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Abstract. Cloud-aerosol interaction is a key issue in the cli-
mate system, affecting the water cycle, the weather, and the
total energy balance including the spatial and temporal distri-
bution of latent heat release. Information on the vertical dis-
tribution of cloud droplet microphysics and thermodynamic
phase as a function of temperature or height, can be corre-
lated with details of the aerosol field to provide insight on
how these particles are affecting cloud properties and their
consequences to cloud lifetime, precipitation, water cycle,
and general energy balance. Unfortunately, today’s exper-
imental methods still lack the observational tools that can
characterize the true evolution of the cloud microphysical,
spatial and temporal structure in the cloud droplet scale, and
then link these characteristics to environmental factors and
propetties of the cloud condensation nuclei.

Here we propose and demonstrate a new experimental ap-
proach (the cloud scanner instrument) that provides the mi-
crophysical information missed in current experiments and
remote sensing options. Cloud scanner measurements can be
performed from aircraft, ground, or satellite by scanning the
side of the clouds from the base to the top, providing us with
the unique opportunity of obtaining snapshots of the cloud
droplet microphysical and thermodynamic states as a func-
tion of height and brightness temperature in clouds at sev-
eral development stages. The brightness temperature profile
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of the cloud side can be directly associated with the ther-
modynamic phase of the droplets to provide information on
the glaciation temperature as a function of different ambi-
ent conditions, aerosol concentration, and type. An aircraft
prototype of the cloud scanner was built and flew in a field
campaign in Brazil.

The CLAIM-3D (3-Dimensional Cloud Aerosol Interac-
tion Mission) satellite concept proposed here combines sev-
eral techniques to simultaneously measure the vertical pro-
file of cloud microphysics, thermodynamic phase, brightness
temperature, and aerosol amount and type in the neighbor-
hood of the clouds. The wide wavelength range, and the use
of multi-angle polarization measurements proposed for this
mission allow us to estimate the availability and character-
istics of aerosol particles acting as cloud condensation nu-
clei, and their effects on the cloud microphysical structure.
These results can provide unprecedented details on the re-
sponse of cloud droplet microphysics to natural and anthro-
pogenic aerosols in the size scale where the interaction really
happens.

1 Introduction

Clouds and precipitation play a crucial role in the Earth’s en-
ergy balance and water cycle (Andreae et al., 2008; Forster
et al., 2007). In addition, clouds and the release of latent heat
during precipitation provide much of the energy that drives

Published by Copernicus Publications on behalf of the European Geosciences Union.



9486

the circulation, especially the tropical circulation. Thus, to
understand atmospheric dynamics we need to understand
cloud development and the factors that influence precipita-
tion in cloud systems. Clouds are highly dynamic systems,
strongly controlled by thermodynamic parameters and by the
presence, concentration and characteristics of cloud conden-
sation nuclei (CCN). Cloud condensation nuclei (CCN) are
a subset of the aerosol particle population, and are required
to form cloud droplets (McFiggans et al., 2006). To under-
stand clouds and precipitation at the microphysical level we
must understand cloud-aerosol interaction at this level. A
landmark in our understanding of aerosol-cloud interaction
was the theory proposed by Twomey (1977) in which he ex-
plained that high concentrations of aerosols can reduce the
effective droplet size and increase cloud albedo for a con-
stant amount of liquid water. Albrecht (1989) expanded
this theory by explaining that high aerosol concentrations
can also narrow the droplet size distribution, suppressing
precipitation and prolonging cloud lifetime of marine stra-
tocumulus. Rosenfeld et al. (2006a) showed that the feed-
back through precipitation greatly enhances the sensitivity of
the cloud cover and dynamic regime to small differences in
aerosol concentrations. Cloud-aerosol interactions dominate
not only the dynamics of marine shallow clouds, but also the
lifetime and the vertical disposition of latent heat of deep
convective clouds over ocean and even more strongly over
land. Observational data (Williams et al., 2002; Andreae
et al., 2004; Rosenfeld, 2006a; Rosenfeld et al., 2009; Ko-
ren et al., 2010b, Prenni et al., 2009) and simulation studies
Khain and Lynn (2009) suggest that aerosol-induced changes
of cloud microstructure have profound impact on the precip-
itation, dynamic evolution and vertical disposition of latent
heat release.

Aerosols affect clouds also by their radiative properties.
Hansen et al. (1997) suggested that absorbing aerosols can
effectively decrease cloud lifetime by heating the cloud lay-
ers and promoting evaporation of cloud droplets. Ack-
erman et al. (2000) modeled this situation and Koren et
al. (2004) observed quantitatively the inhibition of cer-
tain types of clouds in the Amazon due to the presence
of heavy smoke. Kaufman and Koren (2006) analyzing
AERONET data (Holben et al., 1998) found that absorbing
and non-absorbing aerosols affect cloud cover differently:
while absorbing aerosols prevent clouds from forming, non-
absorbing aerosols enhance cloud cover by suppressing pre-
cipitation. The trade-off between microphysical and radia-
tive aerosol effects is presented as a simple analytical model
and demonstrated using satellite observations (Koren et al.,
2008; Rosenfeld et al., 2008a).

All of these cloud-aerosol interaction theories and studies
have one thing in common. They are all focused on how
cloud-aerosol interaction affect the earth’s radiation budget.
One of the reasons for this focus is the emphasis given
by the climate community, who cites the IPCC (Intergov-
ernmental Panel on Climate Change) reported uncertainty
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in radiative forcing estimates due to the uncertainty intro-
duced by cloud-aerosol interactions. In parallel, new dimen-
sions to cloud-aerosol interaction (summarized in Rosenfeld,
2006a) have been introduced by the satellite methodology
of Rosenfeld and Lensky (1998) and applied subsequently in
Rosenfeld (1999, 2000), Ramanathan et al. (2001); Rudich et
al. (2002); Rosenfeld et al. (2001, 2002, 2007, 2008b) Rosen-
feld and Woodley (2003); Rosenfeld and Ulbrich (2003).
These satellite inferences were supported by aircraft mea-
surements of the aerosol effect on the cloud microphysics
and precipitation (Andreae et al., 2004; Rosenfeld et al.,
2006b, 2008c). Also, another component of the energy bud-
get driven by latent heating release was recently proposed by
Rosenfeld et al. (2008a). This new focus claims that cloud-
aerosol interaction is no longer simply a radiative problem,
but one affecting the water cycle, the weather, and the total
energy balance including the spatial and temporal distribu-
tion of latent heat release. In particular, Andreae et al. (2004
- see Fig. 1) used in situ measurements to show how the ver-
tical profile of effective radius changed as a funciton of the
amount of biomass burning aerosols.

Although several basic processes explaining cloud forma-
tion and evolution are well established, there are many unre-
solved fundamental issues concerning the understanding of
real clouds and their temporal and spatial evolution. The
explanation of some of these issues, like the lack of fun-
damental understanding of the glaciation of clouds, or the
extent by which warm rain dominates clouds that extend to
very cold temperatures near the tropopause under different
aerosol conditions have been targeted by the scientific com-
munity for a long time (e.g. McGraw and Liu, 2003). To
alleviate some of this uncertainty several field campaigns
have been performed to study developing convective sys-
tems (CRYSTAL-FACE, CAMEX, SMOCC, TC4 and oth-
ers). However, these experiments lacked the experimental
observations that could characterize the true evolution of the
cloud microphysics spatial and temporal structure, and then
link these development characteristics to environmental fac-
tors and available CCN.

Traditionally, our understanding of the changing vertical
structure of a developing cloud was mostly based on radar
and in situ measurements collected by aircraft. Precipitation
radars tell us about the vertical development of precipitation
sized droplets in clouds and give information on the thermo-
dynamic phase of the hydrometeors. Millimeter wavelength
cloud radars (Clothiaux et al., 1999) determine cloud bound-
aries (cloud bottoms and tops). Though they also provide
vertical velocities of cloud constituents, they have very lim-
ited capability (e.g. Frisch et al., 1995) of measuring verti-
cal profiles of small droplets. Radars alone cannot tell us a
complete microphysical story because they miss the charac-
terization of the smaller-sized cloud droplets where the story
begins. In situ measurements can measure cloud droplets,
but they are very limited in terms of characterizing the ver-
tical structure of clouds. In many cases, the time an aircraft
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Fig. 1. Conceptual diagram adapted from Rosenfeld and Wood-
ley (2003), describing 5 microphysical stages (droplet growth by
diffusion, collision-coalescence, warm rainout, ice-water mixed
phase, and glaciated phase) common to deep convective clouds and
their response to the concentration of pollution aerosols. The bot-
tom curve shows the case of a maritime environment with low CCN
concentration and the possibility of warm rain processes; the middle
curve corresponds to commonly found continental cases, where the
larger number of CCN aerosols helps to suppress warm rain process
and glaciation starts at slightly lower temperatures; the top curve
represents extremely polluted cases where the very large number of
CCNs produce smaller and more numerous droplets at cloud base
suppressing the beginning of collision-coalescence processes, and
postponing the start of droplet freezing to much lower temperatures.
Intermediate situations to the above curves are also possible.

would take to climb from cloud base to cloud top measuring
its physical properties is enough for the cloud to form, evolve
and dissipate. In many cases there is also the danger of flying
inside highly convective systems and there are often altitude
limitations for most of the available research aircraft.

Passive satellite remote sensing measurements have pro-
vided information that has led to the revolutionary re-
thinking of our perceptions of cloud-aerosol interaction
(Rosenfeld and Lensky, 1998). Satellites can provide in-
sight and an impressive statistical data-base of cloud micro-
physics at cloud top, coupled to column aerosol properties
surrounding the cloud. However, all these satellite inferences
have been based on 1 to 2 km resolution single snap shot im-
agery of the cloud tops, or large statistics on 1 x 1° resolution
MODIS data (Kaufman et al., 2005; Koren et al., 2005). The
satellite-derived vertical evolution is a result of composition
of many cloud pixels at different degrees of evolution, as-
suming that the ensemble represents the evolution of a single
cloud with height and time (Freud et al., 2008). Additional
support for this assumption was obtained from rapid scan of
geostationary microphysical images tracking the evolution of
individual clouds (Lensky and Rosenfeld, 2006), but with the
poor spatial resolution that can be obtained from a geosta-
tionary orbit. While this method of inferring vertical evolu-
tion is useful, it relies on strong assumptions and poses many
limitations.

More recently, with the launch of CloudSat with its
94 GHz nadir-looking radar, we have for the first time global
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sampling of the vertical profiles within clouds (Stephens et
al., 2002, 2008). Standard products for CloudSat include
profiles of reflectivity that are used to retrieve macrophysi-
cal cloud properties, such as profiles of cloud optical thick-
ness, for example. However, the 94 GHz radar (equivalent
wavelength on the order of | mm) is not sensitive to scatter-
ing from cloud particle sizes smaller than 10 ym in radius for
water droplets or 50 ym in radius for ice crystals, a full 1 or
2 orders of magnitude smaller than the radar’s wavelength.
CloudSat does not provide vertical profiles of cloud particle
effective radius as a standard product. The CloudSat effective
radius product is a total column parameter (Stephens et al.,
2008). Combining CloudSat with observations and products
from other A-Train sensors may compensate for the radar’s
insensitivity, but even multi-sensor studies develop proxies
for vertical profiles of cloud microphysics rather than directly
retrieving the quantitative profiles of particle effective radius
(Suzuki et al., 2010).

Despite of all the information gained from in situ mea-
surements in the clouds and from the large remote sens-
ing statistics, there is still a big gap to be filled. We must
add large statistics with detailed information about the cloud
vertically-resolved particle effective radius on a cloud by
cloud basis. We are after a deep understanding of the pro-
cesses driving the effect of aerosol on clouds. We need a
methodology that will either prove or refute the Rosenfeld
and Lensky (1998) hypothesis by providing simultaneously:

- a snapshot with similar or better level of detail of the
vertical structure of cloud microphysics than in situ
measurements can provide,

— large enough statistics that would allow us to make con-
fident conclusions about the physical processes inside
the cloud.

These two conditions cannot be met today by either remote
sensing or in situ capabilities. Each in situ cloud measure-
ment, takes at least tens of minutes of the cloud lifetime
which allow many changes in the cloud structure. The collec-
tion of data showed by Andreae et al. (2004) and in Fig. 8 of
Rosenfeld et al. (2006b) took more than one experiment, in
different countries, and different years to collect enough data
for their conclusions. Also, in situ aircraft cannot penetrate
the strongest thunderstorms.

Here, we demonstrate a new approach that provides the in-
formation missed in experiments and in today’s remote sens-
ing options: the details of vertical, horizontal and tempo-
ral development of cloud microphysical structure in a devel-
oping cloud. We will use new measurements of cloud mi-
crophysics in conjunction with other measurements of cloud
and aerosol characteristics to improve our understanding of
the factors influencing cloud development, and the onset and
character of precipitation. The methodology presented here
can also validate the cloud top ensemble approach described
by Freud et al. (2008).
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In order to perform these measurements a new aircraft in-
strument (the cloud scanner system) was developed and built
to observe cloud side radiances from the ultraviolet to the
thermal infrared. The results obtained with this system can
be combined with additional aerosol measurements to pro-
vide a full scenario for studying aerosol-cloud interactions.
The current model of the cloud scanner consists of a scan-
ning spectrometer system with a 1° instantaneous field of
view, 120° total scanning capability, 1 nm spectral resolu-
tion from 350-2500 nm, and one thermal infrared band cen-
tered at 11 ym. The first results from the cloud scanner mea-
surements in tropical clouds over Brazil will be presented in
Sect. 3 of this paper.

1.1 Effect of aerosol on cloud microphysics,
thermodynamics, and precipitation

Figure 1 illustrates the changes we might observe in a
cloud as more and more CCN become available. The fig-
ure is based on the conceptual models of Rosenfeld and
Lensky (1998) and Rosenfeld and Woodley (2003), which
were later confirmed by the modeling work of Khain et
al. (2001) and by the observations presented in Fig. 5 of An-
dreae et al. (2004). The plot shows the effective radius of
cloud particles, both water droplets and ice particles, as a
function of temperature in a cloud. The temperature is plot-
ted on the vertical axis because it is strongly dependent on
altitude and thus used as a proxy for height in the cloud.

The cleanest cloud, the one with the least number of CCN
is represented by the lightest gray profile. Traveling up-
wards from the base of this clean cloud provides immedi-
ately a regime of collision-coalescence where liquid droplets
quickly grow to larger sizes with the cloud updraft. Here
there is the largest increase of regr with height (Region C in
Fig. 1). At relatively low altitude the cloud droplets are large
enough to begin falling as warm rain (Region R in Fig. 1),
and the droplet growth slows. If the updraft continues, the
water droplets begin to freeze at a relatively low altitude,
entering a second growth region where ice is forming in a
mixed phase regime (Region M in Fig. 1). Soon all the par-
ticles are ice and the glaciated region begins (Region G in
Fig. 1).

By contrast, the heavily polluted case with an overabun-
dance of CCN is denoted by the black curve. Here, at cloud
base, the cloud water has been divided into many more but
smaller cloud droplets than in the gray curves (Twomey,
1977). The cloud droplets start at smaller sizes and they
remain smaller as we follow the updraft to colder temper-
atures. The smaller droplets are too small to collide and
coalesce and they grow by diffusion processes only (Re-
gion D in Fig. 1). Diffusional growth is much slower. The
droplets never reach liquid precipitation sizes and begin to
freeze only at much colder temperatures, reaching the mixed
phase region and glaciation levels much higher in the cloud.
At the extreme, liquid cloud drops can reach the homoge-
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neous freezing isotherm of —38°C, as observed by in situ
measurements of continental convective clouds (Rosenfeld
and Woodley, 2000; Rosenfeld et al., 2006b, 2008b). The
medium gray profile shows a case with a moderate amount
of CCN.

The cloud responds to increases of available CCN by sup-
pressing collision-coalescence due to the more numerous
and relatively smaller droplets and narrower size distribution
widths, and the delay on the water droplet freezing allowing
in some case the supercooled water to exist closer to temper-
atures of homogeneous ice nucleation of small cloud droplets
(—38°C). Khain et al. (2001) pointed out that the probabil-
ity of immersion freezing of small droplets with radii below
10 pm is negligibly small, as well as the effect of contact
freezing. Heterogeneous freezing is just not efficient in these
cases. The collision efficiencies between ice crystals with
size below 100 ym and small droplets are close to zero. Cot-
ton (2005) noticed that there are two theories describing the
nucleation of a cloud droplet or raindrop by an ice nucleus,
which is immersed within the drop (the immersion-freezing).
One stochastic theory saying that at a given degree of su-
percooling not all droplets will freeze at the same time, and
a second - called singular theory — holding that at a given
degree of supercooling, the probability of freezing depends
solely on the likelihood that the droplet contains an active
freezing nuclei. Both theories predict that the probability
of freezing increases exponentially with the degree of super-
cooling and with the volume (or size) of the droplet. Thus
for small cloud droplets at small degrees of supercooling, this
mechanism of nucleation is not effective, re-affirming the de-
lay in droplet freezing following the smaller cloud droplets
caused by high concentration of pollution aerosols that are
not active as ice forming nuclei at temperatures much higher
than —38 °C.

This delay of the glaciation process is an additional feed-
back and strong aerosol-cloud interaction effect that further
delays the droplet growth and the onset of precipitation.
Suppressing rainout will bring additional supercooled water
aloft, and so release more latent heat of freezing (Rosenfeld,
2006a; Rosenfeld et al., 2008a). Lohmann (2002) also dis-
cussed the effect of soot particles on glaciation, and on the
lifetime of ice and mixed phase clouds. Although this pa-
per was focused on the radiative cloud-mediated effect of
soot aerosols, the same processes affect the cloud lifetime
and precipitation. Her results indicate that soot particles,
acting as ice nuclei, can significantly change the efficiency
of droplet freezing and contribute to modulate the droplet
growth and the onset of precipitation in convective clouds.

Therefore, there are two measurable cloud responses to
increasing CCN in a cloud: (1) the change in cloud effective
radius profiles and (2) the change in altitude of the glaciation
level. Our proposed remote sensing method is able to resolve
both of these responses.

www.atmos-chem-phys.net/11/9485/2011/
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2 Measurements of the cloud side radiances and their
information content

2.1 Traditional passive remote sensing of cloud top
properties

Traditional remote sensing of cloud microphysical proper-
ties assumes that satellites observe only cloud tops, and that
clouds behave like infinite plane parallel objects. The solar
spectrum reflected by clouds and measured by satellites has
been long used to measure cloud microphysical and thermo-
dynamic properties. Nakajima and King (1990), and Naka-
jima et al. (1991) established a two parameter diagram (here-
after called in this paper by Nakajima-King diagram) that
converts cloud reflected radiances in two wavelengths (one
non-absorbing, usually 0.66 or 0.87 ym, and one absorbing,
usually 1.6, 2.1, or 3.7 ym) into two physical parameters of
the cloud: effective radius of the upper part of the cloud,
and the total cloud optical depth. The cloud reflectance in
the absorbing wavelength is mainly sensitive to the droplet
or ice crystals effective radius while the cloud reflectance in
the non-absorbing wavelength is more sensitive to the cloud
optical depth. Platnick et al. (2003) reviewed several algo-
rithms used for the retrieval of cloud top properties using
MODIS observations, including effective radius, thermody-
namic phase, and cloud top pressure.

As proposed by Rosenfeld and Lensky (1998), and further
applied in large statistics of convective clouds by Koren et
al. (2005), and on shallower clouds by Kaufman et al. (2005),
the satellite remote sensing of cloud top properties in a large
cloud field containing numerous clouds of different heights
has provided important information on the aerosol effect on
the vertical profile of the droplet effective radius. The main
assumption in this approach is that a cloud top at a given al-
titude (and/or a given temperature) represents the same state
as a point at the same altitude, inside a higher cloud (Freud
et al., 2008). Another important assumption here is that the
whole cloud field, which in some cases may represent hun-
dreds of kilometers, is homogeneously subjected to the same
meteorological and aerosol conditions with the assumed time
— space exchangeability (Lensky and Rosenfeld, 2006).

Following these important results, the main motivation for
the current work is to develop a methodology to provide the
vertical profile of cloud droplet sizes, and thermodynamic
phase without the above strong assumptions of the cloud top
remote sensing approach, and with better statistics and tem-
poral resolution than those provided by in situ measurements.

2.2 What can we learn by observing the cloud sides?

Equivalently to cloud tops, solar radiation photons reflected
by the side of the clouds also carry information about
the microphysical and thermodynamical properties of cloud
droplets. Similarly to the cloud top case, the absorption prop-
erties of water and ice particles inside the clouds is propor-
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tional to their effective radius (Twomey and Bohren, 1980),
and analogues to the Nakajima-King type of diagrams can
also be constructed for this particular geometry. Further-
more, the cloud side radiances have the additional advan-
tage of carrying information about the vertical position in
the cloud profile, allowing for the vertical profiling of cloud
droplet (particles) sizes and thermodynamic phase. As dis-
cussed earlier, this vertical profile is very sensitive to the
aerosol conditions imposed to the cloud field. Therefore,
cloud side measurements provide us with the unique opportu-
nity of obtaining snapshots of the cloud particle microphys-
ical and thermodynamic states as a function of height and
brightness temperature. The brightness temperature profile
of the cloud side can be directly associated with the thermo-
dynamic phase of the particles to provide information on the
glaciation temperature of the droplets as a function of differ-
ent ambient conditions, aerosol concentration, and type. In
general, measurements from the cloud side can provide es-
sential information about the evolution of cloud microphys-
ical processes and the important steps that droplets and ice
particles undergo before the onset of precipitation.

The combination of these key elements can provide un-
precedented information to help our understanding of the
effect of aerosols on cloud microphysics and precipitation.
These measurements can be done from aircraft, ground, or
satellite by scanning the side of the clouds from the base to
the top, measuring the radiance in selected wavelengths suit-
able for the retrieval of effective radius, temperature, and the
thermodynamic phase. Cloud side measurements have been
utilized before from the ground, for the separation between
cloud droplet ice and water phases (Pilewskie and Twomey,
1987a, b), but, to our knowledge, this is the first time that
this approach is being applied to retrieve the vertical profile
of cloud droplet size, as a function of phase, and brightness
temperature.

2.3 Ground based and aircraft observation geometry of
cloud sides

Cloud side observations can be performed from the ground,
from mountain tops, aircraft or from satellites with specific
advantages and disadvantages on each case. The main dis-
advantage of the ground-based observations is the relatively
thick atmospheric column observed between the instrument
and the cloud mainly at water vapor absorption channels and,
in particular, in thermal wavelengths where the combination
between high temperatures near the surface and the high wa-
ter vapor emissivity produce large background noise over the
lower temperature for the cloud of interest. Another disad-
vantage of observations from the ground is the prevalence of
cloud shadows due to a range of scattering angles that de-
viates from the direct backscattering direction when the sun
is directly behind the observer. Observations from low alti-
tude aircraft and mountain tops eliminate most of the prob-
lems with water vapor absorption, temperature and its IR

Atmos. Chem. Phys., 11, 9485-9501, 2011
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Fig. 2. Cloud side observations from low altitude aircraft.

emissivity. Figure 2 show a schematic diagram of low al-
titude aircraft observations of deep convective clouds using
a side scanning geometry. In this case, the aircraft flies on
the side of convective clouds and measures the cloud from
the base to the top in several wavelengths. This is the ge-
ometry that was used in the measurements presented here,
with the detail that clouds were observed from far distances
so that the view angle range was relatively small. Although
Rayleigh scattering, water vapor absorption, and IR emissiv-
ity issues are minimized in this case, cloud shadows in the
upper views, and the interpretation of the multi-angle distri-
bution in the analysis of a single cloud can still be trouble-
some. The best geometry for cloud side observations would
actually be performed by high altitude aircraft or satellites,
where the platform is completely above the cloud, and side
radiances can be observed from the base to the top of the
cloud with a single view angle orientation with the sun lo-
cated directly behind the sensor. By definition, this geom-
etry eliminates the possibility of shadows in the observed
pixel, and the noise introduced by water vapor in the lower
atmosphere, although not eliminated, is minimized. Multian-
gle satellite observations like the ones by MISR (Multi-angle
Imaging SpectroRadiometer — (Diner et al., 1998) have pro-
vided some cloud side observations but, unfortunately, MISR
lacks the right wavelengths to provide the vertical profile of
cloud microphysics and thermodynamic phase explored here.

Figure 3 shows a more appropriate observing geometry us-
ing a high altitude aircraft. The main advantage in this case
is that the view zenith angle is constant for all portions of
the cloud. This geometry advantage allows for better inter-
pretation of the thermal data producing meaningful —d7T/dx
(where x is the displacement of the aircraft) results clearly
separating cloud tops from cloud sides, and providing esti-
mates of the cloud side (relative) slanted slope. The cloud
tops will present the lowest —dT/dx values, while the cloud
sides with oblique slopes will present lower —dT/dx values

Atmos. Chem. Phys., 11, 9485-9501, 2011

Fig. 3. Schematic representation of cloud side measurements per-
formed from high altitude aircraft or satellite. In this geometry, the
cloud is always observed from a single view angle perspective and
different altitudes of the cloud are observed by moving the aircraft
rather than employing a moving scan mirror. The geometry can al-
ways be optimized to reduce shadows and other issues. The insert in
the lower left corner shows an idealized measure of temperature as
a function of height of the cloud to the right. The more vertical the
cloud wall, the more quickly the temperature changes with height.
Cloud tops display almost constant temperature with the satellite
displacement. The expression “slower slope” in the figure refers
to regions where the cloud wall is not vertical, producing slower
changes in temperature as a function of cloud height.

than the deep convective columns with nearly vertical slopes.
This relative classification of the cloud side slopes is impor-
tant for the selection of the 3-D look-up-table model to inter-
pret the cloud side radiances. The relative angle between the
solar incidence and the cloud side wall is an important factor
for the inversion of the droplet effective radius profile, as it
will be discussed in the next section. The conceptual plot on
the left lower corner of Fig. 3 shows is an example of the ther-
mal measurement results for the cloud on the right hand side.
The negative slope —dT/dx can be associated with the geo-
metric slope (dz/dx) in the real cloud, relating the thermal IR
brightness temperature measurements with the cloud geome-
try. In nature cloud sides are not as smooth as those depicted
in Fig. 3 or those clouds modeled in the radiative transfer
simulations described below. Resolution of the sensor can be
selected to be sufficiently fine to resolve the expected vertical
structure of the conceptual cloud model of Fig. ! and yet suf-
ficiently coarse to measure the macroscale slope of —d7/dx.
The slanted lines of Fig. 3 showing the observation resolution
provide an example of such an optimization.

www.atmos-chem-phys.net/11/9485/2011/
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2.4 3-D radiative transfer in clouds

It seems natural that an accurate treatment of the cloud
side radiances requires the cloud to be treated as a three-
dimensional (3-D) object. There are several degrees of
complexity that can be considered in the 3-D simulation of
clouds. For accurate simulations one should account for the
cloud vertical structure (variation on cloud droplet or ice
crystal size and shape, mixing between ice and water, and
variation in water path), shadowing effects, interactions be-
tween the cloud and the underlying surface, realistic distri-
butions of clouds in a cloud field, and interaction between
neighboring clouds. In this study we will use a series of
simplifying hypotheses in order to define a simple but still
realistic scheme for obtaining detailed microphysical infor-
mation from the remote sensing of the cloud side spectral ra-
diances. For simplicity, in our quantitative retrievals, we will
focus on the illuminated side (directions near the backward
scattering) of an isolated convective cloud lying over a dark
surface, ignoring the exchange of photons between clouds.
A more realistic simulation of stochastic cloud fields is per-
formed in Marshak et al. (2006). In that paper, several cloud
fields with the same stochastic properties as real clouds are
generated assuming variable cloud tops and vertical profiles
of water droplet, mixed phase, and ice particles. Here we
compare the results from Marshak et al. (2006) simulations
with our simplified approximations.

In order to build a look-up-table (LUT) for our quantitative
retrievals from the cloud side, rigorous 3-D radiative trans-
fer simulations were performed with the SHDOM (Spheri-
cal Harmonics Discrete Ordinate Method — Evans, 1998 and
Evans and Marshak, 2005) code for cylindrical clouds con-
sisting of homogeneous water droplets, or different types of
ice crystal habits (Yang et al., 2000). Individual cylindrical
clouds were simulated with effective radii varying between
S and 40 pm, optical depths 7, = 50 and 100, and horizontal
optical distances varying from 7, = 10 to 100, or optical dis-
tance aspect ratios 1,/7, = 1, 2, 3,4 and 5, over dark surface
(surface albedo=0). These simulations included Rayleigh
scattering but neglected gaseous absorption. The main pur-
pose of this initial simulation was to compare the extent of
the cloud edge effects on the side radiances, and compare
results with a traditional plane parallel approximation. For
quality assurance, some results from this model were also in-
tercompared with Monte Carlo simulations (Evans and Mar-
shak, 2005) and showed good agreement. The SHDOM sim-
ulations were performed at 4 wavelengths (0.67, 2.1, 2.25,
and 11 ym) with several solar and viewing geometries, in or-
der to produce general LUTs for interpreting the cloud side
measurements.

Figure 4 shows 2.1 gm and 0.66 ym reflectance from the
side and top of the simplified cylindrical cloud illuminated
with 60° solar zenith angle and viewed at 45° viewing zenith
angle. Due to the larger absorption by water droplets at
2.1 ym, the side radiances at this wavelength quickly ap-
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Fig. 4. Cloud side and top radiances at 2.1 ym (blue) and 0.66 ym
(pink) calculated with the 3-D radiative transfer code SHDOM for
a simplified cylindrical cloud with homogeneous reg = 10 um wa-
ter droplets, solar zenith angle 6° = 60°, and view zenith angle
# =45°, The colored (blue and red) areas around the plot of the
2.1 um curve represent photons that have been added or lost near
the cloud edges. In this particular case the top reflectance is lower
than the side reflectance due to the relative angle between the so-
lar illumination and a vector normal to the side or the top surfaces.
The relative angle with the top surface vector is 60° whereas the
angle with the side vector is 30°. The blue line along the surface
of the cylinder represents the region where there is saturation and
the 2.1 ym reflectance from the cylinder equals the plane parallel
result with the proper geometry. A point half way along the blue
line represents the general place that was selected to construct our
3D-LUT from retrievals away from the cloud edges. Other regions
of the cylinder could be used for retrievals closer to cloud base or
top.

proach an asymptotic behavior after an optical depth of ~30
away from the edge. The lack of absorption at 0.66 y¢m in-
creases this distance significantly, enhancing the edge effect
(see Marshak et al., 2006). This behavior re-affirms that ab-
sorbing wavelengths are less sensitive to 3-D effects due to
the shorter photon path inside the cloud. For the same rea-
son, a plane paralle]l approximation works better for clouds
at 2.1 ym than at 0.66 yum. Nevertheless, the plane parallel
approximation can also be a good approximation to repre-
sent cloud side radiances as long as the correct geometry
is taken into account. The solar zenith angle and the view
zenith angle must be corrected for the appropriate cloud side
geometry. A vector normal to the studied surface is used as a
geometrical reference and not necessarily the zenith. There-
fore to simulate the side reflectance of a cylinder illuminated
with solar zenith angle 6,, and observed from a view zenith
angle 8, the plane parallel analogue corresponds to a case
with 8,_pp = (90° —6,) and 6, = (90° — ). The plane paral-
lel approximation is valid only for modeling cases far away
from cloud edges (at least an optical distance 30 from any
edge for water droplet refr = 10 um), over dark surface, where
side illumination effects caused by the surface albedo are
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negligible. Also, the plane parallel approximation for cloud
side radiances is valid for effective radii determinations but
not necessarily for 7, or 7, retrievals. Marshak et al. (2006)
presented more details on this discussion.

The SHDOM simulated cylindrical clouds were used for
the generation of retrieval lookup tables to determine the ver-
tical profile of droplet effective radii as a function of the
cloud side radiances. For simplicity, the initial retrievals
were performed away from cloud edges (avoid the first few
pixels near cloud base and top), using LUT radiances com-
ing from the center of cylinders with 7, = 100, and aspect
ratios 7;/1ty =1, 2, 3, 4 and 5. The validity of the 3-D cylin-
drical cloud approach used here was studied by producing
a 3-D analog of the Nakajima-King diagrams using side re-
flectances from the center of the cylinders, at A = 0.66 and
2.1 um as a function of droplet effective radii, and horizon-
tal optical depth 7,. Figure 5 shows the intercomparison
between the Nakajima-King analogs of cylindrical homoge-
neous clouds versus the stochastic results produced by Mar-
shak et al. (2006). In the later case, the stochastic clouds
were composed of complex cloud fields with the 3-D radia-
tive transfer results taking into account shadows and photons
traveling between clouds, as well as a complex vertical pro-
file of droplet sizes and thermodynamic phase distribution in-
cluding, water, mixed phase, and ice. The question to be an-
swered here is the applicability of a simplified cylinder LUT
in inverting results from such a complex cloud field. Figure 5
shows that the cylindrical clouds of specific radii produce re-
flectance at 2.1 and 0.67 um that fall within the ranges of the
reflectances produced by the more complex stochastic clouds
of the same radii, as indicated by the common color. Note
that for the stochastic clouds the different colors each de-
note a range of sizes spanning 4 or 5 microns with the small-
est radii near the top of the range for each color, while the
larger colored symbols denote a specific size particle for the
cylindrical clouds. Thus when the cylindrical blue dots rep-
resenting exactly 10 ym appear at the upper edge of the cloud
of stochastic blue points representing the range of 10-16 yum
and the bottom edge of the stochastic red points represent-
ing the range 5-10 um, it shows how the 10 xm cylindrical
clouds want to be right on that intersection between 5—10 yum
and 10-16 ym. The figure suggests that retrievals made using
the simplified approach could successfully retrieve cloud par-
ticle effective radius to within 1 xm of the stochastic model
for optically thick clouds. This is sufficient to resolve the ver-
tical profile of droplet and crystal size in a deep convective
cloud, as will be demonstrated below. However, for future
applications we propose retrievals based on stochastic cloud
fields, as in Marshak et al. (2006), or on cloud resolving mod-
els, as in Zinner et al. (2008) which use a Bayesian approach
(e.g. McFarlane et al., 2002) to provide a distribution of pos-
sible effective radii that statistically satisfy to the measured
radiances.

As a proof-of-concept for the statistical Bayesian retrieval
of the particle size vertical profiles, Zinner et al. (2008) ap-
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Fig. 5. The collection of colored dots in the background repre-
sent the 3-D analog of the plane parallel Nakajima-King type of
diagrams for stochastic cloud fields and a variable vertical profile
of droplet effective radii, and thermodynamic phase. The overlaid
black lines and markers were calculated by individual homogeneous
cloud cylinders with total 7, = 100, effective radius as shown in the
legend, and optical distance aspect ratios of 5,4,3,2,and 1. A com-
bination of ice and water particles were used in both simulations for
the cylindrical and for the stochastic cloud fields.

plied the Bayesian approach to simulated cloud fields based
on the Goddard Cumulus Ensemble Model (Tao et al., 2003),
This cloud resolving model provides complex 3-D structures
of ice, water, and mixed clouds from the early stage of con-
vective development to mature deep convection. Zinner et
al. (2008) demonstrated that the regardless of the high spa-
tial complexity of realistic cloud structure and 3-D radiative
transfer, the signatures of cloud particle effective radii were
clearly detectable in the statistical sense.

2.5 Penetration of the cloud side measurements and the
horizontal distribution of the cloud microphysical
properties

Cloud side remote sensing is based on the assumption that
the vertical profile of cloud droplet (particles) size retrieved
near cloud edges can be extrapolated for the whole cloud at
a given temperature or height level. Photons at absorbing
wavelengths (e.g. 2.1 um) can only profile a physical vol-
ume near the cloud edges. By “near cloud edges” we under-
stand the optical distance a “typical” photon at 2.1-2.3 ym
wavelength can penetrate inside the cloud (Platnick, 2000;
Zinner and Mayer, 2006; Davis and Marshak, 2010). For-
tunately, the effective radius of cloud droplets is, perhaps,
one of the most conservative microphysical property at a
given temperature and the same cloud system (Rosenfeld and
Lensky, 1998; French et al., 2000; Freud et al., 2008). In-
deed, while both cloud liquid water and droplet concentration
vary substantially along a path of a horizontally flying air-
craft, the effective radius remains relatively constant (e.g. see
Fig. 10 in Rosenfeld and Lensky, 1998 for convective clouds
and Figs. 2 and 3 in Blyth and Latham, 1991 for cumulus
clouds). In addition to a very comprehensive discussion of
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this phenomenon given by Freud et al. (2008), we only men-
tion that cloud models (Z. Levin, private communications,
2001) also confirm that the assumption of mild fluctuations
of the droplet effective radius at a given temperature (or at
a given height) looks very realistic. Experimental evidence
for this fact can be found in Rosenfeld et al. (2006b) who
show the results of aircraft penetrations of convective ele-
ments of severe convective storms. The aircraft measured
temperature, liquid water content, particle number concen-
trations, and effective diameter using a hot wire probe and
the FSSP. The results show that despite large variations in
liquid water content, the effective diameter of the droplets
remains nearly constant across the cloud cross section. Simi-
lar results, although mostly unpublished, have been observed
by D. Rosenfeld who conducted similar in situ aircraft mea-
surement in convective clouds at widely varying conditions
in Brazil, Texas, California, Portugal, India and Israel. This
serves as strong evidence that the droplet effective radius is
a conservative property across convective clouds and can ef-
fectively be estimated by measurements from the cloud side.

The assumption that effective radius is constant along a
constant altitude can be easily verified by the cloud side re-
mote sensing retrievals themselves. Different near-infrared
wavelengths penetrate different distances into a cloud, as
measured in optical thickness units (Platnick, 2000, 2001;
Chang and Li, 2002, 2003; Zhang et al., 2010). The different
penetration distances produce different effective radii when
applied to remote sensing of cloud top. This is because ef-
fective radius is a strong function of vertical position in the
cloud. If different wavelengths are applied to cloud sides,
at the same altitude in the cloud, we expect the retrievals to
produce the same effective radii, regardless of the different
penetration distance from cloud edge. If cloud particle ef-
fective radius is found to be not constant for a given altitude
over a large statistical sampling of clouds, then this itself will
be an important scientific finding.

3 Data analysis and results of aircraft measurements

3.1 Vertical profile of effective radius and
thermodynamic phase

An example of the new type of cloud side measurements pre-
sented in Sect. 2.3 is shown in Fig. 6. This figure shows
the results of our first aircraft experiment performed dur-
ing the CLAIM (Cloud Aerosol Interaction Mission) cam-
paign in Brazil, in January/February 2005, testing the cloud
scanner prototype. This prototype contained three measure-
ment devices, a spectrometer plus scanning mirror, a ther-
mal scanner and a digital camera with a fisheye lens, each
aligned and linked temporally to view the same scene at the
same time. The first instrument consists of a scanning mir-
ror, scanning from +60° to —60°, pointed out of the side
of the aircraft directing reflected radiance into an Analyti-
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Fig. 6. Cloud side measurements performed with the cloud scanner
prototype. The left panel shows the brightness temperature pro-
file, the center panel shows the actual picture of the cloud being
observed, and the right panel shows an image of the ratio of re-
flectances at 2.10/2.25 pm, which represents the separation between
ice and water particles in the cloud. The white line and dots on the
left panel represents the temperature profile. The same solid red
line is shown on the center and right panels of the figure. The red
dashed horizontal line represents the zero Celsius mark where also
the mixed phase starts on the right hand side panel.

cal Spectral Device (ASD) spectrometer, which allowed ra-
diance (reflectance) measurements from 0.35ym to 2.5 ym
at 0.001 ym intervals. The ASD was calibrated using an in-
tegrating sphere traceable to NIST standards, at the NASA
Goddard Space Flight Center, before and after deployment to
Brazil with the resulting absolute radiance calibration to bet-
ter than 5 %. The scanning mirror produces a scan through
the 120° range in 10 s with a 1° field of view. As the aircraft
flies forward the series of vertical scans produce an image. In
conjunction with the spectrometer measurements, a modified
Heitronics thermal scanner, aligned with the ASD scanning
mirror, measuring emitted radiance at 11 ym was used to de-
rive the brightness temperature field of the scanned scene, in-
cluding vertical temperature profiles of clouds. The modified
Heitronics scanner has a 2° field of view and makes mea-
surements with an accuracy of about 1 °C. The fisheye cam-
era took pictures every 10 s to record the cloud context. This
three component system was mounted on the side window
of the Instituto Nacional Pesquisas Espaciais (INPE) Ban-
deirante aircraft and flown for multiple missions during the
rainy season over Brazil, with the primary goal of remote
sensing of convective cloud sides.

In Fig. 6 the central panel shows the actual picture of the
cloud under study, while the left panel shows the brightness
temperature image overlaid by a temperature profile (white
plot) in the center of the cloud and the right panel shows
the separation between liquid and ice using a technique de-
scribed below. The spectrometer measurements provide the
input for retrievals of droplet effective radius, which use
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calibrated 0.67 um and 2.1 ym reflectances measured from
the side of convective clouds during the CLAIM campaign,
and the simplified cylindrical 3-D look-up-tables described
above. For a given pixel of the cloud side, the measured
0.67 ym and 2.10 ym reflectances point to a unique particle
effective radius in the LUT. This value forms an ordered pair
with the brightness temperature calculated from the thermal
11 pm observation of the same pixel. Plotting temperature
on the vertical axis and effective radius on the horizontal
axis, we can produce a retrieval of the microphysical profile
within the cloud. Two LUTs were employed, one for ice and
one for water clouds, with the choice of cloud phase deter-
mined by the ratio of 2.1 and 2.25 um reflectances, appearing
in the bottom right hand panel of Fig. 7, and explained be-
low. However, the retrieval was not sensitive to the choice of
either water or ice LUTs, at the geometries measured during
this campaign. Differences between using water or ice LUTs
were generally less than 2 ym. Choice of ice particle shape
can have a strong effect on the phase function of certain ge-
ometries and affect the retrieval. However, because we did
not know the shape and because often multiple shapes occur
simultaneously in an ice cloud, we used an average of several
available ice microphysical models to create the ice LUT.

Figure 7 (bottom left panel) gives an example of such re-
trieval showing warm cloud processes near cloud base where
droplets grow by diffusion and collision-coalescence, and
more efficiently, the mixed phase processes were the droplets
grow even faster. The water droplets grew by diffusion
and/or collision-coalescence up to about 14 ym effective ra-
dius and a temperature of about —11°C after which the
droplets started to freeze and mixed phase processes dom-
inated the particle growth. The mixed phase process took
place till a temperature of about —37 °C (respecting the limit
of —38°C for the existence of liquid water) causing the
droplets to increase up to 37 ym effective radius. The ice
phase profile shows the particle effective radius decreasing
as a function of height, likely due to precipitation processes
inside the cloud and/or nucleation of additional small ice
crystals. Other cases from the same experiment showed a
constant effective radius profile in the ice phase. The droplet
size profile shown here and several other results obtained dur-
ing the CLAIM field campaign are in good agreement with
the conceptual models of droplet growth in convective clouds
presented by Rosenfeld and Woodley (2003) and Rosenfeld
and Lensky (1998) (see Fig. 2). The top panel in Fig. 7 shows
a wide angle picture of the cloud under study. Although the
cloud morphology in this picture may trick some observers,
this cloud is a very deep convective cloud with cloud top tem-
peratures near —90°C.

In discussion of the bottom left panel of Fig. 7 we infer in-
formation about cloud thermodynamic phase based on slopes
of the temperature-effective radius curve (Yuan et al., 2010).
A completely independent measurement of the droplet ther-
modynamic phase is shown in the bottom right panel of Fig. 7
and applied to the entire cloud in the right hand panel of
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Fig. 7. Effective radius retrieved with radiances from the cloud side
(bottom left plot) and separation between ice and water determined
by the ratio between reflectances 2.10/2.25 ym (bottom right plot) as
a function of the vertical profile along the cloud side. The top image
represents a wide field picture of the cloud system under study.

Fig. 6. These panels show the ratio between reflectances
at 2.10 ym and 2.25 ym, which will be explained later in
Sect. 3.2 as an indicator of water, ice, or mixed phase present
inside the cloud. It is important to notice that the mixed phase
identified in the reflectance ratio 2.10/2.25 ym corresponds
unequivocally with the mixed phase droplet growth sug-
gested by the effective radius profile. This apparent agree-
ment once again indicates the power of the cloud side mea-
surements in identifying the cloud microphysical processes
inside the cloud, assuming that the profiles at the cloud sides
are indicative of those in the cloud’s core, as many observa-
tions and models suggest. The large amount of information
present in this vertical profile potentially increases our under-
standing of how aerosols may affect clouds and change the
precipitation efficiency by driving the droplet growth at the
scales where the interaction with the CCN really happens.
Since the freezing temperature depends on the droplet size
distribution, which is affected by the aerosol concentration
and type, and eventually by the aerosol efficiency to act as
ice nuclei, the simple measurement of the cloud thermody-
namic phase as a function of the temperature and amount of
aerosols can be a good indicator of the interaction between
aerosols and clouds.
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Fig. 8. Data extracted from Kou et al. (1993) shows the spectral
dependence of the imaginary component of the refractive indices of
ice and water between 2.0 and 2.3 ym, showing the crossing point
around 2.15 ym, The water case also shows some dependence with
temperature.

3.2 Interpretation of the ice-water thermodynamic
phase measurements

Here we justify the applicability of measurements centered
at 2.10 and 2.25 ym for the identification of ice, water, and
mixed phase on the vertical profiles measured on the side
of convective clouds. Figure § illustrates that the primary
signal separating ice and water in these wavelengths comes
from the imaginary component of the refractive index. Ice
and water have sufficiently different refractive indices at 2.10
and 2.25 ym that allow us to identify them by simply taking
the ratio between the reflectances at these two wavelengths.
In addition, we see that the refractive index at these wave-
lengths is also a weak (but significant) function of the water
temperature.

In order to evaluate the power of the ice-water separa-
tion algorithm on the vertical profile of complex convective
clouds, we used the SHDOM code to simulate radiation re-
flected from cylindrical clouds with microphysical vertical
profile following the conceptual diagram of Fig. 1. The con-
ceptual diagram used is shown in Fig. 9a illustrating 5 mi-
crophysical stages as a function of the temperature or height
inside the clouds. Initially the droplets grow by water vapor
diffusion, followed by collision-coalescence, a third stage
where the droplets have already reached large enough sizes to
enable internal precipitation processes, a mixed phase where
ice and water can coexist and further enhance the droplet
growth efficiency, and a glaciated stage where all the droplets
are frozen. The ice particles were simulated using 5 dif-
ferent ice habits and phase functions proposed by Yang et
al. (2000). The Rosenfeld and Woodley (2003) diagrams
suggest that at the glaciated stage, the effective radius re-
main constant as a function of height. Qur observations (e.g.
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Fig. 9. (a) Adapted from Rosenfeld and Woodley (2003 — Fig. 1)
shows the “general case” effective radius and thermodynamic pro-
file used here for the SHDOM simulation. (b) SHDOM simulation
of the reflectance ratios (2.10/2.25 um) based on a cylindrical cloud
with a complex profile of particle effective radii and thermodynamic
phase showing the sensitivity of this ratio to the presence of water,
ice, and mixed phase.

Fig. 7 above) show several cases where the particle size at
this stage even decreases as a function of height. The cloud
side radiances for this model were calculated for 60° solar
zenith angle, 50° view zenith angle, and were used to simu-
late the 2.10/2.25 pm ratio. The results are shown in Fig. 9b,
where water droplets show ratio values between 0.78 to 0.9,
depending mainly on droplet size effects, and ice particles
show ratios between 0.5 and 0.61. It is important to notice
that the 2.10/2.25 ym reflectance ratio is also sensitive to dif-
ferent ice crystal habits, identified by the different colored
curves. The dependence of the 2.10/2.25 ym reflectance ra-
tio on the cloud droplet size and temperature produces some
broadening on the final results but, the separation between
ice, water, and mixed phase still produces very strong and
unambiguous signals.

Experimental measurements of the 2.10/2.25um re-
flectance ratio were performed for several convective clouds
(observed during the CLAIM campaign) after separating the
water and ice portions of the clouds. The separation was done
using the measured brightness temperatures. Clouds and por-
tions of clouds with brightness temperatures warmer than
0°C were obviously water. Clouds and portions of clouds
with temperatures colder than —38 °C were obviously ice.
The thermal range in which mixed phase might occur were
avoided. Only clouds uniformly illuminated, with scatter-
ing angles at the observed pixels close to 180° were con-
sidered, and any remaining shadows were filtered out. Fig-
ure 10 shows histograms of the reflectance ratios where the
ice values vary from 0.33 to 0.47, and the reflectance ratios
for water varied from 0.75 to 0.95. The distribution of ratio
values for water agrees well with the simulated values shown
in Fig. 9 (above) plus the dependence of the imaginary re-
fractive index with temperature that was presented in Fig. 8.
For ice, on the other hand, the experimental values are well
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below the simulated values made over five different crystal
habits with random orientation, from ice plates to rosettes
and aggregates. The differences cannot be explained by the
particle size effect alone because in Fig. 7 the 2.1/2.25 ym ra-
tio remains constant with height over the entire range of the
ice portion of the cloud, despite there being a range of 10 ym
in particle radius. For constant geometry, the ratio is only
sensitive to refractive index. While there is no conclusive
proof, the fact that the simulations do not match the experi-
mental evidence suggests that the refractive index value for
ice shown in Fig. 8 is not correct for the ice clouds measured
during this experiment.

For clouds simulated by the Goddard Cumulus Ensemble
Model (Tao et al., 2003), Zinner et al. (2008) were able to
successfully discriminate between ice and water clouds us-
ing the 2.10 to 2.25 ym reflectance ratio. By comparing to the
“true” thermodynamic phase as the model output, they deter-
mined an optimal threshold: if the ratio is larger than 0.75,
the cloud is water, if the ratio is smaller than 0.6, the cloud
is ice, while in-between, the cloud thermodynamic phase is
uncertain and corresponds to a mixed phase.

In order to show the sensitivity of the reflectance ratio to
the imaginary refractive indices of water and ice at the 2.10
and 2.25 ym, Fig. 10 also shows the ratio:

o 1/m;i 210 pm
1/mi 225 ym

where m; is the imaginary part of the refractive index at each
wavelength. The results for « are shown in the overlaid ver-
tical lines in Fig. 10. Although the refractive index ratio is
not exactly the same as the reflectance ratio, this compari-
son shows in simple terms the effect of the spectral refractive
indices of water and ice.

4 Suggested satellite observations of cloud side
radiances

Following the cloud side measurement concepts described
above, a potential satellite mission (Cloud Aerosol Interac-
tion Mission in 3-D, or CLAIM-3D) is proposed with the pri-
mary goal of measuring the vertical profile of cloud droplet
effective radius, thermodynamic phase, brightness temper-
ature, and, by adding aerosol measurements to the system,
we offer the possibility of statistically observing cloud re-
sponse to the type and amount of aerosol particles surround-
ing the cloud field. The measurements must be done in cirrus
free pixels where the illuminated side of a convective cloud
can be observed. Figure 11 shows a schematic diagram for
the CLAIM-3D satellite concept. The cloud side measure-
ments should be composed of enough visible and shortwave
infrared measurements to provide effective radius and parti-
cle phase retrievals, as well as thermal infrared wavelengths
to provide brightness temperature retrievals. Combination
between thermodynamic phase and brightness temperature
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Fig. 10. Histograms of experimental measurements of the re-
flectance ratio py 10/02.25 ym for ice and water clouds. The red dots
show results for the water portion of convective clouds and the blue
dots for the ice component. The vertical lines show ratios of the
(1/m;) factor for the same wavelength ratio, where m; is the imag-
inary component of the refractive indices of water (red colors for 2
different temperatures) and ice (blue).

has key importance in revealing detailed microphysical pro-
cesses inside the clouds. Multi-angle observations would
provide parallax measurements helping even further to re-
veal details of the cloud structure. Spatial resolution must be
small enough to provide profiling information on convective
clouds, but due to the general diffuse properties of clouds and
the radiative smoothing scale (Marshak et al., 1995), there
should be not much benefit of spatial resolutions better than
100 m (Rosenfeld et al., 2004). Zinner et al. (2008) showed
in simulations of realistic cloud fields that with a pixel foot-
print of 250 m one can use the cloud scanner system dis-
cussed in this work to accurately retrieve profiles of cloud
droplet sizes and thermodynamic phase. The observation ge-
ometry of the satellite must be optimized as a function of the
solar illumination and the scattering angle geometry, mini-
mizing shadows and other undesirable 3-D effects. The most
optimized geometry for cloud side observation is to point
the sensor close to the direction of the sun vector at times
and locations of relatively large solar zenith angles (prefer-
ably > 40°). An ideal data set can be equally acquired with
a cross track push broom or snapshot imagers centered in
this geometry. As discussed in Sect. 2.3 and Fig. 3 above,
high altitude aircrafts or satellites actually provide the best
observation geometry for cloud side measurements allowing
for constant view angle observations from above the clouds,
which further simplifies the retrieval algorithm. Side obser-
vations of deep convective clouds from low flying aircraft
flying on the side of the clouds (as presented in Fig. 2) have
the worst case scenario because the measurements are per-
formed over a large range of viewing angles with mixtures of
shadowed geometries.

In addition to the cloud side measurements it is advan-
tageous to provide high quality aerosol retrievals including
accurate spectral optical depth and information on size dis-
tribution. We will not discuss concepts for advanced aerosol
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Fig. 11. Conceptual design of a 3-D Cloud Aerosol Interaction Mis-
sion satellite (CLAIM-3D) specially designed to perform detailed
measurements of aerosols particles and its influences on cloud mi-
crophysical properties and on the onset of precipitation.

retrievals here, nor will we discuss the difficulties and mitiga-
tion strategies for retrieving aerosol in proximity to clouds.
We will only mention that a comprehensive set of aerosol
parameters can be obtained with a combination of multi-
angle, wide wavelength range (from UV or visible to 2.3 ym),
and polarization measurements (Mishchenko et al., 2007).
Although the CCN concentration cannot be directly mea-
sured from space, the combination between accurate opti-
cal depth, aerosol particle size information and possibly re-
fractive index retrievals can provide important proxies to the
concentration and type of CCNs available in a given cloud
field (Andreae, 2009). Rosenfeld (2006b) pointed out that
the multi-angle polarization measurements by POLDER and
the proposed Aerosol Polarimetry Sensor (APS) that was
to fly on Glory and may be rescheduled, significantly im-
prove our ability to obtain proxies for CCN aerosols from
space, emphasizing particle size and refractive index (for
proxy of amount of absorbed water) as their main charac-
teristic. Other highly accurate imaging polarimeter sensors
with hyper angular capability (e.g. the HARP — Hyper Angu-
lar Rainbow Polarimeter) have been developed for space ap-
plications and will be available for such measurements. We
will also mention that polarization offers the possibility of
retrieving aerosol information even in a pixel with subpixel
clouds (Hasekamp, 2010), and there have been demonstra-
tions of associations between aerosols and clouds that are
sufficiently robust so that cloud effects in the aerosol prod-
uct do not affect the conclusions of the analysis (Koren et al.,
2010a).

The CLAIM-3D mission will build upon the experience of
previous space missions combining comprehensive cloud mi-
crophysical measurements with advanced aerosol retrievals
providing information on relationships between aerosols and
detailed cloud microphysical structure that should help ex-
plain how the aerosol particles are affecting cloud micro-
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physics, thermodynamics, and the processes that precede
precipitation. The data interpretation would be directly
guided by the brightness temperature measurements, and
its derivative with respect to the position of the satellite
(—dT/dx). This variable, provides the key to determine if
the measured pixel corresponds to cloud top, cloud side, and
how stiff are the slopes of the cloud edges. The stochas-
tic/Bayesian approach proposed by Zinner et al. (2008) and
Marshak et al. (2006) provides the needed tools to determine
the effective radius profile and variance that best fit the mea-
sured radiances. With aerosol retrievals added to the mea-
surements presented here, the CLAIM-3D concept provides a
full set cloud microphysical parameters with collocated mea-
sures of aerosol properties that significantly improves today’s
state of the art knowledge on the interactions between aerosol
particles and cloud properties.

5 Summary and discussion

The methodology discussed here consists of passively mea-
suring solar radiation photons reflected and emitted by the
cloud sides to provide the vertical profile of cloud micro-
physical and thermodynamical properties, which can be cou-
pled to aerosol measurements to understand how these cloud
properties change as a function of the aerosol type and
amount around the cloud field. Cloud side measurements
provide a powerful tool to unravel the effect of aerosol par-
ticles in changing cloud microphysics, lifetime, dynamics,
thermodynamics, phase and the onset of precipitation. These
observations can be performed from ground, aircraft, or
satellite. For the best geometry, observations from above the
clouds, using high altitude aircraft or satellite sensors would
be preferable.
The measurements provide:

— A snapshot of the vertical structure of cloud micro-
physics and thermodynamic phase, as a function of
height, or of the brightness temperature profile from the
side of the clouds.

~ The possibility of obtaining large statistics to allow con-
fident conclusions about the physical processes inside
the cloud, and how they are affected by the presence,
amount, and type of aerosol particles.

These two conditions cannot be met today by existing re-
mote sensing at the required resolution for resolving convec-
tive clouds except for the largest and deepest ones, as shown
in Rosenfeld and Lensky (1998). In situ measurements are
also unable to provide these capabilities. These results, in
conjunction with other measurements of cloud and aerosol
characteristics will improve our understanding of the factors
influencing cloud development, and the onset and character
of precipitation. Results of 3-D radiative transfer simula-
tions in this work and in Marshak et al. (2006) and Zinner
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et al. (2008) papers show the large sensitivity of the cloud
side radiances to effective radius, and thermodynamic phase
of the cloud particles. We must use this sensitivity to reveal
important details of cloud microphysics, and better support
the development and validation of cloud modeling activities.

While retrievals of cloud microphysical profiles from
cloud side measurements offer new possibilities in measur-
ing and understanding cloud development, the method has
limitations. The passive sensor must have an unobstructed
view of the illuminated side of the cloud, and the sensor
must have sufficient spatial resolution to resolve the vertical
structure of the target cloud. Anticipating a spatial resolu-
tion of approximately 200 m from a space instrument, this
suggests the method will work best for the example shown
in this paper, an isolated convective cloud. Shallow stratus
clouds or complex multi-layer frontal systems will prove to
be more difficult. The method is also limited by its assump-
tions, most importantly that the profile retrieved from near
the cloud edge is characteristic of the profile evolving in the
cloud core. We do not negate the seriousness of this assump-
tion, but we are heartened by a growing body of literature
that demonstrates over and over again using observations and
modeling that while other parameters vary in the horizontal,
cloud particle effective radius remains nearly constant along
a given altitude from edge through cloud center (Rosenfeld
and Lensky, 1998; Freud et al., 2008; Blyth and Latham,
2001; Rosenfeld and Woodley 2006b).

The CLAIM-3D satellite concept proposed here combines
several techniques to simultaneously measure the vertical
profile of cloud microphysics, thermodynamic phase, and
brightness temperature, which can be coupled to measure-
ments of aerosol amount and type in the neighborhood of the
clouds. The wide wavelength range, and the use of multi-
angle polarization measurements proposed for this mission
would allow us to estimate the availability and characteris-
tics of aerosol particles acting as cloud condensation nuclei,
and their effects on the cloud microphysical structure. These
results would provide unprecedented details on the response
of cloud droplet microphysics to natural and anthropogenic
aerosols at the scale where the interaction really happens.
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