
Ø Ice clouds play a critical role in Earth’s radiation 
budget and hydrological cycle

Ø Some climate models (GCMs) now treat 
snow/rain explicitly as prognostic variables. A 
GCM-comparable frozen hydrometeor (ice cloud + 
snow) product is very much needed.

Ø CloudSat radar + CALIPSO lidar provide the most 
complete global profiling of ice cloud, but are at 
fixed local time (i.e., no diurnal cycle) with nadir-
only coverage (i.e., unsuitable for weather-scale 
studies)

Ø High-frequency (> 89 GHz) passive microwave 
(MW) sensors are mostly sensitive to thick ice 
clouds that are closely associated with the 
precipitation processes

Ø Passive MW sensors provide great spatial and 
temporal coverages, suitable for weather and 
climate monitoring
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Figure 3: 1ºX1º gridded 1-day daytime 
comparison against MODIS CTH data 
for ice cloud pixels (Wang et al., 2020) 
validify our RT understanding of MW 
versus IR differences: MW is not 
sensitive to thin cloud, so the GMI-CTH 
is systematically lower than MODIS-
CTH. Yet, we can see GMI radiance has 
the capability to detect the “radiative” 
CTH for relatively thick ice clouds. 

Figure 5: January 2016 mean IWP (top) and mean ice cloud occurring frequency 
(bottom) from CloudSat (left), GMI (middle) and MERRA-2 (right). MERRA-2 IWP 
were calculated using partial column integration using collocated GMI-CTH and GMI-
CBH retrievals as the top and bottom boundaries. This is the first apple-to-apple 
comparison between PMW and reanalysis IWP. 

One can clearly see GMI IWP compares well with CloudSat, but with much better 
spatial and temporal coverage. Both GMI and CloudSat observe substantial amount 
of IWP at high-latitudes (Southern ocean and NH storm tracks) while MERRA-2 
significantly under-produced. 

Both GMI and MERRA-2 produce more cloud occurring frequencies (CF; %) than 
CloudSat, but GMI tends to predict more cloud coverage over high-latitudes, while 
MERRA-2 is nearly always overcast in the tropics.

Figure 4: Diurnal cycle of IWP from GMI-only prediction (black) compares 
with ARM ground W-band radar observations (red) at (1) island, (2) ocean 
and (3) coastal sites.

Figure 6: Comparison of IWP diurnal cycle (left) with surface precipitation diurnal cycle (middle) could reveal the dominant process of 
the latter: top-down (stratiform) or bottom-up (convective). MERRA-2 IWP diurnal cycle is off the clock in both highlighted regions, 
indicating caveats in model physics.

Ø ML/AI technique is applied to extend CloudSat ice/snow cloud information to a passive 
MW radiometer (GMI) to produce a GCM-oriented ice/snow cloud product

Ø This product contains passive MW sensitive vertical cloud column range bounded by CTH 
and CBH, as well as column ice mass

Ø This product also contains the full ice cloud mass diurnal cycle. This is a critical piece of 
information to understand the coupling between cloud and precipitation.

Ø For the next step, similar strategy will be applied to other passive MW sensors (e.g., MT 
- SAPHIR, JPSS-ATMS) to generate a comprehensive multi-year, high-resolution, hourly 
IWP product

Ø The current retrieval model needs to be further improved for (1) a better loss function to 
account for rarely occur extreme values; (2) a mathematically strict error estimation 
(e.g., using QRNN model).
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Figure 1: Different sensors 
have different sensitivity 
thresholds and penetration 
depths (Gong et al., 2021). To 
make fair comparison with 
GCM outputs, we need to know 
the instrument-equivalent 
column top and column 
bottom, i.e., the “radiative” 
cloud top height (CTH) and 
bottom height (CBH).

Step 1: flag ice cloud pixel

CloudSat log (IWP)

G
M

I T
b 

[K
]

Surface channel has a big 
”belly” from surface 
contribution

Water vapor channel 
only sensitive to thick 
cloud with large IWP

Only a few 
extreme value 
samples for 
training

CloudSat IWP [kg/m2]

Using collocated CloudSat-GMI 
to build up the ML model
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Figure 7: Degree of freedom (DoF) calculated using ATMS 
183 GHz channels (183/1, 183/1.8, 183/3, 183/4.5, 183/7) 
calculated using ARTS model and CloudSat-consistent 
microphysics assumptions. IWC profile is the mean tropical 
convective cloud profile averaged from CloudSat
observations, and scaled by X 0.1, X 0.2, … to get different 
IWP values.

DoF measures the best vertical resolution that one can 
achieve with a PMW sensor given a cloud IWC profile. DoF = 
0.25 for a consecutive 4 layers (250 m resolution) 
corresponding to a 1 km vertical resolution. We can see 
again from this figure that PMW only starts to show 
sensitivity ~ 2 km below the true cloud top, and the peak 
profiling capability is dependent on IWC distribution. Roughly 
speaking, a ~ 2 km vertical resolution can be achieved with 
only 183 GHz channels (e.g., SAPHIR). Vertical resolution 
can be much improved with adding some sub-mm channels 
(not shown). The profiling capability drops quickly when the 
cloud becomes optically thick.
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