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ABSTRACT
The ability to accurately validate high spectral resolution IR radiance measurements from
Space using comparisons with aircraft spectrometer observations has been successfully
demonstrated. The demonstration is based on a 21 November 2002 under-flight of the
AIRS on the NASA Aqua spacecraft by the S-HIS on the NASA ER-2 high altitude
aircraft and resulted in brightness temperature differences approaching 0.1K for most of
the spectrum!

Aircraft comparisons of this type provide a mechanism for periodically testing the
absolute calibration of spacecraft instruments with instrumentation for which the
calibration can be carefully maintained on the ground. This capability is especially
valuable for assuring the long-term consistency and accuracy of climate observations,
including those from the NASA EOS spacecrafts (Terra, Aqua and Aura) and the new
complement of NPOESS operational instruments. The validation role for accurately
calibrated aircraft spectrometers also includes application to broadband instruments and
linking the calibrations of similar instruments on different spacecraft.

Both the AIRS and the S-HI'S calibrations are expected to be very accurate (formal 3-
sigma estimates are better than 1 K brightness temperature for a wide range of scene
temperatures), because high spectral resolution offers inherent advantages for absolute
calibration and because they make use of high emissivity cavity blackbodies as onboard
radiometric references. AIRS has the added advantage of a cold space view, and the S-
HIS calibration has benefited from the availability of a zenith view from high atitude
flights on the Proteus aircraft. The S-HIS has also benefited from calibration techniques
developed over many years in conjunction with the original HIS aircraft instrument and
with the Atmospheric Emitted Radiance Interferometer (AERI) instruments devel oped
for the DOE ARM Program. The absolute radiometric calibration is traceable to NIST,
and in the future, we plan to check the calibration directly by inter-comparison to a NIST-
maintained sensor (the TXR radiometer).

It is expected that aircraft flights of the S-HIS and its close cousin the NPOESS
Atmospheric Sounder Testbed (NAST) will be used to check the long-term stability of
AIRS and the NPOESS operational follow-on sounder, the Cross-track Infrared Sounder
(CrlS), over the life of the mission.



1. Introduction

The need for higher accuracy and more refined error characterization of radiance
measurements from space (and corresponding geophysical products) to improve both
weather forecasting and climate change monitoring has led to a new emphasis on
conducting direct tests of in-orbit performance, referred to as “validation”. Validation
involves collecting higher quality reference data from specially maintained airborne and
ground-based facilities that can support refined analyses of a controlled set of well-
understood measurements, instead of statistical analyses of data having inconsistent
pedigree and unknown error characteristics. Thisis a positive trend that will help take full
advantage of our satellite systems.

The validation activitiesinitiated for the NASA Earth Observing System (EOS)
platforms, which are well underway for the Terra and Aqua platforms and will soon be
initiated for Aura, are setting the stage for enhanced validation of new observational
satellite systems. Extensive plans for validation of the National Polar Orbiting
Environmenta Satellite System (NPOESS) and future geosynchronous systems are also
underway. The Scanning High-resolution Interferometer Sounder (S-HIS) aircraft
instrument discussed in this paper is an important validation tool that is currently being
used for both EOS and NPOESS. For NPOESS, S-HIS use is coordinated with the
NPOESS Airborne Sounder Testbed (NAST) to optimize payload compatibility with joint
field campaigns and for critical inter-comparison tests of accuracy.

2. The Scanning High-resolution Interferometer Sounder (S-HIYS)

The Scanning HIS is an airborne Michelson Interferometer follow-on to the original
University of Wisconsin HIS (Smith, et al., 1989; Revercomb, et al., 1988a) that was
flown successfully on the NASA ER2 from 1986 to 1998. The original nadir-only spatial
sampling of the HIS has been replaced by cross-track coverage with similar 2-km
footprints, while at the same time S-HIS is smaller and much easier to operate
(Revercomb, et al., 1996, 1998). In addition to the NASA ER2, it has been successfully
flown on the NASA DC8 and on the Scale Composites Proteus, as shown in Figure 1. As
illustrated, the Proteus implementation also provides a zenith view to augment calibration
information and as a valuable capability for studying upper level water vapor.

Typical S-HIS radiance spectra are shown in Figure 2. The overlapping regions of the
three spectral bands are used to constrain the non-linearity correction required for the
longwave and midwave bands that use photo-conductive HgCdTe detectors. The
shortwave band uses an InSb detector and its expected linearity is confirmed by the lack
of telltale out-of-band contributions. Aswith the original HIS (Revercomb, et al., 1988b,
1989, 1997; Best, et d., 1997), accurate calibration has been amajor goal for the S-HIS.
Figure 3 shows the 3-sigma radiometric performance expected for S-HIS. Note that for
scene temperatures above 220 to 240 K, the 3-sigma absol ute calibration accuracy isless
than 0.3 K! For carefully calibrated IR spacecraft instruments, the accuracy will be even
better for cold scene temperatures, because space provides awell-known cold reference.

The zenith viewing option was first implemented in November 2002. Up and down-
looking observations from 14 km altitude are shown in Figure 4. Note the accurate zero
determined from the warm and intermediate temperature blackbody spectra shown, even
for the non-linear longwave and midwave bands. The zenith view adds an important
constraint on the S-HIS non-linearity correction algorithm (Revercomb, 1994).
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Figure 1. Scanning HISinstrument and illustration of cross-track and zenith viewing
from the Proteusaircraft. S-HIS hasbeen configured to fly on the NASA DC8 and ER2
aircraft aswell asthe Proteus.
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Figure 2. Scanning HISradiance spectra collected over the Gulf of Mexico on 21
November 2002 from the NASA ER2 at 20 km altitude during the Terra-Aqua
Experiment (TX-2002). Thethree separate spectral bandsof S-HIS areillustrated,
along with the good agr eement between spectra from neighboring bands wher e they
overlap.
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Figure 3. Three-sigma calibration accuracy estimatesfor Scanning HI Swith two
different ambient blackbody temperatures. Conditions apply to AIRS vadiation flights
on 21 November 2002 on the ER2 over the Gulf of Mexico (left) and 16 November 2002
on Proteus over the DOE Atmospheric Radiation M easurement (ARM) sitein
Oklahoma. Tags and Tygg are the ambient and hot blackbody temperatures.
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Figure4. Comparison of zenith (green) and nadir (black) radiance spectra from the
Proteusat 14 km over the DOE Atmospheric Radiation M easurement (ARM) program
Southern Great Plains site on 16 November 2002. Spectra of the reference blackbodies
used for calibration are shown in red and blue.

3. Validation of AIRSwith Scanning HIS

The Atmospheric Infrared Sounder (AIRS) on the NASA Aqua spacecraft launched on 20
May 2002 is a cryogenic cross-dispersed grating spectrometer (Aumann et al., 2003). It
employs 7 different orders of dispersion to map the spectrum onto 12 detector modules
with atotal of 15 linear arrays. A single spatial footprint is detected at atime, with the
field being focused on the grating to minimize the impact of non-uniform cloudy scenes
on spectral calibration.



The differencesin spatial and spectral sampling that need to be accounted for in making
accurate comparisons of AIRS and S-HIS areillustrated in Figure 5. The technique
selected for doing thisisto make use of calculations that account for the actual spectral
and spatial characteristics of each instrument. The calculated spectra allow the
observation-minus-calculation residual for each instrument to be compared, avoiding the
first-order effects of these differences. To improve this comparison even further, the
residuals are each convolved with the Instrument Line Shape (ILS) of the other. Thisis
equivalent to eliminating grating contributions from optical path differences larger than
measured by S-HIS and weakly apodizing S-HIS to match the effect of the AIRSILS.
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Figure5. lllustration of the differences between AIRS and S-HI S spatial viewing
conditions (left) and spectral Instrument Line Shape (ILS) functionsthat need to be
accounted for in making detailed radiance comparisons.
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Figure6. Aqua MODIS 12 micron band image over the Gulf of Mexico on 21
November 2002, illustrating the aircraft sub-track (narrow line) and the 8 near nadir
AlIRSfootprints (~15 km diameter) chosen for comparison based ssmultaneity and
scene unifor mity (peak-to-peak brightness temper ature variations of about 0.5 °C).



The best conditions for validation of AIRS with Scanning HIS to date were
encountered over the Gulf of Mexico on 21 November 2002 as part of the Terra Aqua
Experiment (TX 2002). The excellent scene uniformity isillustrated in Figure 6, and
the first-order spectral comparison is shown in Figure 7. For thisfirst-order
comparison, the spectra from each instrument have been noise filtered using principle
component techniques, and averaged over common spatial footprints.
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Figure 7. Average of Scanning HIS spectra (red) from inside 8 AIRS footprints (see
Figure 6) compared to AIRS spectral channels (black +'s) averaged over the 8
footprints. For thiscomparison, nothing has been doneto account for the different
spectral characteristics or altitudes of thetwo platforms. Theportionsof the AIRS
spectrain the middle of the 15 and 4-micron carbon dioxide bands ar e sensitive to
altitudes above the ER2 altitude of the S-HIS and should not be expected to agree.
However, the spectrum from near the middle of the 6.3-micron water vapor band (lower
blow-up) isaregion wherethe effective spectral resolutions are comparable, and where
themajor contributions come from below the ER2. Note the excellent agreement in this
region.

The final comparison between S-HIS and AIRS radiances is shown in Figure 8 as the
difference of spectrally normalized obs-calc residuals. The excellence of the agreement
is demonstrated by the histograms for each module, as discussed in the caption. Note that
while the small residual differences are not just for window regions, but extend deeply
into the 15-micron carbon dioxide band and also into the 6.3-micron water vapor band.
The analysis also identified a spectral scale error in one AIRS module (Figure 9).
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Figure8. Summary of final AIRSto Scanning HI S comparison with elimination of
channelswith significant sensitivity above the ER2. The colorsdistinguish different
detector modules of the AIRS instrument (separate linear detector arrays), with
corresponding color coded histograms of differences. Note the excellent agreement! The
mean agreement over most modulesisorder 0.1 °C or less (M-04b isthe one exception
with amean of 0.26 °C). Also, the standard deviations are with one exception lessthan
0.2°C.
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Figure 9. Evidencefor very small shift in the spectral calibration of AIRS channels (3%
of spectral resolution) from module M-05 discover ed with S-HIS. Theoriginal shift has
now been confirmed with direct comparisons of calculated spectrawith AIRS and the
spectral response functions adjusted to removeit.



4. Assessment of MODI S Calibration from AIRS

Having validated AIRS with S-HIS, it is useful to consider the implications for other
infrared instruments. Since the AIRS provides reasonably high spectral resolution, it can
be used to simulate the radiance of lower resolution instruments, such as the EOS
MODIS imager, by convolving the AIRS spectrum with the normalized MODI S spectral
resolution function for each of the 15 MODIS IR bands. A sample AIRS spectrum is
compared to MODI S spectral response functionsin Figure 10. Note that there are some
gapsin the AIRS spectrum that create significant convolution errors, unless they are
accounted for.
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Figure 10. Comparison of AIRS spectrum and M ODI S spectral response functions for
itsoverlapping IR bands. It isclear that most M ODI S bands can be simulated with
AIRS by convolving the AIRS spectra with the MODI S spectral response functions.

The results of comparing co-located AIRS and MODI S for alarge selection of global
samples, chosen from reasonably uniform AIRS footprintsis shown in Figure 11.
Note that the numbers of comparisons range from afew 100,000 for window channels
and the ozone channel to almost 2 million for the most opague channel 36. The
distributions of AIRS-MODI S differences shown in blue for each band are the final
results with corrections for convolution errors determined from a standard
atmosphere. The blue bars give an estimate of the convolution errors and are
centered at the mean AIRS-MODI S difference. Given the excellent agreement
between AIRS and S-HIS, it is expected that the largest part of these differences are
issues with MODIS. The most significant differences occur for the most opaque 15-
micron CO2 bands (34-36) and for water vapor (27, 28).
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Figure 11. Distributions of brightness-temperature differences between AIRS and
MODISfor alarge number of samples (N) taken from scenes with reasonably small
spatial non-uniformity. An spectral shift in the MODI S spectral response functions
could account for most of these differences. 1t has been demonstrated that a single
spectral shift would make the differences small for a wide range of scene brightness
temperatur e conditions.

5. Summary

Theseinitial results of comparing AIRS in orbit on the Aqua platform to aircraft
observations from S-HIS illustrate the substantial advantages of high spectral resolution
observations for accurate calibration applications.

The basic conclusions are listed below:
1. The calibration uncertainty of advanced high spectral resolution infrared observations
are approaching the 0.1 K desired for climate applications,

2. High spectral resolution observations from airborne instruments (S HIS & NAST) are
now proven tools for the detailed validation of satellite based observations,

3. AIRS s providing high quality global radiances for atmospheric sounding & climate
applications, and a calibration reference for other IR instruments, and

4. High spectral resolution Aircraft comparisons provide away to periodically test the
absolute calibration of spacecraft instruments with instrumentation that can be
carefully re-calibrated with reference standards on the ground, which is especially
valuable for assuring the long-term consistency and accuracy of weather and climate
observations.
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