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Cloud trends (and processes) from 15 years of 
Atmospheric Infrared Sounder observations 



Example six minute AIRS granule on September 6, 2002



Trends



2002-2016 average ice cloud optical thickness

26.5% of all AIRS FOVs
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2002-2016 average ice cloud effective diameter

26.5% of all AIRS FOVs contain ice
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Rapid cloud property changes in Arctic
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satellite observations (e.g., van Diedenhoven et al., 2014). Therefore, research is needed into 
extracting relevant ice cloud properties from satellite observations, including innovative use of 
multiple sensors simultaneously.  

The availability of a continuous record of high spectral resolution IR observations starting in 
2002 with NASA Aqua, following with SNPP in 2011, on the MetOp series since 2006, and in 
the near future with JPSS, will provide a multi-decadal record that will be exploited to advance 
the aforementioned science problems. The sounders will not only enable a more accurate record 
of cloud property trends and variability, but their synergy with thermodynamic profiles at the 
pixel level will enable a unique climate data record to address the heart of cloud-climate 
feedback uncertainties. The cloud property retrievals should not be performed in isolation of the 
underlying temperature, water vapor, and surface parameters. A cloud property record that is 
developed separately for each sounder instrument is not desirable. At present, cloud products 
from different sounders are constructed from different retrieval algorithms and assumptions, 
different sets of ancillary data, different channel sets, and may (or may not) include MW and/or 
visible/IR imager channels. If this piecemeal approach continues into the foreseeable future, we 
will be hamstrung in exploiting this multi-decadal record that is sorely needed by the research 
community.  The activities in this proposal are rooted in the philosophy that algorithm continuity 
and uncertainty characterization are prerequisites for climate record continuity. When that is not 
entirely possible, a full quantification of the uncertainties caused by this lack of algorithmic 
continuity is then necessary. We expect that the two major thrusts discussed in §1.1 will 
complement each other and will enable continuity of cloud properties across the AIRS and CrIS 
sensors, and eventually lay the groundwork for JPSS. 

1.4.2 Cloud properties from AIRS and lessons learned 
The AIRS Science Team Version 6 release provides cloud products that include cloud top 

temperature (CTT) and effective cloud fraction (ECF) for up to two layers, cloud top 
thermodynamic phase (ice, liquid, and unknown categories), ice cloud optical thickness (COT), 
ice cloud effective radius (CER), and ice cloud top temperature (ICECTT). Using the AIRS 
instrument, we now illustrate one of several challenges in constructing an observational record 
with rigorous continuity. Figure 1-1 shows 14-year trends in cloud top temperature (CTT) for all 
clouds regardless of cloud type or thermodynamic phase from the AIRS Standard product, and 
the AIRS Support product ice cloud top temperature (ICECTT) (see Kahn et al., 2014). The CTT 
field is either one or two layers for a given pixel and is calculated after cloud clearing (Susskind 
et al., 2003), while the ICECTT is obtained from the OE post-processor that runs on the 27% of 

 
Figure 1-1. Shown are the 14-year global trends of AIRS cloud top temperature products. Left: the AIRS 

Standard product upper level CTT. Right: the AIRS Support product ICECTT.  

 

Phase matters: trends in cloud top temperature
are vastly different for ice/liquid clouds



Sampling matters: trends in cloud top temperature
are impacted by cloud frequency changes
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Figure 6. The 14-year trends for the tropics, SH and NH extratropics, and IR/MW, IR only, and IR nadir retrievals. (a) Tci, (b) rei, (c) ⌧i,
(d) Tci AK, (e) rei AK, (f) ⌧i AK, (g) ice cloud frequency, (h) �2, and (i) IWP. The confidence for 95 % statistical significance is shown as
black lines with narrow tick marks and the confidence for 95 % statistical significance with a lag-1 autocorrelation correction is shown as
wider tick marks (see Santer et al., 2000).

slope across the 59 channels by reducing the longest wave-
length channel by �50 mK, increasing the shortest wave-
length channel by +50 mK, and apply a linearly interpolated
correction to channels in between; (4) the same as (3) ex-
cept decrease the slope by reversing the radiometric pertur-
bations; (5) different ice cloud properties between v6 and a
new version (v7j) of AIRS radiances that is updated with new
calibration estimates (Steve Broberg and Thomas Pagano,
personal communication, 2018); and (6) the same as (5) ex-
cept restricted to the new polarisation corrections only. Ex-
periment (1) isolates radiometric drift on ice cloud proper-
ties only, while (2) accounts for impacts from the full geo-
physical retrieval. Experiments (3) and (4) are an approx-
imate way to estimate channel dependent drift but ignores
the effects of individual detector modules. Experiments (1)
to (4) are performed for the focus day 6 September 2002.
Experiment (5) assesses the differences in ice cloud prop-
erties solely due to the updated radiance calibration (v7j)
and experiment (6) isolates the contributions from updates
in the polarisation corrections only. Experiments (5) and
(6) are performed for the focus days 6 September 2002,

3 March 2007, 6 June 2007, 9 December 2007, 1 Septem-
ber 2012, and 12 September 2017. Further investigation into
radiometric drift scenarios on the AIRS Level 2 retrieval sys-
tem that take into account individual characteristics of each
relevant detector module is warranted.

The results of experiments (1) and (2) are summarised in
Table 1 for one day of retrievals on 6 September 2002 for
±54� latitude over the oceans and for QC = [0, 1]. Both
experiments indicate that differences with respect to the
IR/MW retrieval are substantially smaller than the trends re-
ported in Fig. 6. For the experiments before and after cloud
clearing, 1rei is �0.13 and �0.1 µm, 1⌧i is +0.01 and
+0.005, and 1Tci is +0.24 and +0.26 K, respectively. The
AK trends for cloud variables for the perturbation experi-
ments are much less than depicted in Fig. 6. Furthermore,
the sign changes of the perturbations are not consistent with
Fig. 6. (A similar test with �50 mK that is not shown was
performed and is nearly symmetric but with the opposite re-
sult.) The results of the slope perturbation experiments (3)
and (4) are summarised in Table 2. The 1rei and 1⌧i trends
are somewhat larger than for experiments (1) and (2) includ-
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Statistically significant trends emerge for zonal bands
(54S-18S, 18S-18N,18N-54N oceans)



Processes: what is causing increase 
in CER?



Opaque/precipitating clouds have larger cloud top CER 

Kahn et al., 2018, ACP
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Figure 7. The mean (solid) and ±1� values of AIRS IR only rei vs. Tci for opaque, non-opaque and multi-layer ice clouds over the tropical
oceans during the months of July and August within the 14-year time period of investigation. Refer to Table 3 for definitions of the three
categories. The AMSR-E/AMSR-2 estimates of LWP and RR are used to divide categories into clear (LWP = 0) and no rain (RR = 0),
according to the passive microwave; cloudy (LWP > 0) and no rain (RR = 0); and cloudy (LWP > 0) and rain (RR > 0). The results in both
panels have all AIRS ice clouds filtered within 6 K of the cold point tropopause; otherwise a much larger and potentially unphysical increase
in rei would be observed in the figures at the coldest temperatures. The symbols are average rei from in situ field campaign data for the
CRYSTAL-FACE (diamonds), TC4 (triangles), and NAMMA (squares) campaigns; please see Heymsfield et al. (2014) for more details.

5.2 Dependence of rei on near surface wind speed

Correlations between rain rate and near surface wind speed
in passive MW observations have suggested a tropical
precipitation–convergence feedback (Back and Bretherton,
2005). The AMSR low frequency (LF) wind is used to quan-
tify the response of rei to variability in near surface wind
speeds in the presence of convection. Figure 8 shows that
opaque clouds exhibit dependence on wind speed; the weak-
est (strongest) winds are associated with the largest (small-
est) rei. The change in rei is ⇠ 2 µm for Tcld < 210 K but
can be as large as 3–5 µm for Tcld > 230 K. The dependence
for non-opaque clouds is of opposite sign and lower mag-
nitude when compared to opaque clouds. Figure 8 was also
calculated with NWP model winds and is nearly identical
with < 1 µm difference (not shown). The consistency between
NWP and AMSR winds provided confidence to partition
the NWP winds into the individual u- and v-components,
and the u-component is shown in the left column of Fig. 8.
The largest values of rei are found for light easterly winds
around 5–10 m s�1 for opaque, consistent with convectively
active regimes generating larger rei (e.g. Protat et al., 2011).
Smaller values of a few µm are associated with westerly
winds during suppressed convection. Changes in rei due to
wind direction changes are largest for Tcld > 230 K and are
lowest for the coldest convective cloud tops. Very weak de-
pendence is found for non-opaque clouds.

Multi-layer clouds exhibit the largest changes with wind
speed (Fig. 8). However, the reduced values of rei at higher
wind speeds have low occurrence frequencies (i.e. noted by
the greyscale shading). The contribution of retrieval biases

that arise from an additional lower layer(s) not accounted for
in the forward model (Kahn et al., 2014) has not been quan-
tified. A firm conclusion on the realism of changes in multi-
layer cloud top rei to wind speed variability thus remains elu-
sive and warrants further investigation.

The response of ⌧i to near surface wind speed is shown in
Fig. 9 for the same cloud categories in Fig. 8. There is little,
if any, dependence of ⌧i on wind speed except for slightly
larger values during light easterly winds. The values of ⌧i
are lowest for non-opaque and confirm that these clouds are
typically thin cirrus. The values of ⌧i are a few factors larger
for multi-layer and increase for stronger winds.

5.3 Dependence of rei on CWV and Tsfc

The Tsfc and CWV also exhibit correlations with rei (Fig. 10).
Opaque clouds exhibit a 2–4 µm jump as CWV increases
from 45 to 65 mm, with the largest values for Tcld > 230 K;
a similar pattern is observed for Tsfc (Fig. 10). Little depen-
dence of rei is observed for non-opaque clouds. There is an
increase in rei with increasing CWV and Tsfc for multi-layer
clouds. Overall the rei is lower in non-opaque clouds com-
pared to opaque clouds for all combinations of Tci, CWV, and
Tsfc. There is a subtle dependence of ⌧i on CWV for opaque
clouds, although this dependence is absent in Tsfc (Fig. 11).
Both non-opaque and multi-layer clouds show increases in ⌧i
with CWV, but this only holds true for multi-layer clouds for
increasing Tsfc.

Atmos. Chem. Phys., 18, 10715–10739, 2018 www.atmos-chem-phys.net/18/10715/2018/
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Cloud top CER responses to surface wind speed
B. H. Kahn et al.: Ice cloud microphysical trends observed 10727

Figure 8. AMSR-E/AMSR-2 low frequency (LF) wind speeds (m s�1) (b, d, f) or NWP model u-component wind speeds (a, c, e) vs.
Tcld histograms. The log counts are shown as greyscale, the AIRS IR only rei (µm) overlaid as coloured contours, with opaque (a, b),
non-opaque (c, d), and multi-layered (e, f) clouds shown separately.
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Cloud top CER responses to SST
B. H. Kahn et al.: Ice cloud microphysical trends observed 10729

Figure 10. AMSR-E/AMSR-2 total CWV (mm) (a, c, e) or Tsfc (K) (b, d, f) vs. Tcld histograms. The log counts are shown as a greyscale, the
AIRS IR only rei (µm) overlaid as colored contours, with opaque (a, b), non-opaque (c, d), and multi-layered (e, f) clouds shown separately.
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Cloud top CER responses to CWV
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Larger CER in precipitating opaque/convective clouds with 
high SSTs, larger CWV, and weak/east surface winds

Use collocated CloudSat reflectivity profiles to classify 
convective intensity

Compare to DARDAR retrievals of CER
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Stronger convection has larger CER at same CTT
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Evidence of larger CER when lower layer cloud enhances 
radiative cooling (Stephens, 1983, JAS)

Evidence of larger CER with lofting of larger particles 
in convection? 

Is there a trend in the pdf of vertical velocity 
that explains AIRS CER trends?



Ice cloud property differences are consistent with 
expectations for various cloud types

Cloud

type

Single cloud 

type 

proportion
Mean ti

ti relative 

error

ti

averaging 

kernel

%

passing QC 

for ti

Mean rei
rei relative 

error

rei

averaging 

kernel

% passing 

QC for rei

c2

residual 

fit

ci 25.2 1.94 1.99 0.99 96.5 25.7 2.6 0.99 73.6 4.1
As 26.6 2.55 5.55 0.94 97.7 25.0 4.6 0.98 80.2 2.9
Ac 5.5 1.60 5.94 0.92 94.3 22.2 3.6 0.99 57.0 4.2
Sc 22.2 1.36 14.17 0.72 78.5 20.3 6.7 0.96 48.4 3.4
Cu 1.0 3.27 5.29 0.96 93.5 27.9 7.1 0.96 68.8 3.5
Ns 15.4 2.52 8.21 0.89 97.8 23.9 5.6 0.98 86.7 2.5
Dc 4.0 5.54 3.54 0.98 98.4 27.2 7.2 0.96 72.5 3.1

Guillaume et al, 2018, AMTD, to be submitted



Convective aggregation may be operating mechanism 
underlying both ideas

Increased cloud overlap along with reduced thin cirrus and 
anvil size (e.g., Bony et al., 2016, PNAS; 

Satoh and Matsuda, 2009, JAS)

Change in vertical velocity profiles, change in microphysics 
pathways, larger particles at cloud top 

(Chen et al., 2016, J. Climate)



Backup slides



Slide on cloud type comparisons/error estimates



Kahn et al, 2018, ACPD

AIRS
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Cloud top CER and COT responses to surface wind speedB. H. Kahn et al.: Ice cloud microphysical trends observed 10727

Figure 8. AMSR-E/AMSR-2 low frequency (LF) wind speeds (m s�1) (b, d, f) or NWP model u-component wind speeds (a, c, e) vs.
Tcld histograms. The log counts are shown as greyscale, the AIRS IR only rei (µm) overlaid as coloured contours, with opaque (a, b),
non-opaque (c, d), and multi-layered (e, f) clouds shown separately.
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Figure 9. AMSR-E/AMSR-2 low frequency (LF) wind speeds (m s�1) (b, d, f) or NWP model u-component wind speeds (a, c, e) vs. Tcld
histograms. The log counts are shown as greyscale, the AIRS IR only ⌧i overlaid as colored contours, with opaque (a, b), non-opaque (c, d),
and multi-layered (e, f) clouds shown separately.

Atmos. Chem. Phys., 18, 10715–10739, 2018 www.atmos-chem-phys.net/18/10715/2018/
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Figure 9. AMSR-E/AMSR-2 low frequency (LF) wind speeds (m s�1) (b, d, f) or NWP model u-component wind speeds (a, c, e) vs. Tcld
histograms. The log counts are shown as greyscale, the AIRS IR only ⌧i overlaid as colored contours, with opaque (a, b), non-opaque (c, d),
and multi-layered (e, f) clouds shown separately.
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Figure 10. AMSR-E/AMSR-2 total CWV (mm) (a, c, e) or Tsfc (K) (b, d, f) vs. Tcld histograms. The log counts are shown as a greyscale, the
AIRS IR only rei (µm) overlaid as colored contours, with opaque (a, b), non-opaque (c, d), and multi-layered (e, f) clouds shown separately.
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Figure 11. AMSR-E/AMSR-2 total CWV (mm) (a, c, e) or Tsfc (K) (b, d, f) vs. Tcld histograms. The log counts are shown as a greyscale,
the AIRS IR only ⌧i overlaid as colored contours, with opaque (a, b), non-opaque (c, d), and multi-layered (e, f) clouds shown separately.
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