satellite data.  
 

 
 

 
Fig.1   The optimum truncation order P in Jan and Jul 

 
In fact, the distribution of optimum truncation order is dependent on the distribution of 

temperature mean square deviation. Fig.2 is the distribution of averaged mean square 
deviation of temperature over the whole layer. It shows that the value in low latitude region 
has minimum and it is larger in winter than that in summer in mid-high latitude region 
(Northern Hemisphere in Jan and Southern Hemisphere in July).This explains that high (or 
low) mean square deviation of temperature is corresponding to high (or low) optimum 
truncation order. 

      
       

Fig.2   The rms (K) of temperature in whole level in Jan and Jul 
 

Result analysis 

The retrieval errors can be calculated according to the optimal truncation order in each 
net point. Figs.3 is the retrieval errors at 500hpa, 850hpa in Jan and Jul. At 500hpa, the high 
error regions in northern hemisphere lie in the region from north Pacific to North American. 
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Qinghai-Xizang Plateau is also a high error zone; the error is about 2.0K currently. The high 
error zone in the southern hemisphere is still in the high latitude region, the error is about 
2.0K. The error in low latitude is less than 1.0K. Error distribution in Jul is similar to Jan. But 
the values are less than Jan, about 0.5K. The retrieval errors in 850hpa tie to landform 
obviously. Whether Jan or Jul, the errors in mainland are higher than that of ocean regions 
clearly. The errors in mainland are about 2.0K (Jan) or 1.5K (July). The errors in ocean region 
are about 0.5-1.5K. 

 

     

  

     

 
Fig.3   The absolute errors at 500hpa and 800hpa 
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Fig. 4   Mean relative error at 60°N and 30°N 

The total conclusion gained from above analysis is that the retrieval errors at ocean and 
Torrid Zone were lesser. But that didn’t represent the retrieval ability, because the temperature 
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time variability in these regions is lesser. In order to show it, the relative errors that are 
defined as the quotient of absolute errors and the rms of temperature have been calculated. 
Figs.4 is the vertical profiles of relative errors averaged in two latitudes. The results showed 
that the character of vertical distribution at 60°N, 30°N is similar in Jan and Jul. That is, the 
relative errors are small in middle atmosphere; high in upper and lower atmosphere. The 
character of concrete values is that the higher (lower) latitude is corresponding to smaller 
(bigger) relative error. The variation trend at latitude is different to absolute errors completely. 
The comparison of relative error in Jan and Jul showed that the value in Jan was smaller than 
that in Jul. Especially the difference between Jan and Jul at 30°N is relatively big. These 
distribution characters of error in latitude relate to the time variability of the atmospheric 
temperature. 

 

Summary and discussion  
The method of counting resolution errors and observation-caused errors with satellite 

data is based on ‘generalized linear inverses theory’. When the observation error is given, the 

retrieval errors at each altitude can be calculated easily. The main modal of atmospheric 

vertical structure can be gained by EOF. Using NCEP temperature data as the samples, this 

method can calculate the optimal truncation order in generalized linear inverses and calculate 

the error distribution of temperature profile at each equipressure surface with HIRS/3 data in 

Jan and Jul. The basic characters are as follows:  

(1)The optimum truncation order decides the effective information offered by satellite 

measurements. The values obtained with HIRS/3 data are between 3 and 7. The results show 

that the optimum truncation order is small in low latitude regions and high in mid-high 

latitude areas. This character relates to the time variability of temperature profile.  

(2)For vertical distribution, the retrieval errors of temperature profile are more at upper 

and lower atmosphere. The errors between 400hpa and 850hpa are relatively small. 

(3)For geography distribution, the absolute errors in middle-high latitude region, 

especially in the northern hemisphere, are the most; in equator zone are the least. While the 

distribution character of relative errors is reverse to absolute errors. This indicates that 

satellite data offered more effective information in the regions of biggish temperature 

variability. 
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The present work deals with the integration of data obtained from passive and active microwave 
sources, in order to develop procedures to suitably calibrate and validate satellite-based passive 
microwave rainfall algorithms using multiparameter weather radar information. Near simultaneous 
measurements, obtained by the following microwave radiometers: AMSU and AMSR-E (flying 
aboard Aqua platform) and by the Chilbolton S-band radar, are used to improve rainfall estimate. 
 
This work investigates the different channel penetration issue and the so-called beam-filling problem, 
in order to improve algorithms for rainfall estimate. Precipitation related parameters, worked out from 
radiometers, are compared with multiparametric radar information, obtained from the Chilbolton radar 
set near Winchester in Hampshire. RHI (Range-Height Indicator), PPI (Plan Position Indicator) and 
CAPPI (Constant Altitude PPI) radar data provides useful information on cloud vertical structure in 
order to improve the understanding of signature of passive microwave channels and the effect due to 
inhomogeneous rainfall coverage. For a significant rainfall event, AMSU and AMSR-E rainfall maps 
are achieved, applying well-accepted (or reference) algorithms; these estimates are carefully analyzed, 
considering the near coincident radar information. 
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Abstract 
It was analyzed the performance of the Inversion Coupled with Imager (ICI) software over the 
Amazon region, with set up for AMSU/NOAA-16 channels but using information from AQUA 
sounding system (AMSU and AIRS). AIRS channels were used to recovering the absence of 
HSB data, whose behavior should be similar to AMSU-B. The HSB brightness temperature in 
clear sky conditions was simulated by a linear combination of AIRS channels sensitive to water 
vapor band. The selected AIRS channels were the five best correlated with HSB (183 GHz) in a 
set of 3000 pixels distributed over oceanic areas for one training day (August 31, 2002). The 
simulated HSB data together with AMSU-A/AQUA information were used to recover vertical 
profiles of temperature and moisture, using ICI with two data bases: a) TIGR climatological 
profiles; b) CLASS1 Brazilian climatological profiles. The retrievals obtained over the Amazon 
region suggest that temperature profiles inferred by ICI with the TIGR and CLASS1, and using 
only the microwave channels, are close to radiossonde “ground truth”. The use of CLASS1 
improves the results for moisture profile when compared with TIGR, particularly within low 
troposphere. 
 
Atmospheric Profiles 
 

Recent efforts have been concentrated on the development of sensors with high spectral 
resolution. The AIRS (Advanced InfraRed Sensor), with 2378 channels, is the first operational 
instrument with these characteristics. AIRS sensor was launched onboard EOS-PM (AQUA) 
satellite in May 2002, together with microwave units AMSU-A and HSB (Humidity Sensor for 
Brazil). The AQUA mission provides a unique opportunity for selecting proper channels in 
different atmospheric conditions as well as for improving the “state of the art” in retrieval 
techniques. Different selection methods and retrieval techniques are still in development for 
information content of AIRS (Goldberg et al. 2003 and 2004, McMillin 2004). The HSB was 
similar to AMSU-B sensor but exhibited improved technical performance (Lambrigsten and 
Calheiros 2003). Unfortunately, it is no more in operation since the last quarter of 2002 and the 
AQUA sounding system is limited to AIRS and AMSU-A information. Nevertheless, the 
enormous flux of AIRS data suggests the possibility of partially recovering HSB information in 
clear-sky conditions, through emulation of its spectral behaviour by AIRS channels located in 
water vapour absorption bands. Present work explores this possibility, seeking for AIRS 
channels (or combinations of them) which provide the best simulation of HSB brightness 
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temperatures for channels centred at 183 GHz. In addition, it is expected to contribute to a better 
understanding of the AIRS information content, which in turn may be useful to improve 
retrievals of water vapor profiles. 
 

The datasets used in this work correspond to period of the Dry-to-Wet LBA experiment 
(August 31 to October 31, 2002) that include: 1) ATOVS/NOAA-16 data; 2) AIRS-AMSU-
HSB/AQUA data; 3) radiossondes and 4) ICI retrievals over three LBA sites (Guajará-Mirim, 
Porto Velho e Ouro Preto). It is important to note that eventual substitution of HSB by AIRS 
data is possible only for cloud-free pixels, since AIRS channels are located at infrared spectrum. 
Consequently, a previous cloud masking process was applied before starting AIRS channel 
selection. The Figure 1 shows the localization of three validation sites over the Amazon region. 
 

 

Fig. 1 – Validation sites of the LBA campaign. 
 

The starting point for analysis was the detection of AIRS channels highly correlated 
with those of HSB. Linear correlation coefficient was assessed for radiances of each AIRS 
channel, related to each one of the four HSB channels. A number of Np = 3000 cloud-free pixels 
provided the cases for correlation assessment. When ordering AIRS channels by their higher-
valued correlation with an HSB channel, it was observed that water vapor Jacobians of those 
channels showed fair similarity with the corresponding HSB channel. The regression model was 
built and the coefficients were assessed for the training day August 31, 2002 and the Figure 2 
shows the 3000 cloud-free pixels used. The results were used for simulation of HSB channels 
during the whole time interval and comparison with actual (observed) HSB data. Finally, the 
simulated HSB data together with AMSU-A/AQUA information were used to recover vertical 
profiles of temperature and moisture, using ICI with two first-guess data bases: a) TIGR 
climatological profiles (Lavanant et al., 1997); b) CLASS1 Brazilian climatological profiles 
(Macedo, 2003). 
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Fig 2 - The 3000 cloud-free pixels used for the training day August 31, 2002. 

 
Results 
 

The operational ICI-3 in dynamic mode (first guess NWP/CPTEC data) presented better 
performance because it used all ATOVS data. However, the retrievals obtained over the 
Amazon region (Figure 3) suggest that temperature profiles inferred by ICI with the TIGR and 
CLASS1, and using only the microwave channels, are close to radiossonde “ground truth”. The 
use of CLASS1 improves the results for moisture profile when compared with TIGR, 
particularly within low troposphere. It is important to note that there are differences between 
NOAA-16, AQUA and the radiossondes schedules. This fact could influence on the quality of 
the results, mainly near the surface.  
 
Conclusion 
 

The AMSU + HSB (simulated) AQUA data yield proper profiles for temperature, in the 
“static” ICI mode of operation. The use of CLASS1 improves the results for moisture profile 
when compared with TIGR, particularly within low troposphere. Moreover, it will be 
appropriated to include typical profiles of the Amazonia occidental region in CLASS1 dataset to 
obtain still better results. 
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Fig. 3 - Temperature (left) and Mixing ratio (right) profiles over three LBA sites: 

Guajará-Mirim, Porto velho and Ouro Preto d’Oeste. 
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Abstract 
The purpose of this work was to compare the performance of the AQUA sounding system and 
of the Inversion Coupled with Imager (ICI3) software to recover atmospheric profiles of 
temperature and moisture over Rondonia State (Amazon region) during the DRY-TO-WET 
Large Scale Biosphere-Atmosphere (LBA) experiment during September and October, 2002. 
The atmospheric profiles retrieved by both inversion models were compared with the 
radiosonde data (“ground truth”) of the campaign, considering satellite retrievals within a 
100 km radius around the sounding site. The bias and RMS of deviations were assessed for the 
whole available data of the campaign. Similar comparisons were performed for the quality of 
Numerical Weather Prediction (NWP) analyses of the National Center for Environmental 
Prediction (NCEP). The results showed that temperature profiles from ICI, NCEP and NASA 
C60 model have similar performance for pressure level above 750 hPa. All of them exhibit 
similar standard deviation in the lower troposphere (about 2 K), but ICI and the analysis showed 
lower bias (1 to 2 K) compared with C60 (about -5 K, near ground level). On the other hand, the 
mixing ratio profiles estimated from the NASA inversion model suggested the expected 
accuracy of about 1 g/kg, a performance comparable to and even better than that observed in ICI 
and NWP estimates. 
 
Remote Soundings 
 

Remarkable progress has been achieved during the last two decades in retrieving 
temperature profiles by means of passive infrared sensors. Recent efforts have been 
concentrated on the development of sensors with high spectral resolution. The AIRS (Advanced 
Infrared Sensor), with 2378 channels, is the first operational instrument with these 
characteristics. The Figure 1 shows a simulated AIRS brightness temperature spectrum for clear 
conditions. Concerning temperature and moisture profiles, it exhibits substantial improvements 
when compared with previous instruments (Parkinson 2003). The AIRS sensor was launched 
onboard the EOS-PM (AQUA) satellite in May 2002, together with microwave units AMSU-A 
and HSB (Humidity Sensor for Brazil). The AIRS sensor provides radiances in 2378 channels, 
yielding significant increase of information about radiative emission/absorption of many 
secondary gases in Earth’s atmosphere. However, it is not obvious how to quantify or efficiently 
manage this information (Rodgers 1998). 
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Fig. 1 - Simulated AIRS brightness temperature spectra for clear conditions. 

 
The performance of the AQUA sounding system (NASA inversion model, different 

versions) and of the Inversion Coupled with Imager (ICI) software were analyzed to recover 
atmospheric profiles of temperature and moisture over Rondonia State (Amazon region) during 
the DRY-TO-WET Large Scale Biosphere-Atmosphere (LBA) experiment during September 
and October, 2002. The atmospheric profiles retrieved by both inversion models were compared 
with the radiossonde data (“ground truth”) of the campaign, considering satellite retrievals 
within a 100 km radius around the sounding site (6 and 18 UTC). The bias and RMS of 
deviations were assessed for the whole available data of the campaign. Similar comparisons 
were performed for the quality of Numerical Weather Prediction (NWP) analyses of the 
National Center for Environmental Prediction (NCEP). The Figure 2 shows the localization of 
three validation sites over the Amazon region. 
 

 
Fig. 2 - Validation sites of the “DRY-TO-WET LBA” campaign. 

 
Results 
 

The atmospheric profiles retrieved by ICI-3 are within the sensor specifications, which 
foresee errors of up to 1.5K for the temperature profiles and 1.5g/kg for the moisture (Lavanant 
et al., 1999). The results illustrated in the Figures 3 showed that temperature profiles from ICI, 
NCEP and NASA C60 model had similar performance for pressure level above 750 hPa. All of 
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them had similar standard deviation in the lower troposphere (about 2 K), but ICI and the 
analysis showed lower bias (1 to 2 K) compared with C60 (about -5 K, near ground level). On 
the other hand, the mixing ratio profiles (Figure 4) estimated from the NASA inversion model 
suggested the expected accuracy of about 1 g/kg, a performance comparable to and even better 
than that observed in ICI and NWP estimates. It is important to note that the NASA inversion 
model was in development phase, and the atmospheric profiles were generated for the validation 
campaign. Further work is being developed for improving this inversion model (Susskind et al., 
2003 and Susskind, 2003). 
 
 

 
Fig. 3 - Bias and RMS between the temperature retrievals and radiossondes for three LBA sites: 

Guajará-Mirim, Porto Velho and Ouro Preto. 
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Fig. 4 - Bias and RMS between the mixing ratio retrievals and radiossondes for three LBA sites: 

Guajará-Mirim, Porto Velho and Ouro Preto. 
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Abstract 
The Center for Weather Forecasting and Climate Studies (CPTEC) is responsible for producing 
weather maps for the numerical prediction in Brazil. One key issue for numerical prediction is related 
to provide good estimation of the initial conditions for the atmospheric simulation code. One 
procedure consists of retrieving vertical atmospheric profiles for temperature and moisture profiles. 
The CPTEC operationally uses the Inversion Coupled with Imager (ICI-3) software in dynamic mode 
(CPTEC analysis) with the ATOVS/NOAA-16 system to supply such vertical profiles. However, 
CPTEC is also investigating new retrieval schemes that that have been developed at INPE. One of 
these schemes retrieves the profiles by means of a generalized least square problem, where a new 
regularization operator is employed. Such regularization operator is based on maximum entropy of 
second order. An Artificial Neural Network (ANN) is another scheme for retrieving the atmospheric 
profiles. The ANN is the Multi-layer Perceptron, with back propagation learning strategy. The goal 
here is to compare these different methods, focusing on the operational procedures. The comparison is 
carried out by using two databases: TIGR and NESDISPR. About 500 profiles from the TIGR and 400 
profiles from the NESDISPR, and associated radiances, are selected for testing the three strategies. 
The average error over profiles is used to perform the comparison among the inversion methodologies, 
and these analyses will be shown here.  
 
Introduction 
Vertical profiles of the temperature and water vapor measurements are fundamental for the 
meteorological process of the atmosphere. The monitoring of these quantities required observational 
stations all over the world, however logistics and economic problems lead to a lack of sensors in many 
parts of the planet. Thus, retrieving temperature and humidity profiles from satellite radiance data 
became very important for weather analyses and data assimilation processes in numerical weather 
predictions models. 

Satellite measured radiance data may be interpreted by the inversion of the Radiative Transfer 
Equation (RTE) that relates the measured radiation in different frequencies to the energy from 
different atmospheric regions. The degree of indetermination is associated with the spectral resolution 
and the number of spectral channels, and this solution is usually very unstable due to noise in the 
measuring processes (Rodgers 1976, Twomey 1977). Several methodologies and models have been 
developed attempting at improving data processing for information extraction from satellite radiance 
data (Chahine 1970, Liou 1982, Smith et al. 1985). 

The atmospheric temperature estimation is a classical inverse problem. In order to deal with 
the ill-posed characteristic of the inverse problem, regularized solutions (Tikhonov and Arsenin 1977, 
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Ramos and Campos Velho, 1996; Campos Velho and Ramos, 1997; Ramos et al., 1999) and also 
regularized iterative solutions (Alifanov, 1974; Jarny et al.; 1991; Chiwiacowsky and Campos Velho, 
2003) have been proposed.  Recently, artificial neural networks have also been employed for solving 
inverse problems (Aires et al., 2002; Atalla and Inman, 1998; Hidalgo and Gómez-Treviño, 1996; 
Krejsa et al., 1999; Woodbury, 2000; Shiguemori et al., 2004). In this paper, a MLP (Multi Layer 
Perceptron) Artificial Neural Network (ANN) is used to address this problem. 

The supervised learning nature of the MLP network requires training sets to be furnished as 
inputs and desired outputs. The inputs are measured satellite radiances in different spectral channels, 
and the outputs are the desired corresponding absolute temperature profiles obtained by solving the 
forward model. The MLP network was trained with TIGR temperature profiles database (Chédin et al., 
1995; TIGR 2005), and NESDISPR database obtained by solving the forward model. Generalization 
tests used TIGR and NESDISPR database examples, in which they were not used in training phase. 

Experiments using both methodologies are employed considering the High Resolution 
Radiation Sounder (HIRS) of NOAA-16 satellite. HIRS is one of the three sounding instruments of the 
TIROS Operational Vertical Sounder (TOVS).  

In this work, the forward model was used in the entropic in the objective function (Carvalho et 
al 1999, Ramos et al. 1999). In the ANN, the RTTOVS-7 model was used to generate the train data 
set, and also for validation and generalization databases. This model simulates the radiances of HIRS-
2 NOAA-16 satellite. 
 
Forward Model 
Equation below represents the mathematical formulation of the forward problem that permits the 
calculation of radiance values from associated temperatures (Liou, 1982) 
 

dp
p

ppTBpTBI
sp iss ∂

∂ℑ
∫+ℑ=

)()]([)()()0( 0 λ
λλλλ                    (1) 

 
where,  is the value of the spectral radiance, subscript s denotes surface; λ is the channel 
wavelength; p is the considered pressure; 

λI

ℑ  is the space atmospheric layer transmittance function that 
is a function of the wavelength and the concentration of absorbent gas, which usually declines 
exponentially with the height. In pressure coordinate, the transmittance may be expressed by: 
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where,  is the absorption coefficient; q is the ratio of gas mixture; g is the acceleration of the local 

gravity; and p
νk

0 is the pressure in the top of atmosphere; B is Planck's function (equation 3), which is a 
function of the temperature T and the wavelength λ : 
 

]1[
2)(

52

−
= Tkhc Be

hcT λ

λBλ               (3) 

 
h is Planck's constant; c is the light speed; and kB is Boltzmann's constant. B

International TOVS Study Conference-XIV Proceedings

789



Equation (1) is discretized using central finite differences leading to equation: 
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where , ;  is the number of satellite channels; ; 

; and N
λ,,1K

p is the number of atmospheric layers considered. It is assumed that each 

atmospheric layer has a characteristic temperature Tj  to be computed. 
In this work, the forward model is used to the both methodologies. The entropic 

regularization employs it in the minimization functional and the ANN to simulate radiances to 
train, validation and generalization phases, its necessary because there are no satellite 
radiances and radiosonde data. 

 
Entropic Regularization  
The inverse problem is assumed to be solved defined as follows (Ramos and Campos Velho, 1996; 
Campos Velho and Ramos 1997, Carvalho et al. 1999): 

 
find  T  such that  I = K(T)              (5) 

 
where  denotes the unknown parameters, the data-vector and  is an 
operator, linear or not, modeling the relation between T  and  I. Here, the mathetical model K(.) is 
expressed by Equation (4). 

A traditional approach for solving Equation (5) is to determine T in the least square sense. 
Unfortunately, minimization of the distance between computed and experimental data alone does not 
provide a safe inversion technique, due to the presence of noise in y. A better approach, is to formulate 
the inverse problem as: 

 

 { }][)( min
2

2
TαTII ModSat Ω+−            (6) 

 
Ω  is a regularization operator, and  is a suitable norm, usually the Euclidean square norm, where ⋅

α  is the regularization parameter. The operator Ω (t) generally expresses a priori information about 
the unknown physical model. In the case of Maximum Entropy regularization, (T) takes the form of 
Shannon's missing information measure: 
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S(T) attain its global maximum when all qi are the same, which corresponds to a uniform distribution 
with a value of Smax = log N. On the other hand, the lowest entropy level, Smin = 0, is attained when all 
elements qi but one are set to zero. Maximum Entropy regularization selects the simplest possible 
solution, containing the minimum of structure required to fit the data. 

Ramos and Campos Velho (1996) – see also Campos Velho and Ramos (1997), and Carvalho 
et al. (1999) – proposed a generalization of the standard Maximum Entropy regularization method, 
which allows for a greater exibility when introducing prior information about the expected structure of 
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the true physical model - or its derivatives - into the inversion procedure. The entropic regularization 
function is defined as follows: 

∑
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 p= T                (9) 
 
where α = 0, 1, 2, … and  is a discrete difference operator.  Δ

. 12,...,         with,)(22 minmax1

A method, denoted MaxEnt-2, for a second order entropic regularization is expressed by 
(Ramos and Campos Velho, 1996; Campos Velho and Ramos 1997, Carvalho et al. 1999)   

 
+ =1 −++−= + nitttttp iii −x −ζ (10)

  
In this work, the optimization problem is iteratively solved by the quasi-newtonian optimizer 

routine from the NAG Fortran Library (E04UCF 1995), with variable metrics. This algorithm is 
designed to minimize an arbitrary smooth function subject to constraints (simple bound, linear or 
nonlinear constraints), using a sequential programming method. This routine has been successfully 
used in several previous works: in geophysics, hydrologic optics, and meteorology. 
 
Artificial Neural Networks 
Artificial Neural Networks (ANN) techniques have become important tools for information 
processing. Properties of ANNs make them appropriate for application in pattern recognition, signal 
processing, image processing, financing, computer vision, and so on. There are several ANN different 
architectures. Here a Multilayer Perceptron (MLP) with backpropagation learning is employed.  

Artificial neural networks are made of arrangements of processing elements (neurons). The 
artificial neuron model basically consists of a linear combiner followed by an activation function, 
Figure 1 (a), given by: 
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where wkj are the connections weights, bk is a threshold parameter, xj is the input vector and yk is the 
output of  the kth neuron, the ϕ  is the  function that provides the activation for the neuron. Neural 
networks will solve nonlinear problems, if nonlinear activation functions are used for the hidden 
and/or the output layers.  

Arrangements of such units form the ANNs that are characterized by: 1. Very simple neuron-
like processing elements; 2. Weighted connections between the processing elements (where 
knowledge is stored); 3. Highly parallel processing and distributed control; 4. Automatic learning of 
internal representations. ANNs aim to explore the massively parallel network of simple elements in 
order to yield a result in a very short time slice and, at the same time, with insensitivity to loss and 
failure of some of the elements of the network. These properties make artificial neural networks 
appropriate for application in pattern recognition, signal processing, image processing, financing, 
computer vision, engineering, etc. (Haykin 1994). 
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There exist different ANN architectures that are dependent upon the learning strategy adopted. 
This paper briefly describes the one ANN used in our simulations: the multilayer Perceptron with 
backpropagation learning. Detailed introduction on ANNs can be found in (Haykin 1994). 

Multilayer perceptrons with backpropagation learning algorithm, commonly referred to as 
backpropagation neural networks are feedforward networks composed of an input layer, an output 
layer, and a number of hidden layers, whose aim is to extract high order statistics from the input data. 

Figure 1 (b) depicts a backpropagation neural network with a hidden layer. A feedforward 
network can input vectors of real values onto output vector of real values. The connections among the 
several neurons have associated weights that are adjusted during the learning process, thus changing 
the performance of the network. Two distinct phases can be devised while using an ANN: the training 
phase (learning process) and the run phase (activation of the network). The training phase consists of 
adjusting the weights for the best performance of the network in establishing the mapping of many 
input/output vector pairs. Once trained, the weights are fixed and the network can be presented to new 
inputs for which it calculates the corresponding outputs, based on what it has learned.  

             
Figure 1 (a) Single Neuron                     Figure 1 (b) Multilayer Neural Network 

 
The backpropagation training is a supervised learning algorithm that requires both input and 

output (desired) data. Such pairs permit the calculation of the error of the network as the difference 
between the calculated output and the desired vector. The weight adjustments are conducted by 
backpropagating such error to the network, governed by a change rule. The weights are changed by an 
amount proportional to the error at that unit, times the output of the unit feeding into the weight. 
Equation (xx) shows the general weight correction according to the so-called the delta rule 

 

jkykjw =Δ

k

ηδ                          (12) 

 
δ  is the local gradient,  is the input signal of neuron j, and kywhere, η  is the learning rate parameter 

that controls the strength of change. 
 

Retrieval using ANN 
Artificial neural networks have two stages in their application, the learning and activation 

steps. During the learning step, the weights and bias corresponding to each connection are adjusted to 
some reference examples. For activation, the output is obtained based on the weights and bias 
computed in the learning phase. Its important to test the ANN with data not used in training phase, this 
process is called generalization phase. 

 
Noise data simulation 
The experimental data, which intrinsically contains errors in the real world, is simulated by adding a 
random perturbation to the exact solution of the direct problem, such that 
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~ σμexactexact III +=             (13) 

 
σ  is the standard deviation of the noise and where μ  is a random variable taken from a Gaussian 

distribution. The noise data was based in actual situation of NOAA-16, HIRS Instrument, Longwave 
Channel Noise (NOAA-16 2005). 
 
Databases 
Two different database for temperature profiles were used: TIGR (Thermodynamic Initial Guess 
Retrieval) and NESDISPR worldwide climatological profile - a file created by the NOAA/NESDIS. 
The data sets were divided as: training, validation, and generalization data sets (Figure 2). The training 
and validation data are used for training the Artificial Neural Network, and the generalization data set 
are profiles not used during the training phase. The Table (1) show the number of temperature profiles 
of each database. 
 

Temperature Profiles
Database

Generalization set

Training set

Validation set

 
Figure 2 – Database  

   
Table 1 – Number of profiles. 

Database Training Validation Generalization 
TIGR 587 587 587 

NESDISPR 405 400 400 
 

Results analysis 
The results presented in this paper were obtained using a code in Fortran 90 for implementing the 
artificial neural network and maximum entropy regularization. There are very good computer 
packages for neural networks available, but we decide to have our code, because we are looking at an 
operational application. 

The root mean-squared error of the generalization sets TIGR (587 profiles) and NESDISPR 
(400 profiles) are presented in Table 3, the errors are calculated in the Layer-1: 0.1 up to 15 hPa; 
Layer 2: 20 up to 70 hPa; Layer-3: 85 up to 200 hPa; Layer-4: 250 up to 475 hPa; Layer-5: 500 up to 
1000 hPa; This segmentation feature is important because the main interest for meteorological 
purposes is in the layers below 100 hPa, , where 1 hPa = 100 Pa. 

The error for each Layer is computed by: 
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where N is the number of sample points at each layer. 
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Figure 3 – Layers of atmospheric profile  

 
Entropic Regularization Results 
Entropic regularized solution is obtained by choosing the function t* that minimizes the functional (2).  
Table 2 presents the average error of entropic regularization (MaxEnt-2), defined by Eq. (14), of TIGR 
(587 profiles) and NESDISPR (400 profiles) databases. It was used a mean regularization parameter 
( 5.0) for all cases. It can be noted that the error for the Layer 1 and Layer 2 have good 
approximation, these layers are more important for meteorological purposes. The Figures 3 (a-b) 
present two examples of TIGR database and Figures 3 (c-d) NESDISPR database examples.  
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Figure 4 Examples results obtained with second order entropic regularization (a) and (b) 
TIGR database. (c) and (d) – NESDISPR database. 
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Artificial Neural Networks Results 
In the activation phase, the inverse problem is solved by weights and bias obtained during the training 
phase. The robustness of the trained MLP is evaluated employing satellite radiances and temperature 
profiles not used in the training phase (generalization). 
The generalization capacity of the MLP is verified considering TIGR (587 profiles) and NESDISPR 
(400 profiles) databases. Table 2 shows the ANN average error (ANN) of generalization databases, 
defined by Eq. (14), using 8 hidden neurons in the hidden layer. The estimation using ANN presents 
small errors. The following figures present some examples of the ANN results. The Figure 5 (a-b) 
were obtained by the ANN trained with TIGR database. The Figure 4 (c-d) with the ANN trained with 
NESDISPR database.    
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Figure 5 (a) and (b) Examples of generalization tests, obtained with the ANN trained 
with TIGR data sets. (c) and (d) – Generalization tests, obtained with the ANN trained 
with NESDISPR data sets. 
 

Table 2 – Error for generalization database. 
Methodology Database Neurons Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 

ANN TIGR 8 1.8161 0.9438 0.7043 0.7308 0.5153 
MaxEnt-2 TIGR * 7.2910 1.4441 1.1592 1.5244 0.6869 

ANN NESDISPR 8 0.8836 0.6641 0.7714 0.3720 0.4849 
MaxEnt-2 NESDIS * 5.0706 1.5024 2.2225 0.9468 0.5057 

 
Final Remarks  
The retrieval of atmospheric temperature profile has been addressed using two different approaches, 
and employing two temperature databases: TIGR and NESDISPR, testing about 1000 profiles. Both 
methodologies implemented have produced good inversions, even for data containing real noise of the 
NOAA-16 satellite HIRS sounder. 

Concerning the computational time requested by the methodologies used in this work, it 
should be pointed out that the ANN have two different phases: training and activation. The training 
phase usually is very CPU time consuming, and for the present problem it is requiring some hours. 
However, this step is done only one time. After the training, the activation phase is very fast, usually 
takes less than one second. The latter phase represents the real inverse problem solution. Regarding 
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the regularization, the CPU-time was around few seconds. All computational simulations have been 
performed in a personal computer with an Athlon - 1.8 GHz processor. 
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Remote sensing of vertical integrated water vapour using  
SEVIRI infrared measurements 

 
Martin Stengel¹, Maximilian Reuter¹, Rene Preusker¹, Ralf Bennartz²,  

and Jürgen Fischer¹ 
 ¹Institut für Weltraumwissenschaften – Freie Universität Berlin 

²AOS – University of Wisconsin, Madison 
 

A methodology for the retrieval of atmospheric water vapor is presented which utilizes the infrared-
channels of the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on board the geostationary 
satellite METEOSAT8. The measured SEVIRI brightness temperatures depend on the amount of  
integrated water vapor (IWV) and allow therewith its estimation. 
 
The developed algorithms are based on different data sets, which relate SEVIRIs measured brightness 
temperatures to the corresponding IWV. First, we performed a huge number of radiative transfer 
simulations for a wide range of atmospheric and surface conditions. Second, we utilized the IWV 
products from NASAs Moderate Resolution Imaging Spectroradiometer (MODIS) on TERRA for 
land pixel and ESA’s microwave radiometer on ENVISAT for sea pixel. The inversion is made by 
means of multiple non-linear regressions. 
 
Considering the different datasets two algorithms were developed: Simulation Based Algorithm 
(SBA) and Measurement Based Algorithm (MBA). 
 
First results of both algorithms were compared to the derived integrated water vapor from MODIS 
and microwave radiometers. The comparisons show an accuracy between 0.3 and  0.7 g/cm² for the 
MBA and between 0.7 and 1.3 g/cm² for the SBA. One reason for the lower accuracy of the SBA 
water vapor might be related to an emphasis on certain atmospheric and surface conditions used to set 
up the radiative transfer simulations. 
 
The MBA shows a good agreement with the compared products and allows the retrieval of the 
integrated water vapor above land and ocean regions during the day and at night. The MBA product 
can be realized every 15 minutes for the full disk. 
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Land surface emissivity database for conically scanning  

microwave sensors 
 

C. Grassotti, J.-L. Moncet, R. Aschbrenner, A. Lipton and J. Galantowicz 
Atmospheric and Environment Research, Inc. 

 
Accurate knowledge of local surface emissivity is required for lower tropospheric microwave remote 
sensing over land. Ideally, for a stand alone microwave system, accuracies of 0.01 or less are needed 
for minimizing the impact of cloud liquid water on temperature and water vapor retrievals and for 
improving surface temperature retrievals. Because surface properties may change rapidly, the 
emissivity database must be frequently updated. Surface emissivity may be well characterized in the 
clears-sky using co-located microwave and infrared observations although, in certain areas, terrain 
and surface type inhomogeneities may be a limiting factor. In cloudy (non-precipitating) skies one 
must rely on temporal persistence. The use of such an approach is necessarily limited to areas for 
which frequency of occurrence of “clear” measurements is higher than the rate at which surface 
properties change. Surface emissivity in the AMSR-E channels is being retrieved from combined 
observations from the AMSR-E, AIRS and MODIS instruments on the EOS/Aqua platform in 
relatively clear conditions. In this paper, we examine the temporal variability of  retrieved local 
surface emissivity over selected regions of the globe and provide a preliminary assessment of the 
usefulness of the product for cloudy microwave retrievals. 
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RTTOV-8 — the latest update to the RTTOV model  
 

 by 
R. Saunders, Stephen English, Peter Francis, Peter Rayer, Met Office UK  

Pascal Brunel, MétéoFrance,  
Graeme Kelly, Peter Bauer and Deborah Salmond, ECMWF 

Dave Dent, NEC 
 

Abstract 
The development of the RTTOV fast radiative transfer model — part of the 
EUMETSAT-sponsored NWP-SAF activities — has continued since the release of 
RTTOV-7 in March 2002. Over the last two years, more developments have been 
made, leading to the release of RTTOV-8 to users in Nov 2004. Around 70 users 
worldwide have already received the new code.  
 
1. Overview of RTTOV-8  
RTTOV is a radiative transfer model for very rapid calculations of top-of-atmosphere 
radiances for a range of space-borne infrared and microwave radiometers as listed in  
Table 1. The original basis for the RTTOV fast computation of transmittances is 
described by Eyre and Woolf (1988). This was modified for later versions of RTTOV 
by Eyre (1991), Rayer (1995), Saunders et. al. (1999) and, most recently, Matricardi 
(2003). Recently, the development of RTTOV (versions 6 to 8) has been carried out 
as part of a collaboration between the Met Office (UK), MétéoFrance and ECMWF in 
the framework of the EUMETSAT-funded NWP Satellite Application Facility. The 
latest version of RTTOV is RTTOV-8, released in November 2004. All details on the 
model, documentation and latest updates to the code area are available at the 
following website: http://www.metoffice.gov.uk/research/interproj/nwpsaf/rtm/  
In summary, RTTOV-8 has the following features: 

• It comprises a forward, tangent linear, adjoint and K (full Jacobian matrices) 
versions of the model; the latter three modules for variational assimilation or 
retrieval applications. 

• Top-of-atmosphere radiances, brightness temperatures and layer-to-space 
plus surface-to-space transmittances for each channel are output for a given 
input atmospheric profile. There are also other layer-to-space and layer-to-
surface radiances output for computing cloudy radiances. 

• It takes about 170 msec to compute radiances for 3 profiles and 120 AIRS 
channels on a Sun workstation. 

• The input profile must contain temperature and water vapour concentration. 
Optionally, ozone and carbon dioxide can also be variable gases. 

• It can compute sea-surface emissivity for each channel internally or use a 
value provided by the user. The ISEM-6 model is used for the infrared. The 
FASTEM-3 model is used for the microwave. 

• Cloud-top pressure and effective cloud amount can be specified for simple, 
single-layer cloudy radiance calculations. 

• A ‘wrapper code’ allows RTTOV to be used to compute more complicated, 
multi-layer, cloudy radiances (RTTOV_CLD) with various overlap assumptions. 

• A new wrapper code allows RTTOV to be used to compute rain-affected 
microwave radiances (RTTOV_SCATT). 

• It can reproduce the results for RTTOV-71 (except for RTTOV_CLD). 
• It supports all the sensors given in the Table 1. 
• It is written in Fortran-90, and runs under unix or linux. 
• It has been tested on a range of platforms including linux PCs. 
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It should be noted that, for those RTTOV-7 users who want to use the new RTTOV-8 
code but do not want to change their code, an interface routine is provided to allow 
RTTOV-8 to be called from an ‘RTTOV-7 like’ interface in the users code. However 
this is only for a limited set of options for the forward model only. 
 

Platforms Sensor Channels 
simulated 

TIROS-N 
NOAA-6-18 
NOAA-2-5 

HIRS, MSU, 
SSU, AMSU-A 
AMSU-B, MHS, 
AVHRR, VTPR 

1-19, 1-4 
1-3, 1-15 
1-5, 1-5, 
1-3,1-8 

DMSP F-8-15 SSM/I 1-7 

DMSP F-16 SSMI(S) 1-24 

Meteosat-2-8 MVIRI 
SEVIRI 

2 
4-11 

GOES-8-12 Imager 
Sounder 

1-4 
1-18 

ERS-1/2 
ENVISAT 

ATSR 
AATSR 

1-3 
1-3 

GMS-5, MTSAT Imager 1-3,1-4 

Terra 
Aqua 

MODIS,AIRS 
AMSU-A, HSB, 
AMSR 

1-17, 1-2378 
1-15, 1-4,1-14 

TRMM TMI 1-9 

Coriolis WindSat 1-10 

FY-1, FY-2 MVISR, VISSR 1-3, 1-2 

 
Table 1. Sensors currently simulated by RTTOV-7 and 8. 
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Figure 1. Comparisons between RTTOV-7 and RTTOV-8 in the ECMWF model 

(same predictors). 
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2. Validation of RTTOV-8 model 
 
There has been an extensive series of tests run to ensure the performance of 
RTTOV-8 matches or exceeds that of RTTOV-7 in terms of accuracy of simulations 
and run time. The results are described in detail in the RTTOV-8 science and 
validation report (hereafter referred to as the SVR) which is available at:  
http://www.metoffice.gov.uk/research/interproj/nwpsaf/rtm/rtm_rttov8.html  
A few examples are given here.  
 
To ensure the new RTTOV-8 code can provide the same results as RTTOV-7 using 
the same predictors it was run in the ECMWF Integrated Forecasting System for 21 
days in March 2004. The mean biases between the Observed ATOVS radiances 
(HIRS 1-20 and AMSU 21-40) are shown in Figure 1. The biases are all very similar 
as expected, the small differences being due to slightly different samples being used 
due to differences in the quality control checks. The differences between the 
standard deviation of the differences are negligible. 
 

For the new set of predictors (see Tables 2 and 3 of the SVR) a new set of GENLN2 
and kCarta line-by-line transmittances for the 52 diverse ECMWF model profiles at 
43 levels and 101 levels were computed as new dependent sets. In this case water 
vapour transmittances are separated out into line absorption and continuum 
absorption in contrast to the earlier GENLN2 transmittances. Coefficients were 
derived for both 43 levels (to match the old datasets) and on a new set of 101 AIRS 
pressure levels defined on the RTTOV web page at:  
http://www.metoffice.com/research/interproj/nwpsaf/rtm/diverse_52profiles_101L.dat.  

In addition CO2 was optionally made a variable gas with its own set of optical depth 
predictors. The RTTOV-8 simulations are compared with kCarta line by line 
simulations which are the dependent dataset from which the coefficients were 
derived. Figure 2 compares the RTTOV and kCarta differences for the RTTOV-7 
optical depth predictors and RTTOV-8 optical depth predictors for the 52 profile 
dependent set for HIRS radiances. 

In terms of bias the RTTOV-8 predictors generally have the same or lower bias but 
differences are all at the 0.01K level. The move to 101 levels has little effect on the 
biases. When variable CO2 is included on 101 levels the biases are unchanged for 
some channels except HIRS channels 1-7, 15-16 where there is an increase in the 
bias. In terms of standard deviation of the differences the change of predictors has 
only a small effect but increasing the number of levels from 43L to 101L does reduce 
the standard deviation by up to 50% for some of the HIRS water vapour channels. 
The standard deviation increases for variable CO2 for the same HIRS channels as 
listed above.  

Finally to compare use of computer resources Table 2 shows a comparison run on a 
SunOS 5.9 workstation for RTTOV-71 and RTTOV_8_5 versions. 
 
3. RTTOV latest developments 
 
Since the release of RTTOV-8_5 in November 2004 upgrades to the code have been 
made which have improved various aspects of the code and performance. 
 

• The performance on vector machines has been improved and the code 
updates are now available from the RTTOV-8 web page.  

• A new RTTOV-7-like interface for the RTTOV K-code will be available shortly. 
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Resource RTTOV-7
RTTOV_8_5 

ASCII 
RTTOV_8_5 
BINARY 

Disk space required (excl. AIRS coeffs) Mbytes 86 66 66 
Memory for AIRS (3 profiles 120 chans) Mbytes 87 17 11 
CPU for direct code (3 profs 120 chans) msecs 169 170 141 
CPU for K code (3 profs 120 chans) msecs 
(preprocessing is ignored for this time) 441 378 378 

    
Table 2. Comparisons of computer resources for RTTOV-71 and 

RTTOV8_5 for an AIRS simulation of 120 channels. The times for a binary 
coefficient file read and an ascii coefficient file read are included.  
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Figure 2. Comparison of RTTOV-7 on 43 levels and RTTOV-8 optical depth predictors on 43 

levels and 101 levels with and without variable CO2. The differences are computed for 52 
diverse profiles, 6 viewing angles with kCarta as the LbL model for all coefficients.  
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• RTTOV_SCATT is being rewritten to be better optimised and work for all 
microwave sensors. New code will be available at the end of 2005.  

• A bug in the new RTTOV-8 predictors has been corrected and an update is 
available from the web site. 

• Various bugs in the microwave sea-surface emissivity code have been 
corrected and updates are available from the web site. 

• More coefficient files for the RTTOV-8 predictors will be available later this 
year when tests are completed.  

• A IASI coefficient file is being prepared.   
 
An updated version of the RTTOV-8 code will be available for distribution by the end 
of 2005 which will include the new RTTOVSCATT code. 
 
4. How to obtain the code 
 
For your free copy, visit the URL below and click on ‘software requests’ in the right 
panel. A poster on the current status of the fast radiative transfer model, RTTOV, was 
given during ITSC-14 and can be viewed from the ITSC-14 agenda. 
For full details all the RTTOV documentation it can be viewed at: 
http://www.metoffice.gov.uk/research/interproj/nwpsaf/rtm/
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Results of a comparison of radiative transfer models for 

simulating AIRS radiances  
 by 

R. Saunders, P. Rayer Met Office, A. von Engeln, Bremen Univ., 
 N. Bormann ECMWF, S. Hannon UMBC, S. Heilliette CNRS/LMD, Xu Liu,  
F. Miskolczi, NASA LRC, Y. Han NOAA,G. Masiello IMAA-CNR, J-L Moncet,  

V. Sherlock NIWA, D.S. Turner MSC, Gennady Uymin AER 
 

Abstract 
At the workshop for Soundings from High Spectral Resolution Observations in May 
2003, an AIRS radiative transfer model comparison was proposed under the auspices 
of the ITWG. Results from 14 models have been submitted. The aim of the 
intercomparison was (i) to compare the forward model calculations for all AIRS 
channels from all models for 52 diverse profiles and one tropical Pacific profile 
coincident with AIRS data; (ii) to estimate forward model error covariances; (iii) to 
assess the jacobians from each model using a measure of fit for a limited selection of 
channels; and (iv) to document the time taken to run each model. Preliminary results of 
this inter-comparison are presented in this paper. For the forward model calculations 
most models agree to within 0.02K when compared to a reference model RFM. When 
compared with observations however the mean differences increase to 1K. For the 
jacobians all models have some profiles/channels that do not fit the RFM reference 
well.  
 
1. Introduction 
 
Several years ago comparisons of radiative transfer (RT) models for ATOVS infrared 
and microwave channels have been made (Soden et. al., 2000; Garand et. al., 2001) 
which helped to better define the radiative transfer modeling errors for ATOVS. More 
recently with the advent of high spectral resolution infrared sounders (e.g. AIRS and 
IASI), enhanced versions of the ATOVS radiative transfer models have evolved. The 
success of the AIRS spectrometer in providing stable high resolution spectral infrared 
radiances has provided an impetus to improve our RT modeling for these sounders. 
 
As a result an effort was initiated at the first workshop for Soundings from High Spectral 
Resolution Observations at Madison, Wisconsin in May 2003, for an AIRS radiative 
transfer model comparison under the auspices of the International TOVS Working 
Group. The aim of the inter-comparison was (i) to compare the forward model 
calculations for all AIRS channels from all models for 52 diverse profiles and one 
tropical Pacific profile coincident with AIRS data; (ii) to estimate forward model error 
covariances; (iii) to assess the jacobians from each model using a measure of fit for a 
limited selection of channels; and (iv) to document the time taken to run each model. 
This study will allow the error characteristics of AIRS fast RT models to be better 
estimated for retrieval and data assimilation applications. Preliminary results of this 

International TOVS Study Conference-XIV Proceedings

805



inter-comparison are presented here and will be more comprehensively documented in 
a journal paper. 
 
2. Models submitted 
 
The 14 radiative transfer models that participated in this study are listed below in Table 
1. Computed brightness temperatures for all 2378 AIRS channels and for 52 diverse 
atmospheres sampled from ECMWF model analyses were submitted. In addition, one 
profile from the Western Tropical Pacific ARM site coincident with AIRS observations 
was also modelled (see Section 4). Results were submitted for three zenith angles, 
nadir, 45 deg and 60 deg, but only the nadir results are presented here. A subset of the 
models also computed layer to space transmittances, temperature, water vapour and 
ozone jacobians for 20 of the AIRS channels listed in Table 2. The fit of the jacobians to 
a reference is important to assess the performance of the RT model in a data 
assimilation and retrieval application. In addition, model run times were also 
documented. RFM, a line-by-line model, based on GENLN2 was used as a reference 
for the results presented below.  
 

Model Reference Contact Transmittance Jacobian 

RTTOV-7 GENLN2 R. Saunders, METO Yes Yes 
RTTOV-8 GENLN2 R. Saunders, METO Yes Yes 
Optran LBLRTM Y. Han, NESDIS Yes Yes 
OSS LBLRTM J-L. Moncet, AER No Yes 
LBLRTM   J-L. Moncet, AER No Yes 
RFM GENLN2 N. Bormann, ECMWF Yes Yes 
Gastropod kCarta(1) V. Sherlock, NIWA Yes Yes 
ARTS  A. von Engeln,Bremen No No 
SARTA kCarta(2) S. Hannon, UMBC No No 
PCRTM LBLRTM Xu Liu, NASA, LRC Yes Yes 
4A STRANSAC S. Heilliette, LMD Yes Yes 
FLBL  D.S. Turner, MSC Yes Yes 

Table 1. Models which participated in comparison. 
 
3. Forward model comparisons 
 
For the forward model comparisons, Figure 1 shows a portion of the spectrum from 810 
to 880 cm-1 for the mean profile (number 52). Some differences between the different 
RT models are clear in this part of the spectrum. The obvious differences at channel 
590 (845 cm-1) are due to the different way each model treats the absorption due to 
CFCs. There are also significant differences in the ‘window’ regions between the lines 
due to differences in the water vapour continuum formulation. Those fast models which 
are based on a line-by-line model included in the study generally follow the model on 
which they were trained on. For example, OSS follows LBLRTM closely. RTTOV-7, 
based on GENLN-2, which is similar to RFM, does follow RFM below 850 cm-1 but there 
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are significant differences in the window regions at higher frequencies due to water 
vapour continuum differences.  
 
Figure 2 shows the mean channel differences for all the models. Significant differences 
are seen for the ARTS model, which predicts lower radiances than the others in the 
higher absorption bands. σ-IASI is slightly warmer than the other models in the 
atmospheric window and cooler at shorter wavelengths. Hartcode has a warm bias 
from 1350 to 2300 cm-1. The differences for each model are summarised in Figures 3 
and 4 where the values are binned as histograms and integrated over all the channels. 
It is important to bear in mind that these differences are with respect to RFM and this 
may not be the best reference, so the biases are only relative to RFM. With a few 
exceptions, the differences of the models from RFM are similar.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2.  List of AIRS channels used for transmittance and jacobian comparisons.  
 

4.  Comparisons with AIRS measurements 
 
Comparisons with observed AIRS radiances were made for one profile over the 
tropical western Pacific ARM site as shown in Figure 5 and summarised in Figure 6. 
The profile characteristics were measured by in situ balloons and supplemented by 
ECMWF model profiles which provided the ozone, water vapour above 200hPa and 

Channel 
Number 

AIRS  
channel

Frequency 
cm-1

Jacobian 
computed 

1 71 666.7 T 
2 77 668.2 T 
3 305 737.1 T 
4 453 793.1 T, Q 
5 672 871.2 T, Q 
6 787 917.2 T 
7 1021 1009.2 T, O3

8 1090 1040.1 O3

9 1142 1074.3 Q 
10 1437 1323.8 Q 
11 1449 1330.8 Q 
12 1627 1427.1 Q 
13 1766 1544.3 Q 
14 1794 1563.5 Q 
15 1812 1576.1 Q 
16 1917 2229.3 T 
17 1958 2268.7 T 
18 1995 2305.5 T 
19 2107 2385.9 T 
20 2197 2500.3 T 
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temperature above 60hPa. SARTA shows best agreement with the AIRS observations 

and this is clear around AIRS channel 2150 (circled) which is due to the improved CO2 

R-branch line mixing formulation in kCARTA and also a new water vapour continuum 
(Hannon pers comm.). The good fit of SARTA is not surprising as the spectroscopic 
parameters were tuned on a dataset that included this profile. Hartcode, OSS and 
LBLRTM models are further from the observations (generally warmer at shorter 
wavelengths). The latter 2 models may have been run with an incorrect nadir view 
angle and so this is being checked.  
 
5. Comparison of layer to space transmittances and jacobians 
 
Profiles of surface to space transmittance and temperature, water vapour and ozone 
jacobians were computed by some of the RT models for the 52 profiles and a selection 
of 20 AIRS channels defined in Table 2. The channels were chosen with different 
peaks in their weighting functions for mixed gases, water vapour and ozone. An 
example of the jacobians computed is shown in Figure 7. For this profile, in general the 
models are in good agreement except between 0.1 and 5 hPa. In order to determine 
how closely the transmittances and jacobians fit to a reference profile, a ‘goodness of 
fit’ parameter M is used defined as:  
 

( )
( )

2

2100 i ref

ref

X X
M

X

−
= × ∑

∑
 
  
 

where Xi is the profile variable at level i and Xref is the reference profile which was 

taken to be the RFM model profile for this study. Figures 8A–C summarise the fit for 
transmittance profiles, temperature and water vapour jacobians for some of the models. 
For transmittances RTTOV-8 and 4A differ most from RFM but only for some channels. 
For temperature jacobians the models have a similar performance for most channels, 
although for a few channels some models have a poorer fit. AIRS channel 787 seems 
particularly difficult to model. For the water vapour jacobians RTTOV-8 and to a lesser 
extent Gastropod and PCRTM have the worst fits to the RFM profiles. The poor fits are 
only from a few profiles however. 
 
6.  Summary and future work  
 
Results of the comparisons of the AIRS RT models for nadir views are presented here. 
For the forward model comparisons all the models agree within 0.06K and most models 
are within 0.02K of the RFM model used as a reference. Exceptions to this are in 
regions affected by CFCs or CO2 line mixing where larger differences can be found.  
 
The comparison against AIRS observations shows bigger differences with mean 
brightness temperature differences at the 1K level. The SARTA model fits the AIRS 
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observations best especially in the 2100-2200 cm-1 region but has been tuned using 
this profile. Hartcode is consistently warmer than the AIRS observations at all 
frequencies.  
 
In terms of transmittances RTTOV-8 and 4A are consistently different from RFM but this 
may just reflect the fact that these models have recently been updated and include 
more up to date spectroscopy than RFM.  
 
The performance of the models in terms of jacobians is not consistent with most models 
having problems for some profiles. For temperature the AIRS 917 cm-1 channel 
appears to be the most problematic channel for modeling jacobians with 4 out of the 8 
models diverging significantly from RFM. For water vapour RTTOV-8 is consistently 
different from the RFM response for most water vapour channels but this may be due to 
the new spectroscopy in the kCARTA dataset on which this version of RTTOV-8 was 
trained.  
 
For future work the results for off-nadir simulations need to be incorporated in both the 
forward model and Jacobian comparisons. There are more models to add to the 
transmittance and jacobian comparison (i.e. RTTOV-7, σ-IASI). The water vapour 
jacobians for some of the channels with weak water vapour absorption should also be 
studied as bad jacobians here can still cause problems for the retrieval or assimilation. 
Finally the results for the ozone jacobians will also be analysed. 
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Figure 1: Comparison of AIRS RT models for the mean profile of the 52 set. The differences 
around channel 590 are due to the different treatment of CFCs in the models 

 

Figure 2: Mean brightness temperature difference for each AIRS channel of the RT model 
simulations differenced with the RFM model for 52 diverse profiles and nadir view simulations  
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Figure 3: Brightness temperature difference histogram for all AIRS channels for the fast RT 
model simulations differenced with the RFM model for 52 diverse profiles and nadir view 
simulations  

 
Figure 4: Channel averaged brightness temperature mean difference and standard deviation 
of the difference for the RT model simulations differenced with the RFM model for 52 diverse 
profiles and nadir view simulations. 
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Figure 5: Modelled – observed differences for AIRS channels over W. Pacific ARM site for a 
nadir angle of 11.55 deg 
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Figure 6: Absolute mean difference between observed and simulated radiances averaged over 

all channels for each model for ARM site profile 
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Figure 7: Comparison of modelled temperature jacobians for profile 3 and AIRS channel 71 
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Figure 8: Plots of averaged goodness of fit for 20 AIRS channels (in Table 2) for level to space 
transmittance (A), temperature (B) and water vapour (C) jacobians. 
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The Gradient Fast Line-by-Line Model

D.S. Turner

Meteorological Service of Canada

Downsview, Ontario, Canada

Introduction

For the past decade the Meteorological Service of Canada (MSC) has been using the fast line-by-line
radiative transfer model (FLBL) to generate accurate transmission/radiance databases from
representative atmosphere databases for the purpose of validation, and for generating coefficients for
fast forward models, such as MSCFAST (Garand, 1999).   The FLBL is also used as a research tool. 
For example; the examination of the approximations used by forward models to identify systematic
errors and to indicate potential methods of improvement (eg: Turner, 2004, Turner, 2000).

Many organizations have developed tangent linear adjoint models for data assimilation.  In order to
validate the adjoint models, the gradient of the radiative transfer model (or Jacobian) is required.  In
the past a brute force method is used to calculate a Jacobian with the FLBL.  In the case of a top of
the atmosphere (TOA) radiance, this entails perturbing each variable in the radiative transfer
equation, in turn, by some amount and recalculating the radiance.  The original and perturbed
radiances are then numerically differenced to obtain the derivative with to the perturbed variable. 
This is a time consuming process since it requires the FLBL to be executed each time a variable is
perturbed.

It would be advantageous to have a more accurate and faster gradient model than the brute force
method as a research tool.  An analytical differentiation of the FLBL model was performed, which
lead to a much faster and less error-prone gradient model.  The Gradient FLBL, GFLBL, is
considerably faster than the brute force FLBL model and as such could be used effectively for
validating the gradient and tangent linear adjoint of a fast forward model.  The following is a  brief
review of the FLBL radiative transfer model fol lowed on by the introduction of the gradient GFLBL
and some simple applications.

The Fast Line-by-line Layer-by-layer Model

The mono-chromatic radiative transfer equation describing the top of the atmosphere (TOA) radiance
received by a satellite from a surface, assuming a non-scattering plane-parallel atmosphere and
neglecting the reflected downwelling flux and solar terms, is the sum of two terms; the attenuated
upward surface emission, Us, and the sum of the attenuated upward atmospheric emissions, Ua ; ie,

                                            (1)

where p is the pressure, 2 is the zenith angle defining the upward surface to TOA path, B is the
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Fig. 1: Schematic of a 3 gas atmosphere model

           with a single layer highlighted.

Planck function, T is the p to TOA transmittance, and g is the surface emissivity.  The subscript ‘s’
denotes a surface which can be a topographical or cloud top surface.  T, B, g and r are functions of
wavenumber, L-.
Equation 1 can be written in numerical form as:

                                                   (2)

where   and P i is the optical thickness of the ith layer.

Equation 2 is solved by dividing the
atmosphere up into N layers containing Ng

absorbers.  The layer is indexed by the upper
boundary of the layer, hence the number of
levels equals the number of layers.  Layer 1
has no upper boundary.  It represents the semi-
infinite layer above TOA.  Each layer (see Fig.
1) is defined by its boundary values,  ,

 , .and , (  is the volume

mixing ratio of absorber, R) and its mean layer
properties,   , the mean layer
pressure, temperature and absorber amount
with respect to absorber R.  The mean layer
values are defined as:

        (3a)

  (3b)

The mean layer values are evaluated by
assuming that Lnp, T and c vary linearly 
with z and integrating across the layer.  The
mean layer values are used to evaluate optical
thicknesses.

The most accurate method of evaluating Eqn 2 is by use of a line-by-line radiative transfer model
(LBL).  The LBL signifies that the absorption coefficient is determined from basic physics, that is
—the shape of the spectral lines, their positions and overlaps with other spectral lines, are explicitly
accounted for.  This physics is contained in the absorption coefficient component of the optical
depth.

The layer optical depth is the sum of the product of the spectral line absorption coefficient, k, and the
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1  Water vapour is an exception, however it can be separated into two components that are independent
of absorber amount (Turner, 1995)

absorber amount, u, for each absorbing component within the layer, plus any continuum
contributions, Pcontinuum ;that is—

                                                             (4)

The absorption coefficient at a specified wavenumber is built up by the summation of contributions
from  neighbouring lines, hence the term “line-by-line”.  This summation is defined as,

                                                               (5)

where S is the spectral line strength at L- ok and  is its shape function.

Potentially thousands of lines may be required to build a single point in an optical depth spectrum.
Consequently, LBL calculations are relatively slow due to the many sums required to evaluate the
absorption coefficients.

In order to speed up LBL calculations sufficiently for use as a research tool, a faster LBL, the FLBL,
was developed (Turner, 1995).  In this model, the time consuming “line-by-line” part was replaced
with high resolution absorption coefficient lookup tables (k-tables), thereby transferring the CPU
intensive Eqn 5 to a “once-only” off-line operation.  A side benefit of this replacement is the vast
simplification of the LBL code which in turn allows the code to be easily tailored to specific projects.

K-tables as a function of absorber, pressure, temperature and wavenumber have been created using a
conventional LBL and HITRAN data (Rothman et al, 2003).  Each table can be thought of as a
collection of tables, one table per wavenumber.  Consequently the spectral resolution of the FLBL is
the resolution of the tables.  Each table contains  on a defined set of pressures and temperatures. 
The required  is found using a bi-cubic interpolation routine.  In principle the tables should
have a absorber amount dependancy however the dependence is sufficiently weak in the atmosphere
that it can be ignored1.  This simplification allows k and u to be treated independently with little loss
in accuracy.

Once the spectra have been produced, simulated satellite radiances are formed by convolving the
spectrum with the instrument response functions.

The Gradient FLBL (GFLBL)

One method of obtaining a Jacobian profile is by using a brute force method.  This entails perturbing
each level  by +/-*0, calculating the resulting radiance and numerically differentiating; ie,

                                                                                                (6)
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With this method a complete Jacobian profile would require 2*N separate FLBL executions.  In
practise the FLBL is not executed 2*N times independently, but uses a specialized version (BFFLBL)
to do the perturbations and differencing internally for an entire profile.  This version can only perturb
one variable at a time, hence separate runs are required to generate a temperature or a volume mixing
ratio Jacobian profile.  This process is very time consuming.  In addition, some experimentation is
needed to determine a suitable value for the perturbation.

In order to make finding the gradient more efficient and accurate, Eqn 2 is differentiated analytically
with respect to the profile temperatures and volume mixing ratios at each prescribed level.

 = 

                                                                     (7)

where       ,  .

The optical depth derivatives are 

                      and              (8)

The absorption coefficient is evaluated using the layer’s mean values,  and , thus their derivatives
with respect to the levels 0 must be known.  Noting that   and  are dependent on all adjacent level
values (see Eqn 3), then: 

  and  

The derivatives  and  are evaluated from the look-up table simultaneously with k since the bi-

cubic interpolation coefficients can also be used to evaluate the derivatives.  Since  is assumed to

be independent of absorber amount,  = 0.

The current GFLBL code generates;
1)  TOA transmittance profiles for each individual gas, the total (all absorbers), the so-called
     uniformly mixed gases (UMG), and water vapour plus UMG;
2)  the Planck-weighted equivalents of item 1,
3)  the attenuated pk to TOA surface emission assuming ,k=1
4)  the attenuated pk to TOA atmospheric emissions
5)  the derivative of item 3 (k = s) with respect to pp, Tp, and cpR.
6)  the derivative of item 4 (k = s) with respect to pp, Tp, and cpR.
The attenuated surface radiances, item 3, is a set of radiances that assumes a surface exists at all
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levels.  This is useful for considering “black” clouds at level k.  Items 5 and 6 are kept separate in
order to avoid executing the GFLBL for different values of surface emissivity (assuming , is constant
across the response function).

Comparison Between BFFLBL and GFLBL

The BFFLBL and GFLBL models were compared by calculating the temperature, water vapour and
ozone Jacobians for 20 AIRS channels.  The channels and 53 profiles selected are taken from a recent
inter-comparison of radiative transfer models for simulating AIRS radiances (Saunders, 2005, URL
2003).  The temperature perturbation and volume mixing ratio perturbation used by the BFFLBL is
±½K and ±5% of the vmr respectively. 

A sample of the Jacobian comparisons is shown in figure 2.  In general, the two compare very well,
however occasionally the BFFLBL curves can be noisy.  The noise, as yet, has never appeared in any
temperature Jacobian curves but does occasionally appear in volume mixing ratio Jacobians.  This
noise is likely due to numerics.

In addition the GFLBL compared moderately well against other models the aforementioned inter-
comparison.

Finally, on a LINUX workstation (i686 under RedHat8) the amount of CPU consumed for GFLBL is
measured in seconds, whereas to obtain the same volume of results the BFFLBL consumes is
measured in hours.  Typically the BFLBL consumes 700 times more CPU time.

            

   

Fig. 2: Comparison of the GFLBL and BFFLBL temperature, H2O vmr and O3

           vmr Jacobian profiles for 3 AIRS channels assuming profile 52 of the

           ECMWF set.
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Applications

In general the gradient version of fast forward models are, by design, incapable of producing
Jacobian profiles of each of the individual absorbers imbedded in the model.  Consequently they
cannot be used to access the sensitivity of these absorbers to perturbations in the atmosphere.  The
GFLBL can be used to obtain the Jacobian profile for each absorber used by the model.  Because of
its speed, it can produce Jacobian profiles for many different atmospheres in a reasonable amount of
time.  For example, Fig. 3 is a plot of the temperature and eight volume mixing ratios sensitivities for
seven AIRS channels around 2386(cm-1) based on the 53 IC2003 inter-comparison profiles.  The
sensitivity is an estimate of the change in brightness temperature for a change in temperature, )T,  or
change in volume mixing ratio as a percentage at some level; ie,

                                   or                                           (9)

where T = 1K and a = .1 (10%)

  

   

Fig. 3: Plot of the sensitivity of a group of AIRS channels to a 1K or 10% change in

           temperature or vmr for 53 atmospheres.  The solid black line is for profile 52.
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As can be seen in Fig. 3, these channels are most sensit ive to temperature and CO2, and to a small
extent H2O.  There is a strong sensitivity to N2, however 10% changes in N2 are highly unlikely.  The
sensitivity to H2O increases with channel.  Usually one gauges the suitability of a channel by
considering only the profiles for a couple of a atmospheres.  However, with a larger group of profiles
one can see that the average atmosphere doesn’t necessarily coincide with an average sensitivity. In
fact there is significant variat ion in both the temperature and CO2 profiles around the mean profiles at
heights where the average shows no significant values.

Another use of the GFLBL is to validate re-mapping algorithms.  For example, one cannot directly
compare a Jacobian profile calculated on a set of M-levels with a calculation on a set of N-levels by
simple interpolation since the Jacobian calculation at a specific level is implicitly dependent on the
thicknesses of the layers adjacent to the level.

One method to remap a Jacobian profile from M to N levels is by weighting the M-Jacobian profile
with its adjacent layers, interpolating the result to N-levels and then weighting it with the new
adjacent layers, that is—

  and   

where is interpolated onto  via linear interpolation.

To see how well this algorithm performs, the temperature Jacobian profile for a few channels was
evaluated on five versions of the same atmosphere.  Each atmosphere is an interpolation of the
original atmosphere, from 25 levels to 6, 12, 25, 50 and 98 levels.  For this example the top and
bottom levels of the five atmospheres were fixed to the same pressure.  The other levels are spaced
such that the number of molecules per layer slowly decreases with height.

The Jacobians of these five atmospheres were then remapped to the other four atmospheres for a total
of 25  possible re-mappings.  Figure 4 compares these re-mappings with the “truth” as evaluated by
the GFLBL for two AIRS channels.  In general this method works fairly well for cases when M is
greater than N.  However the location and number of levels are factors that must be considered.  It
should also be noted that this method does not work equally well for all channels as demonstrated in
Fig. 4 where the method does a better job in AIRS 1090 than in AIRS 1766.
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Fig 4: Remapping of a M-level Jacobian (—) to a N-level Jacobian (—) using the
          weighted adjacent layers method.  The results are compared with the GFLBL
          (—)results.

Another method of remapping a Jacobian profile from M to N levels is to use the adjoint code of a
forward linear interpolation routine.  Figure 5 illustrates the adjoint method using the same setup as
was used for figure4.

   

Fig 5: Remapping of a M-level Jacobian (—) to a N-level Jacobian (—) using the adjoint

          method.  The results are compared with the GFLBL (—)results.  Profile 52 and

          AIRS 1090 are considered for this example.

The adjoint method works fine when the re-mapping steps down from M to N levels.  Unfortunately a
significant amount of noise is introduced one is stepping up.   This method is used to transfer the
radiance Jacobians from a 43 level model to a 28 level model in MSC’s NWP model, thus when the
number of NWP levels is raised, either a new method has to be adopted or the number of radiation
levels increased.

Conclusions

A gradient version of the FLBL has been developed that is relatively quick and accurate.  Its intent is
to complement the FLBL as a research tool for examining Jacobians, sensitivities and anything else
that is related to the gradient of the radiative transfer equation.  It has been used to demonstrate
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problems in the remapping of Jacobian profiles when mapping from a few levels to many levels using
the adjoint method.

In its current form it the GFLBL does not consider the reflected down-welling flux term or the solar
term in a non-scattering atmosphere, although the most recent version of the FLBL can.  The next
version of the GFLBL will be incorporating one or both of these.  In addition the model will extended
to include spherical geometry in order to handle limb sounding.
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Do Training Datasets Make a Difference? 
 

Harold M. Woolf 
University of Wisconsin-Madison/CIMSS 

 
Members of the remote sensing community, and especially those working in the area of atmospheric-
profile retrieval science, often expend considerable energy and resources in the construction of 
training datasets for two of the primary components of that work: (1) fast transmittance models, and 
(2) regression first-guess schemes. Recently the author has begun to wonder just how significant those 
efforts are in terms of the end result -- the quality of the retrieved profiles of temperature and 
humidity. 
 
A study has been undertaken, utilizing the IAPP and the flyover, or direct-readout, NOAA-15 and -16 
ATOVS datasets received at Madison, Wisconsin, to assess the influence of different training datasets 
on retrieval accuracy. In the area of fast transmittance model generation, the CIMSS-32 (31 profiles 
plus the Standard Atmosphere) and UMBC-49 (48 profiles plus the Standard Atmosphere) training 
datasets have been employed to construct coefficients for the PLOD/PFAAST algorithm. For 
regression first-guess development, the NOAA-88b and SEEBORv3 datasets have been used. 
 
Retrievals have been produced from all available flyover passes since 10 February 2005, using the 
following "combinations of ingredients": 
 
A. the existing "operational" version, consisting of CIMSS-32 fast transmittance and NOAA88b first 
guess; 
B. UMBC-49 fast transmittance and NOAA88b first guess; 
C. UMBC-49 fast transmittance and SEEBORv3 first guess. 
 
For all three versions, the retrievals are also run with NWP first guess. 
 
Assessments of retrieved temperature and humidity quality, based on radiosonde matchups, are 
presented for the six cases, and conclusions are drawn as to the significance of the choice of training 
datasets for the two components. 
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 International MODIS/AIRS Processing Package (IMAPP) Current 
Status and Future Prospects 

 
Hung-Lung Huang, Liam Gumley, Kathleen Strabala, Jun Huang,  

Kevin Baggett, James E. Davies, Li Guan, Jun Li, and Tom Achtor 
Cooperative Institute for Meteorological Satellite Studies 

Space Science and Engineering Center 
University of Wisconsin-Madison 

 
The International Moderate Resolution Imaging Spectroradiometer / Atmospheric Infrared Sounder 
(MODIS/AIRS) Processing Package (IMAPP) provides users with EOS satellite Terra and Aqua 
direct broadcast system the capability to calibrate and navigate locally received satellite data and, 
from these data, to create environmental data products of significant regional interest.  This software 
development effort is funded by NASA and is freely distributed to end users by the Cooperative 
Institute for Meteorological Satellite Studies (CIMSS) at the University of Wisconsin-Madison.  
IMAPP can be downloaded via anonymous ftp at http://cimss.ssec.wisc.edu/~gumley/IMAPP/.  
 
IMAPP continues to evolve by developing and releasing software that meets users’ demands for near 
real-time regional environmental products.  Software portability, reliability and usability continue to 
be the primary requirements driving the project.  The number of products within IMAPP continues to 
grow and currently includes MODIS/AIRS calibrated/navigated radiances, MODIS cloud mask, cloud 
top properties and cloud phase, retrievals of atmospheric profiles (temperature and moisture), total 
precipitable water, sea surface temperature and aerosol optical depth.  AIRS Level 1 and 2 products 
include: level 1b, single field of view clear retrievals of temperature and moisture and AMSR-E level 
1B/2A processing software. The near term algorithm releases include MODIS/AIRS cloud-cleared 
radiance and sounding retrieval, and AMSR-E rain rate. 
 
While IMAPP development will continue into the near future, planning for the NPOESS and its 
Preparatory Project (NPP) is well underway.  The processing package for NPP/NPOESS will be built 
on the foundation laid by IMAPP and the data processing element provided by NPOESS prime 
contractor and NASA Direct Readout Laboratory (DRL).  The RDR/SDR/EDR processing software 
system known as Field Terminal System (FTS) will then be used by NPP/NPOESS direct broadcast 
users for the production of Sensor Data Records (SDRs) and Environmental Data Recoreds (EDRs).  
The proposed International NPOESS/NPP Processing Package (INPP) will support the NPOESS 
mission application element by developing value added services to 1) support northern American real-
time regional users, 2) add value to the mission application products generated including regionally 
optimized/unique and specialty/synergistic products, 3) provide continuous calibration/validation & 
evaluation support, and 4) engage the global direct broadcast community in NPP/NPOESS mission. 
 
In summary, in this poster paper we will highlight the current status and future prospects for IMAPP 
and its successor, INPP.  Specifically, we shall address the role these software packages play in 
bringing to the international polar orbiting direct broadcast community the considerable capabilities of 
the NOAA series satellites, EOS of NASA, and, into the future, NPOESS of IPO (Integrated Program 
Office). 
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Abstract 

Uncertainties in the orbit prediction and attitude control of the NOAA spacecrafts often cause the 
geolocation of the AVHRR data to be in error of several kilometres. Applying the Automatic 
Navigation Adjustment (ANA) software developed at the Céntre de Météorologie Spatiale 
(CMS), Météo-France, Bordes et al. (1992) and Brunel and Marsouin (2000), in general improves 
AVHRR navigation significantly. ANA combines a physical image deformation model and 
automatic adjustment on coastal landmarks, and allows for interpreting the landmark navigation 
errors in terms of the satellite attitude. 

However, especially at high latitudes and during nighttime and during the winter season the ANA 
landmark detection often fails, leaving either very few landmarks for the attitude estimation, or 
even worse, no valid landmarks at all, and therefore no attitude correction. For one full year 
(2003) of 1149 NOAA 17 overpasses received at SMHI ANA failed to derive an attitude in 
19.7% of these. During wintertime (October till March) this ratio increase to 20.6%, and during 
nighttime (19 till 5 UTC) the rate of failure is 24.4%. 

This paper presents a new landmark classification method developed mainly for nighttime. The 
method is based on a k-means clustering approach using all five AVHRR spectral channels. The 
method was tested on a large number of NOAA 15, 16 and 17 overpasses received at Norrköping 
during the winter months November till March of the years 2003 and 2004. 

The rate of success in the landmark detection rate increases significantly when using the new 
method. The number of nighttime NOAA 17 overpasses for which a pitch error was derived 
increased from 74% using the existing histogram method to 82% with the k-means clustering 
method.  

Introduction 

In Dybbroe et al. (2003) the problem of inaccurate navigation of AVHRR data was introduced, 
and motivations for trying to improve navigation were given. Dybbroe et el. (2003) showed how 
the Automatic Navigation Adjustment tool (ANA) developed at Météo-France by Brunel and 
Marsouin (2002) could be used with success outside the Lannion acquisition area and at high 
latitudes, and without the use of the cloud mask step. 
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The objective of this study is to improve ANA and the navigation of AVHRR data at high 
latitudes. The main focus is on the difficult conditions during the high latitude wintertime with 
low sun elevation (no signal in the visible and near-infrared channels) and cold land and sea 
surfaces, known to be a particular problem with the current version of ANA (Dybbroe et al., 
2003). 

The Automatic Navigation Adjustment technique - ANA 

The position of an AVHRR footprint depends on time, satellite position and velocity, satellite 
attitude (its orientation) and radiometer viewing geometry. The radiometer geometry is known 
prior to launch. Time is usually available, e.g. through the satellite time corrected from the 
satellite clock error, or from an independent clock. The satellite position and velocity may be 
calculated by an orbit prediction model ingesting daily bulletins (e.g. TBUS). The remaining 
unknown is the satellite attitude, or in fact how the actual attitude deviates from its nominal value. 

The actual satellite attitude can be estimated if an adjustment is performed on the raw data 
(navigated using the nominal attitude) using known landmarks, as has been done operationally at 
CMS, Météo-France since 1990, using ANA (Brunel and Marsouin, 2000). 

ANA is described in detail by Brunel and Marsouin (2000, 2002). ANA combines a physical 
image deformation model and automatic adjustment on coastal landmarks. The navigation 
adjustment is done in satellite co-ordinates allowing interpreting the landmark navigation errors 
in terms of satellite attitude: yaw, pitch and roll. The adjustment involves the following six steps: 

1) Generation of a set of reference landmarks 

2) Landmark location using deformation model and nominal attitude 

3) Cloud mask generation - optional. 

4) Generation of binary land-sea mask, using channel 1 and 2 at daytime and channel 4 and 
5 at nighttime 

5) Derivation of a similarity coefficient 

6) Attitude estimation 

Step 1 is done only once for a given HRPT station. Step 3, generation of a cloud mask, may be 
omitted, as is the case for the implementation at SMHI. 

The processing steps 5 and 6 above depend on the outcome of 4. If the detection and separation of 
land and sea fails no correlation attempts are done in 5, and the processing proceeds with the next 
available landmark. Likewise, if the similarity found in 5 is lower than a threshold (presently set 
to 0.90) the landmark will not contribute to the attitude estimation. A set of 10 different validity 
codes has been defined to describe the results of the landmark identification and correlation steps, 
see Brunel and Marsouin (2003) or Dybbroe (2004). Only a validity of 0 is accepted in the 
attitude estimation step (6). 

ANA nighttime detection and its deficiencies 

ANA does not provide an attitude estimation when less than three valid landmarks (inside swath, 
cloud free, and land-sea separation successfully done) have been found. If more than five valid 
landmarks are found all attitude angles are retrieved, but if only three or four landmarks are valid 
a default yaw will be used and only the roll and pitch are retrieved. 

For one full year (2003) of 1149 NOAA 17 overpasses received at SMHI ANA failed to derive an 
attitude in 19.7% of these. During wintertime (October till March) this ratio increase to 20.6%, 
and during nighttime (19 till 5 UTC) the rate of failure is 24.4%. For the same year 942 NOAA 
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15 overpasses were received and processed, and the rate of ANA failure was 17.4% (25.4% for 
wintertime). No NOAA 15 scenes were received between 19 and 5 UTC. 

The number of overpasses with unsuccessful attitude estimation is not perhaps the best estimate 
of the performance of ANA and the landmark location algorithm. A better estimate would be to 
derive the ratio of valid landmarks to the number of viewed (inside the satellite swath) and cloud 
free landmarks, for various illuminations conditions (day, night, twilight) and to study its seasonal 
variation. A long-term statistic on HRPT data received and processed at CMS, Lannion, using the 
MAIA cloud mask has shown that the ANA landmark detection algorithm performs better during 
day than by night and better in summer time than during winter (Dybbroe et al., 2003). 

Since no cloud mask is applied at SMHI we can only relate the number of valid landmarks to the 
number of viewed. On average the ratio of valid landmarks over the number of viewed before 
attitude estimation is 31.5% and 29.1% after attitude estimation for NOAA 17 during 2003. These 
same ratios are 15.7% and 13.9% during nighttime and 23.4% and 21.5% wintertime. For one 
year of NOAA 15 overpasses the ratio of valid over viewed landmarks before and after attitude 
estimation is 21.9% and 20.4%. No NOAA 15 scenes were received between 19 and 5 UTC, but 
the ratios during wintertime were 12.5% and 11.3%. 

The landmark detection algorithm applied during nighttime is detailed in Brunel and Marsouin 
(2002). The algorithm calculates the histogram of brightness temperature differences between 
AVHRR channel 4 and 5, Tb4-Tb5, for all cloud free pixels, searches for two peaks and 
computes a threshold, and assigns all pixels with a Tb4-Tb5 lower than the threshold to land and 
all others to sea. The method is based on the fact that the Tb4-Tb5 is most often greater over sea 
than over land at night. This is because the cloud free lower atmosphere is most often more stable 
over land than over sea.  

There are several weaknesses of this algorithm. Even though the Tb4-Tb5 is very rarely greater 
over land than over sea, it happens quite frequently that there is no clear separation of the land 
and sea peaks. In those cases no threshold is found and no separation is attempted, and the 
landmark is rejected. According to Brunel and Marsouin (2002) this is specially a problem with 
morning and evening passes. Also, the algorithm is based on empirical parameters tuned for mid 
latitude conditions only. Figure 1 shows an example where the Tb4-Tb5 is ambiguous concerning 
the two peaks, and the algorithm fails accordingly.     

   
Figure 1: RGB composite using channel 3, 4, and 5 (left) and the Tb4-Tb5 histogram of 
all pixels (right) for the landmarks “047”, Gotland, Sweden for the NOAA 17 overpass, 
orbit 12093, October the 21, 2004, 19:51 UTC. Though the landmark is totally or almost 
totally cloudfree and land and sea can be separated visually from the RGB composite 
image the histogram algorithm fails. 
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A new nighttime landmark detection algorithm using k-means clustering on all 
AVHRR channels 

The histogram method only employs a subset of the available spectral information to separate 
cloudfree land from sea. As Figure 1 clearly illustrate there are cases where the utilisation of 
more spectral information should be able to improve the land-sea separation. For instance, the 
histogram method does not take advantage of the often-observed clear difference in IR skin 
temperature between land and sea. It is evident that the information available in the Tb4 feature 
should be incorporated in attempts to improve the histogram method. However, the Tb4 feature is 
much more variable over time of day and season than the Tb4-Tb5, so it is impossible to make 
the same kind of a priori assumptions on which the Tb4-Tb5 histogram algorithm is based. 

Instead of extending the histogram method we have chosen to replace it with a classical automatic 
k-means clustering method with two clusters using all available spectral channels. Even the 
visible and near infrared channels are considered which makes the algorithm automatically 
account for a variable sun zenith angle, and thus potentially capable of also solving for twilight 
and daylight conditions. The method assumes two spectrally different and homogenous features 
and these will be separated so that all pixels in the image belong to that cluster for which the 
Euclidean distance (in the 5-dimensional space defined by the AVHRR channels) to its cluster 
mean is a minimum. 

Figure 2 shows an example of a successful result of the clustering algorithm for the same 
landmark and overpass displayed in Figure 1. Whereas the Tb4-Tb5 histogram was ambiguous 
concerning two peaks the Tb4 histogram clearly indicate two separate clusters for cloudfree land 
and sea. Though the absolute temperature is very small indeed (< 2K) the k-means clustering 
algorithm successfully separate land from sea. 

     
Figure 2: The result of the k-means clustering algorithm (middle panel) for the same 
landmark “047” (Gotland) and overpass as shown in Figure 1, together with the RGB 
colour composite (left) and the Tb4 histogram (right). 

Contrary to the histogram method the k-means clustering method makes no assumptions of the 
spectral values over cloudfree land and sea. Instead it is fully adapting to the local and actual 
conditions at each landmark and overpass. However, this dynamical adaptation may also make 
the approach more vulnerable to contamination from clouds or snow/ice cover (or even sea 
surface features as discussed above) than what is the case with the histogram method. Therefore, 
it has proven necessary to precede the actual land-sea separation with a gross cloud mask 
algorithm removing the pixels where one is confident that clouds are contaminating the field of 
view (FOV). In addition, a quality check is performed after the cloud masking and land-sea 
detection steps. In this post-processing step the two clusters are being examined for possible 
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excessive cloud contamination. The three components of the new land-sea detection algorithm are 
summarised below. A more detailed description can be found in Dybbroe (2004). 

Algorithm step one - Cloud Mask 

The purpose of the cloud masking is not to try to perform a perfect true cloud-clearing, as is the 
goal of e.g. the NWCSAF/PPS cloud mask (Dybbroe et al., 2005). Rather the aim is to filter out 
the pixels where there is severe alteration of the TOA radiance due to cloud contamination, 
allowing for partially filled cloud pixels and thin and highly transparent clouds. The cloud 
masking is more cautious than the PPS cloud mask in the sense that it takes very little or no risk 
of erroneously detecting cloud free pixels as clouds. The philosophy is to rather let cloudy pixels 
go undetected than mistake cloud free pixels for clouds. 

The cloud mask is based on dynamic thresholding and is very similar to the PPS cloud mask, 
however using only the three IR channels. See Dybbroe et al., 2005 for details. An additional new 
feature of this cloud mask is that it also derives a dynamic threshold for Tb4 using statistics on 
the observed data. A k-means clustering with four clusters is being derived and possible cloud 
free clusters are then used to set the threshold. Details can be found in Dybbroe (2004).  

The gross cloud mask is very cautious in the use of the tests for semi-transparent clouds, as one 
would like to still attempt a land-sea separation in situations with semi-transparent or broken 
clouds. Only the Tb4-Tb5 is used to find potentially cloud free clusters on which a Tb4 threshold 
may be derived. 

Algorithm step two – k-means clustering 

A k-means clustering is performed on all cloudfree pixels according to step one described above. 
The result is an image with values 0, 1, and 2, where 2 indicate cloudy, and the values 0 and 1 
refer to cloudfree land and sea. The cloudfree cluster with the highest value of Tb4-Tb5 is set to 
be sea, and the landmark correlation coefficient is being calculated. If the resulting correlation is 
poor, it could be due to erroneous cluster labelling, and the two clusters will be switched and a 
second correlation trial will be done. 

Algorithm step three – quality checking 

Depending on the cloud cover, the cluster separation, and indications on the cloud contamination 
of the clusters, the landmark validity is evaluated. A number of new validity codes have been 
defined in addition to the existing 9 codes for ANA 3.1. Further processing in ANA (correlation 
estimation) is performed only on those landmarks which have a validity of 0.  

In Table 1 the new validity codes are listed with short descriptions of the quality checks they refer 
to. As a measure of cluster separation we use the Jeffries-Matusita (JM) distance. The higher the 
JM-distance, the better the clusters are separated. A pair of well separated clusters should 
intuitively indicate a high level of confidence in the land-sea separation. However, as illustrated 
in Figure 1 and Figure 2, clusters may be close in the feature space but still result in a successful 
land-sea separation, if there are no or little cloudiness in the area. 

Therefore we only filter out the results where the cluster distance is small if in addition significant 
cloud coverage is detected (see Table 1). The assumption behind this is that if clouds are detected, 
there is also a high risk that there are still cloudy pixels left which are undetected. If clusters are 
close to each other and clouds contribute to the definition of the clusters, there is also a high risk 
that both sea and land are mixed in both the clusters.  
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Validity 
code 

Quality check Criteria 

10 Cloud cover > 50% 

11 

High cloud cover 
and poor cluster 

separation Cloud cover > 20% & JM-distance < 0.3 

21 Very small clusters 
not allowed 

Relative number of pixels in one of the clusters < 5% 

13 At least one cluster contaminated by water clouds according to 
Tb4-Tb3 

14 At least one of cluster contaminated by ice clouds according to 
Tb4-Tb3 

23 Both clusters contaminated by water clouds according to Tb4-Tb3 

24 

Cloud 
contamination 

according to Tb4-
Tb3 

Only performed if 
the probability of 

sunglint is low Both clusters contaminated by ice clouds according to Tb4-Tb3 

15 At least one cluster contaminated by semi-transparent clouds 
according to Tb4-Tb5 

25 

Cloud 
contamination 

according to Tb4-
Tb5 Both clusters contaminated by semi-transparent clouds according 

to Tb4-Tb5 

16 The coldest cluster cloud contaminated according to Tb4 

17 The warmest cluster cloud contaminated according to Tb4 

26 

Cloud 
contamination 

according to Tb4 
Both clusters cloud contaminated according to Tb4 

Table 1: The various quality checks and their corresponding validity codes introduced in 
the k-means clustering algorithm. Detailed explanations are given in Dybbroe (2004). 

Results 

The 205 NOAA 17 nighttime overpasses resulted in a total of 10179 viewed landmarks, and thus 
on average 50 of the 111 landmarks in the database are viewed in each overpass. Of these viewed 
landmarks 2529 (24.8%) had the validity code 0 before attitude estimation using the k-means 
clustering algorithm and 1749 (17.2%) for the histogram method. 

Thus, the number of valid landmarks before attitude estimation is significantly higher with the k-
means clustering method. But this is not the best estimate of the quality of the landmark detection 
algorithms. It is important to know how big the spread in line,pixel displacements are and how 
much this spread is possibly increased with an increase in the landmark detection rate.  

The number of landmarks with 0 validity with a displacement within 2.0 from the mean 
displacement is 1590 (15.6%) for the clustering algorithm and 1577 (15.5%) for the histogram 
method. Counting the number of landmarks with 0 validity with a displacement within 5 from the 
mean the result is 2294 (22.5%) for the clustering and 1728 (17.0%) for the histogram methods. 

For the 36 NOAA 15 overpasses observed 2452 landmarks were viewed and inside the swath, 
corresponding to a landmark coverage of 68 on average. 

The k-means clustering method found 526 (21.5%) landmarks to be valid and the histogram 
method classified 369 (15.0%) as valid. The number of landmarks with a 0 validity with a 
displacement within 5 from the mean was 465 (19.0 %) for the clustering method and 355 (14.5 
%) for the histogram method. The number of landmarks with a 0 validity with a displacement 
within 2 from the mean was 259 (10.6 %) for the clustering method and 227 (9.3 %) for the 
histogram method. 
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Of the 174 NOAA 16 overpasses 11864 landmarks was viewed, corresponding to average 
landmark coverage of almost 68. The total number of landmarks with a 0 validity was 2934 (24.7 
%) for the clustering method and 2233 (18.8 %) for the histogram method. The number of 
landmarks with a 0 validity with a displacement within 5 from the mean was 2691 (22.7 %) for 
the clustering method and 2195 (18.5 %) for the histogram method. The number of landmarks 
with 0 validity with a displacement within 2 from the mean was 1920 (16.2%) and 2027 (17.1 %) 
for the histogram method. 

Figure 3 provides a clear evidence of the increase in number of successfully detected landmarks 
with the k-means clustering method as compared to the histogram method. A great majority of the 
overpasses clearly show an excess in number of landmarks for the clustering method. Only very 
few NOAA 16 and 17 overpasses show a negative result. 

Of the 205 processed NOAA 17 overpasses a pitch error was derived in 169 of the cases using the 
k-means clustering method, and in 152 of the cases with the histogram method. 

The NOAA 17 pitch error as estimated with the two methods agrees well. In 144 of the 205 
overpasses a pitch error was derived with both methods, and this dataset shows a very high 
correlation of 0.98. The yaw and roll errors are in general much smaller and accordingly agree 
less well showing correlations of 0.56 and 0.73 respectively. 

The correlations for NOAA 15 were 0.88 for the pitch error, 0.57 for the yaw error and 0.38 for 
the roll error. For NOAA 16 we got correlations of the attitude errors of 0.97 (pitch), 0.52 (yaw) 
and 0.76 (roll). 

 
Figure 3: Comparison of the performance of the k-means clustering algorithm and the 
histogram method, in terms of the number of valid landmarks before and after attitude 
estimation, for NOAA 17 (left) and NOAA 16 (right). The blue line is y=x. 

Discussion and conclusion 

A new landmark classification method mainly for nighttime has been developed. The method is 
based on a k-means clustering approach including a cloud mask and a quality checking and 
filtering. The method was tested on a large number of NOAA 15, 16 and 17 overpasses received 
at SMHI in Norrköping during the winter months November till March of the years 2003 and 
2004. 

The rate of success in the landmark detection rate increases significantly when using the new 
method. The ratio of successfully detected landmarks over the number of viewed (cloudy and 
cloudfree) for NOAA 17 was 24.8% with the k-means clustering method compared to 17.2% with 
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the current histogram based method in ANA. Similar results were obtained with NOAA 15 and 
16. 

A check of the line-pixel displacements derived from the valid landmarks showed that the spread 
is greater with the new method, and sometimes a valid landmark give rise to very big deviations 
from the mean displacement. However, it is natural that a higher detection rate will cause a higher 
spread, and such outliers will normally be filtered out in the attitude estimation step. But still, if 
one counts the number of valid landmarks with little or no spread the number is in general higher 
for the new method compared to the existing histogram method. 

The number of nighttime NOAA 17 overpasses for which a pitch error was derived increased 
from 74% using the histogram method to 82% with the k-means clustering method. A fewer 
number of NOAA 16 and NOAA 15 overpasses were analysed, but also here we observed a clear 
improvement with the new method, though the performance was generally higher than for the 
NOAA 17 data for both methods. The increase in overpasses with an estimated pitch error was 
from 91% to 94% for NOAA 16 and 92% to 97% for NOAA 15. 

In general the pitch errors estimated with the two methods agrees quite well, having high 
correlations coefficients of 0.97 and 0.98 for NOAA 16 and NOAA 17 respectively. During the 
periods studied both the roll and yaw errors were quite small, and therefore it is only natural that 
they correlate less well between the two methods. The NOAA 15 overpasses gave less good 
correlations for all attitude angles, but the pitch errors correlated still reasonable well (0.88). 
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A near real-time AIRS processing and distribution system has been fully operational at 
NOAA/NESDIS/ORA for over two years.  This system was developed to distribute AIRS data to the 
Numerical Weather Prediction Centers for data assimilation.  Due to the large volume of AIRS data, 
the full data set could not be distributed; therefore, the data set had to be spatially and spectrally 
subset.  Current AIRS subset products include  brightness temperatures and principal component 
scores for one field of view selected from every other collocated AMSU field of regard.  Although the 
AIRS data have shown positive model impact, this subset scheme may not be the optimal set for 
assimilation since the selection of the data on a fixed grid was arbitrary.  To determine the 
effectiveness of this AIRS subset scheme, NOAA/NESDIS/ORA has created two new AIRS data 
subsets for distribution.  The first new dataset only uses AIRS data to determine the clearest footprints 
to be distributed.  The second data set uses MODIS data, in conjunction with the AIRS data, to 
determine the highest quality footprints to be distributed.  Both of these new subset methods will be 
presented. 
 
The AIRS system developed at NOAA/NESDIS/ORA is being used as a baseline to prepare for the 
processing and distribution of both IASI data from MetOP and CrIS data from NPP and NPOESS.  
Both IASI data and CrIS data orbits will be simulated and their radiances will be produced using 
model forecast data and fast radiative transfer programs.  The simulated data will then be subset and 
placed into BUFR format for distribution.  These systems will be implemented the same way that the 
AIRS simulation system was run prior the launch of AQUA.  The details of these future systems will 
be discussed. 
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Data compression is one of the key issues for high spectral resolution infrared sounders because their 
data volumes are too large to distribute in full to the users and the data assimilation centers.  The 
Atmospheric Infrared Sounder (AIRS) (Aumann et al. 2003), launched on May 4, 2002 on the 
AQUA-EOS satellite,  is the first of a new generation of high spectral resolution infrared sounder 
having 2378 channels measuring outgoing radiance between 650 cm-1 and 2675 cm-1. 
NOAA/NESDIS is processing and distributing AIRS data and products in near real-time to 
operational NWP centers. This offers us a great opportunity to use real AIRS observations as a test-
bed for data compression study of the hyper spectral sounding instruments.  
 
The desired features of hyper spectral data compression include high compression ratio, fast 
processing time, and the preservation of relevant information. Principal Components Analysis (PCA) 
provides an effective way to reach these goals.  Since the information from the 2000 plus AIRS 
channels are not independent, PCA can be used to reduce the dimension while retaining the 
significant information content of the data. The AIRS spectrum can be represented by a much smaller 
amount of PCA scores. Individual channels can be reconstructed with minimal signal loss. 
Reconstruction errors can be coded using Huffman coding. Instead of the individual channel 
radiances, principal component (eigenvector) coefficients can be provided to the users, thus reducing 
the size of the data volume. The coded reconstruction errors and the corresponding statistical metadata 
can be provided along with the data if lossless compression is desired. 
 
Our preliminary study shows that compression factors of up to 50 can be obtained with this approach, 
without losing any accuracy of the data. In NOAA NESDIS, a data compression system based on this 
approach is being developed, which will allow us to archive and distribute the compressed AIRS level 
1B data and the corresponding metadata in near real time. In this poster we present our studies of the 
application of this approach to other AIRS data compression techniques. The generation and 
application of the eigenvectors, the process of Huffman coding the reconstruction errors and the 
creation of the corresponding statistical metadata will be described. The knowledge that we are 
gaining from the AIRS data will be useful for high spectral infrared radiance data compression for 
future satellite observations. 
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Abstract 
Water is a critically important constituent throughout the stratosphere and mesosphere. The SHOW 
project will develop a new instrument to measure water vapour from 15km to 85km height, on a 
global scale, using the unique capabilities provided by Spatial Heterodyne Spectroscopy (SHS). This 
work builds on Canadian expertise in fabricating solid Michelson interferometers to fill a significant 
niche in our current capability.  

The SHS setup the FTS with the mirrors replaced by diffraction gratings at Littrow configuration, 
wavelength depended Fizeau fringes are recorded by a 320*256 CCD camera without any scanning 
elements, the high resolution spectral information along one detector dimension can be obtain from 
Fourier analysis, and the other dimension will provide the spatial information. At a limb view point, a 
field-widened SHS with half-angle of 6 degrees for water observations at 1364nm is desired, the 
resolution is 0.02nm within full bandwidth of 2nm, and the resolving power is about 68,000. 
 
Introduction 
Water vapour plays a fundamental role in the dynamics and radiation budget of the atmosphere. It is 
the single most important greenhouse gas, contributing more than 80% to the total greenhouse effect.    
Water vapour not only plays a central role in weather and climate phenomena but in atmospheric 
chemical processes as well. Recent observational studies indicate that there is an increasing trend of 
lower stratospheric water vapour in the midlatitudes in the last 50 years. It is very crucial to determine 
the details of the various processes that move air across the tropical tropopause into the stratosphere 
and the relative importance of these processes in determining stratospheric humidity. By observing 
the sun scattering light in near Infrared region (the atmospheric winder is around 1364.5nm) in limb 
view configuration, the proposed spatial heterodyne instrument is intended to provide simultaneous 
observations from 15 to 85 km and thus will provide better understanding of these critical issues and 
help to resolve outstanding questions. 
    The primary objective of the SHOW project is to develop a new instrument designed to measure 
water vapour from the upper troposphere, through the stratosphere and into the lower mesosphere, on 
a global scale, using the unique capabilities provided by Spatial Heterodyne Spectroscopy (SHS).  

The development of the new SHOW instrument will enable us to address these important scientific 
objectives: 

- To demonstrate the capability of long-term measurement of water vapour in the stratosphere. 
    - To study the process of water vapour entry to the stratosphere. 
    - To study the transport of water vapour in the stratosphere and mesosphere. 
    - To study mesospheric water vapour and mesospheric clouds. 
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    The SHOW mission science objectives include the study of PMCs at high latitudes. Initial study 
indicates that a polar, sun-synchronous orbit is suitable for SHOW project and provides adequate 
coverage of both equatorial and polar region. SHOW will look at the water vapour absorption in the 
101–000 band at 1364nm since it has several lines which are well isolated from other atmospheric 
absorbers. The simulations are shown in fig 1. The instrument will record spectral information along 
the horizon and resolves 1 km in the vertical at the limb tangent point but averages the horizontal field 
of view to take advantage of field widening and improve throughput. 

 
Fig 1: SHOW Instrument Atmospheric window illustrating the water absorption 

in NIR region along the line of sight in limb view configuration 
    The proposed SHOW instrument will provide good vertical resolution with high horizontal spatial 
resolution and good latitudinal coverage in a relative small size. This provides an advantage over 
occultation observations (i.e. ACE, HALOE and SAGE) since SHOW will provide better latitudinal 
coverage and better horizontal resolution, without sampling restricted to sunrise and sunset. The 
global coverage provided by SHOW is limited to daytime measurements, so is not as good as that 
provided by MIPAS or ODIN, however, SHOW is much less complex than either of these and has the 
potential to provide the long term, repeatable observations needed for climate change studies. 
Comparing with AQUA’s instruments dedicated to the observations of humidity, AMSR-E is a large 
instrument with a 1.6 m diameter antenna and a mass of 323 kg, and AIRS is an infrared nadir-
viewing grating spectrometer with a resolving power of 1200, compared with 63,000 for SHOW. 
    At present, various laboratory tests have been carried out to assure the design is correct before the 
monolithic SHS is conducted. The SHS and SHOW instrument design, the lab tests on the breadboard 
and its results and future work are discussed in more detail in following sections.     
 
SHS and SHOW Instrument Design 
SHS (Spatial Heterodyne Spectroscopy) was developed to suit any application on any spectral regions 
for any species with high spectral resolution and large throughout over a relatively narrow band.  

A spatial heterodyne interferometer is similar to a Michelson interferometer with its mirrors 
replaced by fixed diffraction gratings. The interferometer does not require any moving parts.  
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Diffracted, monochromatic beams that recombine at the beamsplitter each have the angle γ towards 
the optical axis, this can be expressed by grating equation as follows: 

dmLL /)]sin()[sin( =−+ γθθσ  

where σ is the wavenumber, θL is the Littrow angle, m is the order of diffraction, and 1/d is the 
grating groove density.  
    The path difference along the crossed wavefronts results in a Fizeau fringe pattern, which is 
detected using a detector array. The spatial frequency fx of the fringes is a function of the wavenumber 
of the incident radiation, which is 

)tan()(4)sin(2 LLx sf θσσγσ −==  

by assuming a small value for γ, where σL is the Littrow wavenumber.  
    In the general case of a polychromatic source, the intensity I(x) in the fringe localization plane can 
be written as a function of the spatial dimension x in the dispersion plane: 

σθσσπσ dxtgBxI LLo
]})()(4(2cos[1){()( 0−+= ∫

∞  

    Note that I(x) is the cosine Fourier transformation of the incident radiance spectrum B(σ ) added to 
a constant term. An interference filter is used to reject out of band wavelengths that would result in 
the alias fringes and/or a non-unique recovery of the incident spectrum. 
    Field-widened spatial heterodyne spectrometers can be achieved using fixed field-widening prisms 
shown below in fig 2. The Prisms also provide contribution towards the Field Widening. This gives 
the SHS concept an enormous throughput advantage over conventional grating spectrometers with 
similar spectral resolution. Field-widened SHS instruments have no moving parts and low power and 
volume requirements. 
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Fig 2: Field-widened SHS for SHOW Instrument (refer to EMS document) 

    SHS Design Engine was further developed to get the design of SHS setup at 1364.5nm for 
observation of water. This ray-tracing software provides the capability to design field-widened 
SHOW optics and for now it has been used to produce preliminary designs for the laboratory 

International TOVS Study Conference-XIV Proceedings

838



breadboard work. The SHOW SHS can achieve larger than 90 in field widening angle when a very 
high refraction index wedge is used. A ZnSe prism with the APEX angle of 11.960 is selected at a 
Littrow wavelength of 1364nm for the breadboard tests. The design parameters are listed in table 1.  

Table 1: Parameters of Breadboard Design in Water Window 
Design wavelength 1364.5 nm 

Lines per mm of Gratings 600 
Grating width and height 50 x 25 mm 

Littrow angle 24.14150@ Order: 1 
ZnSe Prism field-widening angles 11.960

Field of View (Inside) 90 (inside SHS, Angle to be tested: 60) 
Beamsplitter size 50 x 50 mm 

Beamsplitter angle -450

Arm length 115 mm 
Bandwidth (minimum) 1362.5 nm to 1366.5 nm 

Resolution 0.02nm 
Resolving Power 68000 

 
Lab Test and Results 
In general, a spatial heterodyne spectrometer can be tuned to operate in any spectral region and it is 
possible to control the trade off between spectral resolution and bandwidth. The SHOW laboratory 
breadboard work has demonstrated this with the development of both a visible and near IR test setup. 
After the successful design, setup and test of breadboards at 632.8 nm and 1264 nm, two emission 
lines from a Krypton and a Xenon lamp were used to demonstrate the SHS at water window 
(1364.5nm). All of these were implemented at minimal cost using off the-shelf components and 
existing equipment in the CRESS Space Instrumentation Laboratory (CSIL).  
 
Visible Region Setup and its Results 
The basic parameters for the visible breadboard were derived using the SHOW SHS Design Engine. 
Table 2 gives the design parameters using off the shelf components available in the laboratory. 

Table 2: Parameters of Breadboard Design in Visible region 
Design wavelength 632.8 nm 

Lines per mm of Gratings 600 
Grating width and height 50 x 25 mm 

Littrow angle 10.940@ Order: 1 
BK7 Prism field-widening angles 11.460

Field of View (Outside) 20

Beamsplitter size 50 x 50 mm 
Beamsplitter angle -450

Arm length 120 mm 
Bandwidth (minimum) 632.8 nm to 642 nm 

Resolution 0.03nm 
Resolving Power 21093 

    A HeNe laser (continuous, polarized output at 632.8 nm) is used as a source to set up the 
SHS breadboard in the visible region. The maximum resolution limit is about 642 nm, with 
the reference or Littrow wavelength set at 632.8 nm. The passband, resolution and resolving 
power can be examined using lines from a Neon lamp (633.4 nm, 638.3 nm, 640.2 nm). The 
basic setup begins with the on-axis, not field-widened (no prism) configuration. A 450 cube 
beamsplitter (50*50*50 mm, non-polarized, designed for the visible) was available in the 
laboratory and so was used for the visible setup. Standard gratings, 600 grooves/mm were 
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used to disperse the light and reflected the desired ones to construct the fringes. At 632.8 nm 
the grating efficiency is only about 12 – 14%. An IMG1300 large array CCD camera was 
used to obtain images. It incorporates a full-frame 1280(H) X 1024(V) mega pixel CCD 
array, with 16 μm square pixels which have a full well depth of 150,000 electrons per pixel. 
The photosensitive area is 20.5 mm (H) х 16.4 mm (V) and the chip size is 22.0 mm (H) х 
17.1 mm (V). The basic configuration of SHOW in Visible region (no prisms for field-widening) is 
shown in Fig 3, with the laser’s fringes shown in Fig 4. A narrow band filter (FWHM from 631.082 to 
635.195 nm) is placed in the input in order to isolate one of the neon emission lines. With the visible 
SHS set at the Littrow condition for 632.8 nm, various images have been obtained to show that the 
SHS works as expected at other wavelengths. Fig 5 shows the SHS fringes of  640.2nm of Neon lamp. 
 
 
 
 
 
 
 
 
 
 
 
     
    
 

Fig 3: Visible Breadboard Configuration 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                  
                                                                                       
                   Fig 4: HeNe laser fringes              Fig5: Neon lamp fringes (640.2 nm) 
 
Near IR Region (1264 nm) Setup and its Results 
    The near IR breadboard is shown below in Fig 6. An image of the spatial fringes recorded 
at 1265 nm (for the SHS set to a Littrow wavelength of 1264 nm) is shown in the right hand 
Fig 7 below. The successful implementation of both SHS Design Engine and the laboratory 

International TOVS Study Conference-XIV Proceedings

840



breadboard demonstrate that the current SHOW instrument design is feasible and achievable. 
In the region of 1264 nm, the best grating groove density is also 600 lpmm. New gratings, blazed at 
1250 nm, and a beamsplitter suitable for the near IR were purchased from the catalogue. In 
order to record the image and monitor the system while adjusting the setup, a POWER 
Technology IRVC (300 - 1700nm) camera was purchased (Figure 5). The blaze angle is larger than 
the one in the visible region, so the IR gratings require a larger range of adjustment than the visible 
gratings, the grating efficiency is 75%. The basic design parameters for 1264 nm are given in table 3. 

Table 3: Parameters of Breadboard Design in NIR region (1265nm) 
Design wavelength 1264 nm 

Lines per mm of Gratings 600 
Grating width and height 50 x 25 mm 

Littrow angle 22.280@ Order: 1 
BK7 Prism field-widening angles 21.230

Field of View (Outside) 20

Beamsplitter size 50 x 50 mm 
Beamsplitter angle -450

Arm length 120 mm 
Bandwidth (minimum) 1263 nm to 1267 nm 

Resolution 0.02nm 
Resolving Power 63200 

 
 
 
 
 
 
 
 
 
 
 
                                                                      
            Fig 6: Near IR Breadboard                           Fig 7: SHS Image at 1265nm 
Figure 8 is a plot of one slice through the image to obtain the variation in the spatial domain. The 
signal level is in arbitrary units from the frame digitization. The Fourier transform of the above spatial 
sample provides the wavelength difference with respect to the Littrow wavelength. Figure 9 shows the 
plot of the FFT of the slice image (there is a ghost in negative direction which is not shown here). 
 
 
 
 
 
 
 
 
 

Fig 8: Horizontal slice showing spatial fringes at 1265 nm 
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Fig 9 Emission line of 1265nm is obtained after FFT 
 
Current Water window Experiment Setup and  its Development 
At present, we are working on breadboard tests to demonstrate field widened configuration at 
a wavelength of 1364nm, which is the identified window of water. One of the sources is a 
Xenon lamp with an emission line at a wavelength of 1365.7 nm, the other is a Krypton lamp 
with a 1363.4 nm line. The basic design parameters for 1364.5 nm are given in table 1 above. 
The same Beamsplitter and gratings working in NIR region are used. ZnSe Prisms are inserted 
for field widening in present breadboard test. Since the requirement of the Prism APEX angle is very 
critical, a dual prism set replaced the single prism to perform the field widening. The two prisms, with 
80 apex respectively, can rotate with respect to one another to get an adjustable joint apex angle. This 
setup also demonstrates the dual-twist prisms’ set, the prism may also be tilted. A magnetic stick 
holder is designed for the easy control on rotation. According to the design engine, the angular 
relationship is critical for the setup. Although one can set the prism angle by fixing the rotation angle, 
in practice, a HeNe Laser beam is used to determine whether the setup is correct. One can also arrange 
and measure the angles between components by apply the reflection law. The setup is shown in Figure 
10. A new filter within bandpass of 10 nm is placed in front of SHS in order to isolate various lines of 
Xe and/or Kr lamps. A new low noise InGaAs Camera will record the field-widened image while the 
same POWER Technology IRVC (300 - 1700nm) camera is used for alignment. 

                                      
Fig 10: the Field Widened SHS System 
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Conclusions and Future Work 
The current work has clearly demonstrated that the SHS works well in the near infrared at 1264 nm. 
The SHS Design Engine was used to provide initial parameters for this work and the 
breadboard setup verified that the values were correct for the on-axis case. The SHS Design 
Engine has been used to develop parameters for an SHS design at 1364 nm, using off the 
shelf components. 
    Analysis software, used to process image data (FFT and so on), pass-band, resolving power and 
resolution, will be developed. InGaAs Camera will record the field widened image, and the 
Characteristic of the 1364 nm breadboard can be carried out soon.  
    Field work will also be carried out by mounting the SHOW instrument onto an aircraft to 
do real observation of water vapour at the altitude of the aircraft. The observation 
configuration can be either an air cell with a white source, or limb view of the local 
atmosphere. A prototype instrument will be built for this purpose, and design tools will help the 
setup, build and test. 
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