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Introduction:  The dynamical, microphysical, and 

radiative properties of clouds are not understood well 
enough for the purposes of accurate predictive climate 
science based on Global Climate Models (GCMs). 
Major roadblocks to progress are presently inadequate 
answers to questions such as: How do clouds change in 
a warmer climate? I.e., the “cloud feedback” issue. 
What will storms, including extreme weather events 
(hurricanes, tornadoes, etc.) be like in the future cli-
mate? How do clouds interact with anthropogenically- 
or even naturally-generated particulates? I.e., the so-
called “indirect” aerosol effect on climate—also a key 
question in a number of global warming mitigation 
proposals based on geoengineering. 

The root cause of this inadequacy is the daunting 
complexity of cloud physics and dynamics, and ex-
tending to cloud particle optics, and to the associated 
radiative properties across the entire electromagnetic 
spectrum, as required for both radiation budget estima-
tion in weather and climate forecasting and remote 
sensing purposes. Clouds are indeed manifestations of 
the highly nonlinear physics and dynamics of the 
Earth’s atmosphere where deep and shallow convec-
tion play key roles, as does fluid dynamical instability 
and the ensuing turbulence (ranging from huge geo-
strophic scales down to tiny dissipation scales). This 
multi-phase flow generates and entrains cloud particles 
that range in size from diminutive condensation nuclei 
to massive hydrometeors that can wreck havoc when 
hitting the Earth’s surface. 

Survey of state-of-the-art passive cloud remote 
sensing: In support of cloud-related weather and cli-
mate science, the global satellite remote sensing com-
munit—at NASA and elsewhere—is heavily invested 
in maintaining and improving observations of clouds at 
wavelengths ranging from the UV to microwaves, with 
much of the heavy lifting in terms of global coverage 
coming from the reflected solar spectrum, and espe-
cially the visible (VIS), near-IR (NIR, VNIR for both), 
and shortwave-IR (SWIR) regions. Indeed, observa-
tions at VNIR wavelengths not selectively absorbed by 
water (condensed into cloud particles or not), nor by 
major or minor gases, inform us about overall cloud 
structure and opacity. Liquid and ice particles absorb 
somewhat differently in the SWIR region, hence phase 
discrimination capability arises, as well as an inherent 
sensitivity to cloud particle size. Polarized VIS light 

has also been used to infer cloud particle size from 
cloudbow phenomena. The spectral absorption features 
of water vapor at VNIR, SWIR and thermal-IR (TIR) 
wavelengths are of course paramount to comprehen-
sive cloud studies. Finally, the vertical distribution of 
clouds has been probed passively using stereography 
and oxygen absorption in the VNIR, as well as cloud 
top brightness temperature in the TIR “windows” pro-
vided there is ancillary knowledge of the atmosphere’s 
thermal stratification—itself affected by clouds. 

Multi-channel passive microwave remote sensing is 
not of immediate interest here but, for the record, it 
provides at coarser spatial resolution the total and con-
densed water columns, including precipitation.  

Again for the record, large precipitating hydrome-
teors can be detected with conventional (cm-
wavelength) weather radar systems in space. With new 
sophistications in Doppler and polarization decomposi-
tion, fall speeds and crystal habit can be assessed. Oth-
er active methods, lidar in VNIR and mm-wave radar, 
are not of immediate interest in the present context 
either, except as benchmarks for validation of passive 
methodologies. They are currently used extensively in 
that capacity, and will continue to be in the foreseeable 
future, including the new techniques described further 
on. Morever, although extremely valuable, active sens-
ing of clouds only delivers a sub-satellite “curtain” of 
information. Over time, this limited spatio-temporal 
sampling can deliver cloud climatologies that may 
challenge the status-quo but to improve the representa-
tion of clouds in GCMs one needs global coverage 
from passive imaging sensors. 

The fundamental shortcoming of current passive 
cloud remote sensing. To retrieve inherent cloud prop-
erties from VNIR-SWIR-TIR radiances measured by 
spaced-based sensors, one needs a physics-based for-
ward model for the observed signals from every pixel, 
at every wavelength and, as needed, at in every meas-
ured state of polarization. Current operational retriev-
als of the inherent cloud properties of interest to cloud 
and weather/climate modelers are predicated on radical 
assumptions about cloud geometry: flat top, flat bot-
tom, and horizontal uniformity inbetween. This repre-
sentation blatantly contradicts everyday observations 
of clouds, including satellite imagery. However, opera-
tional satellite data processing has to be very fast in 
view of the data volume. Therefore it is performed on a 
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pixel-by-pixel basis and that simplistic assumption 
about cloud geometry enables retrieval algorithm de-
velopers to invoke so-called “one-dimensional” (1D) 
radiative transfer (RT) models that have been computa-
tionally tractable since the beginning of NASA’s Earth 
Observing System (EOS) era in the late 20th century.1  
Ensuing biases have been documented abundantly in 
the so-called “three-dimensional” (3D) RT literature. 

Summary: The cloud science community is strug-
gling with the limitations of its own capabilities in (in-
situ) observations, in fluid-dynamical computation 
(although this is a moving target), and in the theoreti-
cal understanding of cloud-scale processes that is re-
quired to formulate the next generation of cloud pa-
rameterizations in GCMs. At the same time, the cloud 
remote sensing community is confronted with the ram-
ifications of the so-called “plane-parallel/1D” cloud 
assumption that is hard-coded into operational retriev-
als of the very cloud properties of interest to the above. 

At the core, cloud physics and dynamics modelers 
need global remote sensing retrievals of inherent cloud 
properties even in the presence of strong horizontal 
variability.  From the above discussion, it is clear that 
this science-driven requirement challenges the cloud 
remote sensing community at its own core. 

What can an Earth-observing sensor on the 
Deep Space Gateway (DSG) do to overcome this 
conundrum? There is one region on Earth were 3D 
RT effects in cloud scenes are at their most spectacular 
across the solar spectrum (i.e., NVIR+SWIR), namely, 
the day/night and night/day transitions, a.k.a. “termina-
tors.” By definition, incoming solar radiation at termi-
nators is at grazing angles. One only needs to think 
about watching from the Earth’s surface a cloud-
graced sunrise or sunset. At that special time-of-day, 
and thanks to the Earth’s curvature, clouds can be il-
luminated from below rather than above, and with nat-
urally-filtered light that favors red versus blue wave-
lengths. At these extreme incidence angles, clouds can 
cast such long shadows that anticipated “reflections” of 
sunset or sunrise light toward the ground or space may 
not occur. 

From the DSG’s vantage point, these terminators 
take a couple of weeks to move across the Earth’s disc. 
This is an unprecedented opportunity to observe and 
investigate clouds crossing both day-to-night and 
night-to-day transitions, which are obviously key 
events in their diurnal cycle, with the turning on and 

                                                                    
1Recent releases of cloud properties derived from satellite sensors 
such as MODIS-Terra and –Aqua consider the pixel’s spatial con-
text. However, this extra effort is only to address retrieval quality 
control. In essence, the more homogeneous the surrounding area, the 
better the retrieval that ignores spatial variability will perform. 

off of solar heating. Such observations can be collected 
from the DSG at high spatial and temporal resolutions, 
enough to advance the science providing that the for-
ward signal modeling follows suit. 

At present, regions with the grazing solar incidence 
that defines terminators are of course known to be lia-
bilities in operational cloud remote sensing, and are 
therefore either avoided altogether or flagged and fil-
tered. That down-selection seems reasonable. In radia-
tion budget estimation studies, however, it isn’t that 
simple. On the one hand, little solar radiation is in-
volved due to the near-horizontal solar incidence. On 
the other hand, excluding from consideration (or ac-
cepting large errors in) an annulus of finite size that 
runs all around the planet isn’t a viable option either 
from the standpoint of planet energetics. This is espe-
cially true in the Arctic and Antarctic, which are highly 
sensitive to global warming, with potentially dire con-
sequences via ice melting and ensuing sea-level rise. 

We therefore percieve detailed observations from 
the DSG of regions of the Earth with very low solar 
incidence, either daily or annually, as a challenge in 
cloud remote sensing that can be met with the proper 
resources. Theoretical and computational 3D RT has 
indeed made huge progress over the past couple of 
decades and, combined with concurrent progress in 
computer science and technology (e.g., Moore’s law), 
it is now poised to become the basis of operational 
cloud remote sensing. 

Recommended DSG instrumentation:  To rise to 
the challenge posed by cloud studies in the “low sun” 
zone, and elsewhere, we need a multi-spectral sensor 
not unlike the Enhanced Polychromatic Imaging Cam-
era (EPIC) on the Deep Space Climate Observatory 
(DSCOVR) that orbits the Earth–Sun “Lagrange 1” 
point, at about four times the distance to the Moon. 
Replicating EPIC on DSG would thus increase its spa-
tial resolution from ~8 to ~2 km pixels. But EPIC was 
designed and built with technology from the 90s. Cur-
rent CMOS focal plane arrays (FPAs) are far more 
efficient than EPIC’s CCD, with ~25% QE. We can 
thus gain another factor of 3 to 4 without sacrificing 
SNR. Advanced data compression and denoising will 
also contribute another net gain in spatial resolution, 
say, down to ~0.5 km scales at which most clouds can 
be detected. All that with a sensor that weighs ~60 kg 
and consumes ~60 W. EPIC has 10 spectral channels, 
ranging from UV to NIR, on a filter wheel. At the cost 
of more weight, say, up to 100 kg, one can extend the 
spectral coverage into the key SWIR and TIR regions 
(at somewhat lesser spatial resolution) by splitting the 
beam from the telescope and directing light into two 
other FPAs with SWIR- and TIR-sensitive materials.  
Astronaut-enabled calibration/upgrades are welcome. 
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