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The 2007 Intergovernmental Panel on Climate Change assessment established
that the effect of clouds on climate contributes the largest uncertainty in predicting the
future climate. Satellite observations provide an opportunity for learning about the
behavior of clouds. This thesis seeks to assess the accuracy of cloud properties
retrieved from multispectral satellite imagery and test the usefulness of satellite data in
verifying conclusions based on aircraft observations that marine stratus appear to be
formed through the nearly adiabatic ascent of moist air. Retrievals of cloud optical
depth, a measure of cloud thickness, using 0.64-pum reflectances and droplet radii
using separately 1.6, 2.1, and 3.7-um reflectances were obtained with the MODerate-

resolution Imaging Spectroradiometer (MODIS). Owing to different amounts of



absorption by liquid water in the near infrared, with the least at 1.6 pum and the most at
3.7 um, the growth of droplet radius with cloud thickness should result in the largest
droplet radii retrieved using the 3.7-um reflectances and the smallest using 1.6-pum
reflectances. Droplet radii retrieved using the 2.1-um reflectances, however, are often
the largest, and those retrieved using 3.7-um reflectances are often the smallest. In
addition aircraft observations indicate that the relationships between droplet radius, r,

and optical depth, T, dInr, /d In7 ,should be approximately equal to 0.2 for marine

stratocumulus. While satellite observations in optically thick, overcast regions yielded
d In r¢/d In tconsistent with this result, retrievals for regions with broken clouds often
yielded dInr, /dIn7 substantially smaller than 0.2.

Clouds often exhibit large horizontal and vertical variability. In this thesis a
simple radiative transfer model was used to predict reflectances at visible and near
infrared wavelengths for clouds formed through the adiabatic ascent of moist air, and
then a retrieval scheme based on vertically uniform clouds was used to determine if
the departures from the behavior expected for adiabatic clouds might be caused by the
assumption of spatial uniformity used in the retrievals. The simulations indicated that
at all cloud thicknesses the progression of droplet size using 1.6, 2.1, and 3.7-um
reflectances followed that suggested by the absorptive properties of liquid water. The
simulation also indicated, however, contrary to the observations, that when the clouds

were optically thin, dInr, /dIn7 should be greater than 0.2, the value expected for

the adiabatic ascent of moist air.



The simulation was adapted to account for the effects of horizontal variations
within clouds. Each 1-km pixel was given a subpixel distribution of optical depths
based on a gamma distribution with mean taken from MODIS pixel-scale optical
depths and variance given by Kato et al. (2006), obtained from Large Eddy
Simulations of marine stratocumulus. Each subpixel was allowed to develop
vertically following the adiabatic ascent of moist air. The average of the reflectances
for the subpixels was used to retrieve the cloud properties for the pixels, and these
properties were compared with the average properties of the subpixels. The retrievals
obtained using 1.6-um reflectances were most strongly affected by the addition of
subpixel variations in optical depth and droplet radius. Mean droplet radius retrieved
in the simulation was largest when using 1.6-pum reflectances, followed by that
retrieved using 2.1 and 3.7-um reflectances. The simulation of large droplet radii at
the shorter wavelengths indicated that the large droplets observed in MODIS may
result from horizontal variations within the 1-km MODIS pixel. The values of

dInr,/dInt calculated for horizontally heterogeneous clouds were close to 0.2, but

showed variations that extend both above and below this value, consistent with the
MODIS observations.

To illustrate the findings based on the simulations, visible optical depth and
droplet radius were retrieved for MODIS 500-m pixels overcast by marine
stratocumulus. The 500-m pixels were used to represent the subpixel variability
within 2-km pixels constructed from the 500-m pixels. Differences between cloud
properties retrieved using average radiances and averages of the subpixel properties

were compared for overcast and broken-cloud regions using both MODIS and the



Partly Cloudy Pixel Retrieval (PCPR) schemes for identifying the overcast 2-km
pixels. In the regions overcast by optically thick marine stratocumulus, both methods
of identifying overcast pixels led to small biases in the retrieved droplet radii and

optical depths. Values of dInr, /dIn7 obtained in the overcast regions using the

PCPR identifications were closer to the value of 0.2 expected for adiabatic clouds than
those obtained using MODIS identifications. Additionally, values of dInr, /dInt
calculated using the 500-m overcast pixels yielded better results than those calculated
using the 2-km pixels. In regions containing broken clouds, the PCPR identification
provided a smaller bias than the MODIS identification, however both methods showed
greater biases than those calculated for regions overcast by optically thick marine
stratocumulus. Values of dInr, /dIn7 for the regions containing broken clouds
showed a positive value when using the PCPR scheme to identify overcast pixels, and
a negative value when using the MODIS cloud mask to identify overcast pixels.
Consistent with the results from the overcast regions, the dInr, /dIn7 obtained for
the 500-m overcast pixels were in closer conformity with adiabatic clouds than the

values obtained for the 2-km pixels using both the MODIS and PCPR identifications.
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BIASES IN DROPLET RADII AND OPTICAL DEPTHS OF MARINE
STRATOCUMULUS RETRIEVED FROM MODIS IMAGERY

CHAPTER 1

INTRODUCTION

1.1 Motivation

Clouds play a major role in Earth’s radiation balance. They reflect a
substantial portion of incident sunlight, and they absorb and emit a substantial fraction
of outgoing longwave radiation. The Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (2007) concluded that clouds contribute a
significant radiative forcing of climate on the global scale. Unfortunately, the level of
scientific understanding of clouds and how they will respond and contribute to climate
change is low. A knowledge of clouds will be crucial in predicting the future climate
because small changes in cloud properties lead to major changes in climate
(IPCC 2007). The accurate determination of cloud properties is imperative because
they are often used to calculate the radiation budget and assess the climate response to
forcings. If the cloud properties are not sound, then the progress towards reliable
prediction of cloud behavior is hampered.

While the net effect of clouds on climate is cooling, high clouds, such as cirrus,
and low clouds, such as marine stratus, have opposite impacts on the radiation budget.
High, thin clouds have a warming effect because incident sunlight passes through
them but longwave radiation emitted by the Earth’s surface and lower atmosphere is

absorbed and only a portion is re-emitted. Low clouds tend to be thicker and are



composed of water droplets. They have relatively large albedos, meaning more
incident sunlight is reflected and less is transmitted to the surface. Marine
stratocumulus have a small greenhouse forcing because they do not change the
top-of-atmosphere longwave emission significantly. They are at such low altitudes
that their emission temperatures are almost the same as those of the surface. The
dominant effect on the Earth’s radiation budget is on the reflection of sunlight, so that
the net effect of low-level clouds is cooling.

The impact of low clouds on the earth’s energy budget is larger than that of
high clouds. Low clouds account for most oceanic cloud cover and the oceans cover
over 70% of earth’s surface, making low clouds the most prevalent cloud system.
Observations compiled by Hartmann et al. (1992) indicate that low clouds also
contribute the greatest amount to net cloud forcing, an average of —16 Wm™ out of
—22 Wm™ total cloud forcing. Low clouds are also sensitive to the availability of
cloud condensation nuclei (CCN) and may be strongly affected by anthropogenic
forcing through the burning of fossil fuels. Knowledge of cloud microphysical and
optical properties for marine stratocumulus is expected to lead to a better
understanding of the links between clouds and climate.

An adiabatic cloud is one in which droplet radius, optical depth, and liquid
water content are linked to cloud thickness, with liquid water content increasing
linearly with height above the lifting condensation level. Aircraft observations have
shown that the adiabatic parcel model represents the vertical structure of marine

stratocumulus (Brenguier et al. 2000, Miles et al. 2000). In addition, several studies
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have used satellite retrievals as a means to discover the relationships between cloud
properties, and the adiabatic model is often found to be a good predictor of cloud
behavior (Szczodrak et al. 2001, Schiiller et al. 2003). An adiabatic model modified to
account for the non-adiabatic effects of mixing has also been proposed by Boers et al.
(2006). This thesis re-examines satellite observations by using retrievals from the
Moderate-resolution Imaging Spectroradiometer (MODIS) imagery to determine the
validity of the adiabatic parcel model in understanding the behavior of marine
stratocumulus.

Many methods for inferring cloud properties are based on an assumption that
clouds are vertically and horizontally uniform, even though the properties of most
clouds vary both vertically and horizontally. Droplet radius and optical depth of
marine stratus retrieved from MODIS often fail to coincide with the relationships
expected on the basis of adiabatic parcel models. When light hits a cloud droplet, it
can be either scattered or absorbed. Optical depth is a non-dimensional parameter
used to measure the exponential extinction of light within a medium. The optical
depth increases as the medium becomes thicker. For clouds formed through the
adiabatic ascent of moist air droplet radii grow from cloud base to cloud top.
Consequently, owing the relatively strong absorption at longer wavelengths, the
largest droplets are expected to be retrieved when using 3.7-um reflectances because
light is quickly extinguished at this wavelength. Droplet radii retrieved using 3.7-um
reflectivities are thus representative of droplets near cloud tops. The smallest droplets

are expected to be observed when using the 1.6-um reflectances because light
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penetrates deeper into the cloud at the shorter wavelength since absorption by water is
relatively small. 1.6-um reflectivity is thus representative of the smaller droplets
deeper in the cloud. MODIS retrievals, however, often indicate the presence of large
droplets retrieved using both 1.6 and 2.1-um reflectivities, and somewhat smaller
droplets retrieved using the 3.7-pum reflectances. This departure from trends expected
for adiabatic clouds arises because the assumption that pixels are overcast is
frequently violated (Platnick et al. 2003, Coakley et al. 2005). MODIS fields of view
are assumed to be completely covered by clouds, but often they are only partially
covered. The influence of optically thin areas may contribute to the departure of cloud
properties from those expected for adiabatic ascent of moist air when pixels are only
partly cloudy, as noted by Szczodrak et al.(2001) and Schiiller et al. (2005). This
thesis contends that the departure of cloud properties from expected values also occurs
because of variations of cloud properties within the 1-km MODIS pixels.

An adiabatic cloud model was developed and used to study the sensitivity of
retrieved cloud properties to the vertical profile of the properties within MODIS 1-km
pixels. A simple radiative transfer code computed reflectances for a multilayered
cloud in which the properties changed with altitude. Droplet radii and optical depths
were retrieved assuming that the cloud was vertically uniform. The optical depths and
cloud top droplet radii for clouds with vertical structure were compared to the
retrieved optical depths and droplet radii assuming vertically uniform clouds. The

simulations tested whether the departures of the MODIS retrievals from those
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expected for the adiabatic ascent of moist air could be attributed to the assumption that
clouds were vertically uniform.

As accounting for the vertical profiles of droplet radius within clouds failed to
explain the MODIS observations, the effects of horizontal variations on retrieved
cloud properties were studied. Analyses of satellite imagery in conjunction with
space-based lidar observations have shown that the expected adiabatic relationships
between droplet radius and optical depth hold for MODIS 1-km pixels overcast by
optically thick marine stratus (Hayes et al., 2009), but departures from the adiabatic
values existed for pixels overcast by optically thin marine stratus and for partly cloudy
pixels. To examine the effect of horizontal variations, the pixel used in the radiative
transfer model was divided into subpixels of clouds having varying heights so as to
obtain representative distributions of cloud optical depths within the pixel. The clouds
in each subpixel were allowed to grow adiabatically to achieve the prescribed optical
depth. The retrievals for droplet radius and optical depth based on the horizontally
uniform model were compared with the average of the retrieved pixel properties for
the horizontally varying cloud within the pixel. The subpixel variation in optical
depth was represented by a gamma distribution with mean provided by MODIS
retrievals of pixel-scale optical depths for marine stratocumulus and variance given by
Kato et al. (2006) based on Large Eddy Simulations of marine stratocumulus.

The MODIS observations used in this study were drawn from 50-km regions
that contained a single layer of marine stratocumulus with no other clouds present.

The Partly Cloudy Pixel Retrievals (Coakley et al. 2005) provided information on
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cloud fraction, altitude, cloud optical depth, and droplet radii derived using the three
near-infrared wavelengths from the Terra MODIS. The Partly Cloudy Pixel Retrieval
(PCPR) scheme was developed to account for pixels with partial cloud cover and is
used to identify pixels as either overcast, partly cloudy, or cloud-free. It is applied to
pixels containing a single layer of marine stratocumulus. The retrieved cloud
properties were used to assess whether observations of marine stratus could be

described by the adiabatic parcel model.

1.2 Background

Several methods for retrieving cloud properties from satellite observations
have been developed, though most invoke the assumption of a vertically uniform
cloud. Nakajima and King (1990) sought to retrieve droplet radius for homogeneous
clouds and were the first to find the occurrence of multiple solutions for droplet radius
at a given optical depth for a given pair of visible and near infrared reflectivities. The
retrieval algorithm calculated a droplet radius, r., and optical thickness, T, that best fit
the observed near infrared and visible reflectivities, but when T and r. were small,
multiple solutions frequently occurred. They arose because 1) the relationships
between reflectivity and cloud properties are nonlinear, and 2) optical depth is weakly
dependent on droplet radius, so that for small T and . a solution exists that gives the
same reflectances as obtained for a given optical depth and more than one droplet

radius. Nakajima and King were able to avoid multiple solutions by performing
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retrievals using the visible and two or three near infrared reflectivities instead of just
the visible and a single near infrared reflectivity. Alternately, the small droplet radius
solutions were removed by setting a lower bound for retrieved droplet radius, in which
case the solution with the larger droplet radius was always chosen. The advantage of
the Nakajima and King retrieval scheme is that it can be applied in principle to any
cloud to obtain an optical depth and droplet radius. The disadvantage is that it does
not give useful information about the vertical profile of droplet radius within clouds.
A study by Schiiller et al. (2004) used an adiabatic model proposed by
Brenguier et al. (2000) to interpret the retrieved droplet radius and optical depths
obtained with the Nakajima and King algorithm in terms of droplet number
concentration and cloud geometric thickness. The motivation for this analysis was
that in convective clouds, droplet radius is a function of both number concentration
and cloud thickness. Schiiller et al. sought to determine whether changes in droplet
effective radius could be attributed to changes in droplet number concentration or
cloud geometric thickness. The droplet radius provided by the Nakajima and King
method is an “equivalent” radius, the radius that a vertically and horizontally uniform
cloud would produce. The actual droplet radius within the cloud could depart
considerably from the retrieved value. The profile of droplet radius within an
adiabatic cloud was used to calculate visible and near infrared reflectivities and
geometric thickness and number concentration were adjusted to obtain the observed
reflectivities. Using droplet size distributions matched closely to those observed by

aircraft as opposed to those typically used in satellite-based retrievals produced
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retrieved adiabatic “equivalent” droplet number concentrations and geometric heights
that were reasonably accurate.

With the goal of accurately representing the vertical structure of cloud
properties, Chang and Li (2003) used the MODIS reflectivities for the three near
infrared wavelengths to infer a profile of droplet radius. The principle behind their
study was that liquid water droplets retrieved using different wavelengths had different
absorptive properties. The relatively large absorption at 3.7 um causes the near
infrared reflectance to saturate at a relatively small optical depth. Once saturation is
achieved, the reflectance becomes independent of optical depth. Photons that
penetrate to low levels in the cloud are absorbed. Consequently, the reflected light
comes only from the topmost cloud layers. Droplet radius retrieved at this wavelength
will be more representative of the cloud-top droplet radius. At 1.6 um, absorption by
liquid water is smaller, and so saturation is reached at a greater optical depth. The
droplet radius retrieved using 1.6-um reflectances is representative of those at lower
layers in the cloud. The droplet radii retrieved at different wavelengths form the basis
for the vertical distribution of droplet size inferred by Chang and Li. They fit three
analytic profiles of droplet radius to the data to determine the best fit for the droplet
vertical profile: the first in which droplet radius was linearly proportional to optical
depth (dr./d 7= constant), a second in which droplet radius grew linearly with height
above the LCL, (dr./dz” = constant, where 7’ is height), and a third in which liquid
water content LWC was proportional to height z (dLWC/dz = constant). The first two

profiles were chosen to replicate what in-situ measurements have shown (Miles et al.
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2000), and the third profile represented an adiabatic cloud. Regardless of the profile
used in the retrieval, Chang and Li inferred that cloud droplet radius sometimes
increased from cloud base to cloud top, and sometimes decreased from cloud base to
cloud top. The occurrence of larger droplets at cloud base was attributed to light
drizzle occurring near cloud base, or the existence of ice-phase particles, which have a
higher absorptivity than liquid water (Pilewskie and Twomey 1987). Additionally, the
survey of aircraft observations reported by Miles et al (2000) indicated that the pattern
of increasing droplet radii with height occurs predominantly for marine stratus, and the
pattern of decreasing droplet radii with height is observed in continental stratus.
Chang and Li performed their retrievals for clouds over Oklahoma.

A study by Boers et al. (2006) added complexity to the retrieval scheme by
taking into account mixing and the subadiabatic character of many water clouds. They
started with a single-layered, non-adiabatic cloud with a smooth liquid water profile.
Unlike previous studies, Boers et al. included the entrainment of the relatively dry air
that overlies marine stratocumulus in the model. Mixing between cloud and the dry
air can affect the number concentration, N, and volume radius, r,, both of which
determine the liquid water content, LWC, of clouds. The effects of mixing can cause
the profile of liquid water content to deviate from that for an adiabatic cloud. To
quantify this effect, Boers et al. used two mixing models, homogeneous and
inhomogeneous mixing. In homogeneous mixing, the entrained air evaporates cloud
droplets at an equal rate regardless of the radius of the droplet in a way that preserves

the droplet number concentration. The increase of supersaturation with height above
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the lifting condensation level leads to more droplets, balancing out the loss of droplets
to evaporation. The net effect, however, is that the volume radius decreases. In
inhomogeneous mixing, the entrained air evaporates some of the cloud droplets and
leaves others unaffected so as to preserve volume radius and decrease number
concentration. The mixed air simply dilutes the cloud, and in this case, a nonadiabatic
cloud will behave like an adiabatic cloud, only with less liquid water. The properties
of an adiabatic cloud are linked through simple thermodynamic equations, and
therefore a change in the size distribution or number concentration is likely to affect
all properties in tandem. Boers et al. used number concentration and geometric height
in terms of droplet radius, optical depth, and two other constants A; and A, which
depended in various ways on the effects of mixing. With this additional complexity,
Boers et al. discovered that retrievals of cloud geometric thickness were not sensitive
to which mixing model was used. The vertically-averaged droplet number
concentrations were not sensitive to the type of mixing model used, but cloud base
number concentrations were strongly affected by the liquid water content. Without
detailed information on any particular atmospheric event, it is difficult to determine
the governing mixing model. Based on aircraft measurements during the second
Dynamics and Chemistry of Marine Stratocumulus (DY COMS-II) experiment in
2001, Burnet and Brenguier (2007) observed that stratocumulus clouds follow some
path intermediate between the two extremes of homogeneous and inhomogeneous

mixing.
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While the number concentration retrievals in Boers et al. were subject to error,
several conclusions were drawn. The retrieved droplet number concentrations were
sensitive to the mixing model. Number concentrations were also affected by the liquid
water profile, especially near the cloud base, suggesting that deviations of the liquid
water profile from that for an adiabatic parcel affected the retrieved cloud properties.
Since cloud microphysical properties are linked, a sensitivity to the entrainment of dry
air may strongly affect droplet radius as well as number concentration. Nonetheless,
Boers et al. ran their model with several different realistic variations in mixing and
liquid water profiles and found that the retrieved droplet number concentration varied
by 17-20%.

Hayes et al (2009) obtained cloud properties using MODIS observations by
relying on 532-nm attenuated backscatter coefficients obtained with the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) lidar to
identify which MODIS pixels were overcast by marine stratus and which contained
broken clouds. The goal was to identify differences in the cloud properties derived for
overcast and broken-cloud regions, and to assess whether the relationships predicted
by the adiabatic model held for both overcast and broken-cloud regions. Hayes et al.
(2009) found that the retrieved optical depths from Aqua MODIS for areas that were
only partly cloudy were smaller than those for clouds in regions that were overcast,
while the retrieved droplet radii were larger than those for the overcast regions. The
pixel-scale mean and standard deviation of the optical depths retrieved for pixels

overcast by optically thick clouds drawn from 660 50-km scale regions overcast by
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marine stratus was 15.71 £ 8.22, and for pixels overcast by broken clouds from 460
regions was 6.88 £ 5.13. Droplet radius retrieved for the overcast pixels in the broken
cloud regions using 1.6-pum reflectivities was 1.68 um larger than those retrieved for
the overcast regions. A similar departure was observed when using both the 2.1 and
3.7-um reflectances. For overcast regions, the d In r/ d In T values were 0.174 for
droplet radii retrieved using 1.6-um reflectivities, 0.201 using 2.1-um reflectivities,
and 0.188 when using 3.7-um reflectivities. These are reasonably close to the value
0.2 expected for clouds behaving adiabatically. They found however that the
relationship broke down when pixels contained optically thin clouds. When regions
with only partial cloud cover were included, the d In o/ d In T values were 0.027 for
droplet radii retrieved using 1.6-pm reflectivities, 0.094 for 2.1-um reflectivities, and
0.179 for 3.7-pum reflectivities. In the broken-cloud regions, these departures may
have occurred because either the clouds were not adiabatic, or the retrievals were
somehow incorrect.

In this study, the droplet radii and visible optical depths of marine stratus and
stratocumulus as inferred from MODIS imagery were analyzed. The motivation for
this study was to find the relationships predicted by the adiabatic parcel models in
satellite imagery data. For adiabatic clouds the droplet radius retrieved using the
3.7-um reflectivity should be largest, the droplet radius retrieved using the 2.1-um
reflectivity should be somewhat smaller, and the radius retrieved using the 1.6-uym
reflectivity should be the smallest. The results of Hayes et al. for broken cloud regions

showed that that the 2.1-um derived droplet radius was largest, followed by the
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3.7-um and 1.6-pum derived radii. Likewise, the values of dInr, /dIn7 were close to

0.2 for optically thick marine stratus, but diverged from this value for broken and

optically thin clouds. The goal of this study was to explain such results.
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CHAPTER 2

RADIATIVE PROPERTIES OF ADIABATIC CLOUDS

2.1 Adiabatic Relationships for Marine Stratocumulus

Cloud formation occurs in the presence of micron to sub-micron wettable
particles called cloud condensation nuclei (CCN). As these cloud particles are lifted
above the lifting condensation level, they are cooled by adiabatic ascent. The
adiabatic cooling is accompanied by an increase in the relative humidity, and water
begins to condense onto the CCN as they gain altitude. The air becomes
supersaturated when relative humidity exceeds 100%. Cloud droplets grow as water
continues to condense on them. The increase in liquid water content (LWC) with
height for adiabatic ascent is linear, which results from the first law of
thermodynamics, the hydrostatic approximation, and the Ideal Gas Law. The change
in adiabatic liquid water content, dJLWC, can be represented in the adiabatic form of
the first law by

¢,dT - L,dLWC —vdP =0, (1)

where ¢, is the specific heat of dry air at constant pressure, dT is the change in
temperature, L, is the latent heat of vapor-to-liquid conversion, v is the specific
volume, and dP is the change in pressure. The terms add to zero because in an
adiabatic process no heat is added or removed. According to hydrostatic balance,

dP
= =—pe, 2
&z P8 2)
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where p is the density of air and g is the gravitational acceleration constant.

Substituting (2) into (1) for dP and solving for dLWC gives

Iv dZ Cp

c
ﬂ%C:J{?Z+§J& 3)
The two terms in brackets represent two atmospheric lapse rates. The dry adiabatic

lapse rate, g/c, =T, is constant. The saturated adiabatic lapse rate, d7'/dz =1, is

relatively constant in marine stratocumulus clouds due to the limited vertical extent of
these clouds. Consequently, the change in adiabatic liquid water content with height

above the lifting condensation level is constant:

dLWC ¢,
=—2(T +T,). 4
Tl (I, +T,) @)

Iv

Using (4) and the definition of liquid water content,
4 3
LWC :Eszer* , 5)

where p, is the density of water, N is the droplet number concentration, which for

adiabatic ascent is assumed to be constant, and r, is the volume radius, droplet growth
is given by

r (H)=BH +C. (6)
Thus, the liquid water concentration increases linearly with height, H, above the lifting
condensation level. Here B and C are constants found empirically using observations
(Brenguier et al. 2003). B accounts for the rate of condensation with ascent and C
accounts for the liquid water concentration at cloud base. In an adiabatic cloud,

droplet radius increases as H A parameter that will be used in this thesis is the
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effective radius, given by the ratio of the third moment of the droplet size spectrum to

the second moment of the droplet size spectrum. It is found by

Iizr3n(r, 2)dr

L )
.[727’ n(r,z)dr

r,(z)=

The volume radius is related to the effective radius by rv3 = Kl”e3, where k 1s
approximately equal to 0.8. In this thesis, the difference between volume radius, ry
and effective radius, r. will be ignored. The effective radius will be used in the
remaining calculations.

The interaction of radiation with cloud droplets is measured in terms of an
optical depth. Optical depth is a non-dimensional parameter that measures the
exponential extinction of light in a medium. Often 7 is taken to be zero at the top of
the atmosphere, increasing downward. Optical depth is also related to H, the physical

thickness of a cloud, and is given by:
H
7= [ Nodh (8)
0

where o is the extinction cross section. Physically, the cross section represents the
area each cloud droplet removes from the incident radiation. When radiation comes
into contact with this area, it can either be scattered or absorbed. Since cloud droplets

have radii that are much greater than the wavelengths associated with sunlight, o is

often approximated by 27, giving

7= [22Nr] (h)dh. 9)
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Substituting (6) into (8) and taking r. = ry gives

T=65L;V[(BH+C)% _c. (10)

Following Brenguier et al. (2003) and others, nucleation of droplets at the cloud base

is often ignored, equivalent to setting C = 0. The optical depth is then given by

67 5/3
7=N—(BH , 11
SB( ) (11)

5/3

so that T < H”. Here, (6) and (10) will be used to calculate droplet growth from

cloud base to cloud top and optical depth assuming that the cloud is adiabatic.

Droplet radius and optical depth are correlated in an adiabatic cloud such that

the ratio between them, dInr, /dIn7~ 0.2 (Szczodrak et al. 2001, Boers et al. 2006).
This value can be derived using

sz%H% and rezN%H%, (12) and (13)
given in Boers et al. (2001) and Brenguier et al. (2000). Combining (11) and (12) the

relationship between 7and r, is given by

5 SA 4
r=-—" hence Ar=>—¢ (14) and (15)
N N

The relationship d In r./ d In 7can be approximated by dividing both sides of the

above equation by T and simplifying:

=—, (16)

then

Aln7t=5AlInr,, aa7)
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and finally

Alnr, - dlnr, :l. (18)
Alnt  dlnt 5

If the cloud is adiabatic or liquid water content increases linearly with height,

changes in r, and 7should always maintain this relationship.

2.2 The Interaction of Solar Radiation and Cloud Particles

Radiation from the sun falls between 0.1 um and 4 pum. When sunlight hits a
cloud particle, it is either scattered or absorbed. The total extinction of light accounts
for the attenuation due to both effects, and is described by the extinction
cross-sectiono . As mentioned in Section 2.1 ¢ represents the effective area an
object blocks from the incident radiation. It is related to a droplet’s geometric cross-

section by

c=0 m’, (19)

ext e
where ﬂrf is the area of a spherical cloud droplet and Q.., is the extinction efficiency
for the cloud droplet. For cloud droplets and sunlight, Q.,, is greater than one,

meaning that a droplet can extinguish more sunlight than is indicated by its geometric

cross-section. In fact, for a typical droplet radius of 10 um at visible wavelengths,
Qe =2 and 0 = 27&762 . The explanation for this lies in Mie Theory for spherical

droplets, which describes the interaction of electromagnetic waves with atmospheric

particles in terms of the size parameter, given by
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=== 2
x==" (20)

where r is the particle radius and A is the wavelength of the radiation. Q,,, is a strong
function of x. For a particle with x << 1 (the particle radius is much smaller than the
wavelength of incident radiation), light is scattered equally in all directions and Q..,
becomes proportional to x*. Fora particle with x >> 1, such as cloud droplets, strong
forward scattering is observed. The strong forward scattering can be explained by the
interaction of incident radiation with the edge of a particle. As sunlight hits the edge
of a spherical cloud droplet, it is diffracted into the forward direction, thus the total
light extinguished is the sum of the area blocked by the particle and the light diffracted
by the particle edges. At visible wavelengths half of the extinction results from
radiation being scattered in all directions and half is redirected as the diffraction peak
in the direction of the incident light.

The effects of scattering and absorption on solar radiation are governed by the

equation of transfer, given by

dl(u, 9)
drt

u =10 9)~ - [ 49 [dup(a.gi sl 1G9 @21)
4 0 -1

where p is the cosine of the zenith angle and ¢ is the azimuth angle measured in a
plane perpendicular to the nadir direction. The terms in this equation, from left to
right, are the change in radiance as it passes through a medium along a given direction
(u, @), the incident radiance along the direction (u, ¢), and the contribution of scattering
to the overall change in radiance in the direction of propagation. The scattering phase

function in the equation of transfer, p(u, g;u “¢°), represents the angular distribution of
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scattered photons and is dependent on the properties of different types of atmospheric
particles, such as haze particles, molecules, and cloud droplets. The phase function
used here to represent the scattering of solar radiation by cloud droplets is represented
by the asymmetry parameter, g, which is the average value of the cosine of the

scattering angle. It is given by
1 1
g = [wdu. (22)
-1

For scattering that is predominantly in the forward direction g approaches a value of 1,
while for radiation that is predominantly backscattered, g approaches —1. If the
scattering is completely symmetric, g = 0. For a typical cloud droplet, g = 0.85, but
this value changes as droplet size changes.

The single scattering albedo, o, is the fraction of incident radiation that is
scattered by an atmospheric particle. It is given by the ratio of the scattering cross

section to the extinction cross section and is given by

O-'ca erin
=" (23)

extinction
The scattering cross section is the area of the incident radiation that is blocked by a
scattering and absorbing object that is then scattered into all directions as given by the
scattering phase function. The light blocked which is not scattered is then absorbed.
The asymmetry parameter g, single scattering albedo ®, and extinction cross
section o are all dependent on the wavelength of incident radiation and the size of the
cloud droplet. These values are calculated using Mie Theory for the scattering and

absorption by spherical droplets In this thesis the required parameters are used at the
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four wavelengths of interest, 0.64, 1.6, 2.1, and 3.7 um. Table 2.1 lists a subset of

these values for 0.64 and 3.7 pm.

A (um) re (um) cross section o g
(em’)

2 1.72E-07 1 0.79206
3 3.73E-07 1 0.82153
4 6.50E-07 1 0.83575
5 1.00E-06 1 0.84371
6 1.43E-06 1 0.84903
8 2.51E-06 1 0.85601

0.64 10 3.89E-06 1 0.86072
12 5.57E-06 1 0.86404
14 7.55E-06 1 0.86661
16 9.83E-06 1 0.86834
18 1.24E-05 1 0.8697
20 1.53E-05 1 0.87107
24 2.16E-05 1 0.8731
28 2.98E-05 1 0.87463
32 3.88E-05 1 0.87573
40 6.04E-05 1 0.87739
2 1.64E-07 0.9785 0.78108
3 4.98E-07 0.9751 0.79974
4 9.10E-07 0.96748 0.79168
5 1.34E-06 0.95718 0.77835
6 1.80E-06 0.94561 0.76926
8 2.91E-06 0.92336 0.77237
10 4.36E-06 0.90489 0.79093

3.7 12 6.15E-06 0.88927 0.81035
14 8.26E-06 0.87524 0.82608
16 1.07E-05 0.86218 0.83821
18 1.34E-05 0.84985 0.84769
20 1.64E-05 0.83811 0.85536
24 2.34E-05 0.81628 0.86745
28 3.15E-05 0.79638 0.87693
32 4.09E-05 0.77818 0.8848
40 6.32E-05 0.74618 0.89744

Table 2.1: Mie extinction cross sections, single scattering albedos, and asymmetry
parameters for cloud droplets for radiation at 0.64 and 3.7 pm.
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In order to treat multiple scattering, the equation of transfer is simplified using
the Eddington Approximation. The Eddington Approximation begins with a form of
the transfer equation that is for the azimuthally averaged component of the radiance.
Upon Fourier decomposition, the transfer equation leads to equations that have the
same form for all of the azimuthal components. The radiance for a given azimuthal

component is broken down into a power series in 4, the cosine of the zenith angle:

I, 0)=1,0)+ 1,0+ 1,0’ +... (24)
The series is truncated at first order, so that /(z, i) varies slowly with zenith angle.

The Eddington Approximation holds for optically thick water clouds and will provide
the relationships needed for this study.

A set of coupled differential equations are obtained by integrating each term in
(23) over the cosine of the solar zenith angle, producing a zeroeth moment, first
moment, and second moment. The mean intensity, /,, is given by the zeroeth moment.
The net radiative flux is related to the first moment. The net flux is the sum of the

upward flux and downward flux, F* and F~, given here by
F*=2z[dy () and F~ =2z dy' i 1) (25) and (26)

The coupled differential equations in the Eddington Approximation are

d—F =47l ,(1-w) and 4—7””” =F(l-wg). (27) and (28)
ar 3 dr

These equations are solved by the application of boundary conditions for the top and
bottom of the atmosphere. At the bottom of the atmosphere, T = 7;, the surface albedo

is taken to be zero. This corresponds to assuming a dark ocean, and is a good
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assumption in this study. The upward flux is thus zero at the bottom of the
atmosphere. At the top of the atmosphere, T = 0, the downward flux is equal to the
incident solar flux.

This study will make use of the reflectances measured for clouds in order to
retrieve cloud optical properties. The reflectance is the ratio of the upward flux to the

incident solar flux at the top of the atmosphere, and is given by

_ (UZ _1)(8057 _e—a‘r)
(1+U)*e™ —(1-U)*e™

(29)

The transmittance is the ratio of the downward flux at the bottom of the atmosphere to

the incident flux at the top of the atmosphere and is given by

T= 5 ol — (30)
A+U) e -(1-U)e™
where o and U are given by
o =/3(1- ®)(1- wg) (31)
a
U= 32
2(1-w) G2

The above expressions apply when absorption is present. Reflectance and
transmittance for a non-absorbing medium, such as water clouds at visible

wavelengths, are given by

3
—(-g)
rR=—4 (33)

3
1+—0-9)t
4( g)

and
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S (34)

1+ i -2 |

These simple relationships provide a way to calculate radiative fluxes at the
top and bottom of a vertically uniform cloud from three parameters: optical depth,
droplet radius, and the cosine of the solar zenith angle. To treat vertically
inhomogeneous clouds, this method is modified to include many layers, each having a
reflectance and transmittance that contributes to the reflectance and transmittance for
the entire cloud. For this study, the effect of adding layers also allows an
inhomogeneous cloud to be modeled by allowing droplet size to grow with each added
layer. The total reflectance and transmittance of a multiple layer system is found by

considering the simple two-layer model in Fig. 2.1 with incident solar flux p.F, on the

M oFO
1oFoR, wF, TR, quonRﬁRz/'
A

Layer 2, R,, T,

HOFOTZ

MoFoToR1R,

uoFoTHR, {L,F,T:R, R,

Layer 1, R,, T,

wF ToT UoFo TR R, T

Figure 2.1: Eddington Approximation for adding layers. The system has u,F,
incident on layer 2 and a zero-albedo surface.
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top of the atmosphere and a non-reflective surface layer below. Each layer has its own
reflectance R and transmittance 7, as illustrated in Figure 2.1. The angles of the solid
arrows are for illustrative purposes only as the reflection and transmission occurs in a
single column of atmosphere.

While the system illustrated has a surface with an albedo of zero, a nonzero

albedo could be easily added by giving the surface a reflectance ¢, and a

transmittance of zero. Using the equations for upward and downward flux, the total
reflectance and transmittance are calculated by summing up all of the individual
contributions at the top of atmosphere and the surface. At the top of the atmosphere,

reflectance is the fraction of the incident flux F, that is reflected, or

F+
ﬂOFo

R= =R, +T,/R +T,R’R, +T,R'R; +T/R'R; +.... (34)

Factoring out a T,’R, beginning with the second term gives
R=R,+T/R[1+R R, +R'R; +R’R; +...], (35)
which is the geometric series 1+ x+ x* +x” +...=1/(1—x). The reflectance of a

system with multiple layers is given by

TR
R=R,+—2—"'—. (36)
1-RR,

Applying the same method to the downward flux at the surface gives a similar
expression for transmittance. The transmittance of a multilayered system is given by

LT,

-4 37
1-RR, GD
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The properties of liquid water govern absorption at near infrared and visible
wavelengths. Water droplets in the visible spectrum (~0.64 pm) are non-absorbing,
while water droplets at 3.7 um have relatively strong absorption, and hence scatter
less. Given two clouds with identical vertically-averaged liquid water content, one
homogeneous containing drops of uniform size and the other inhomogeneous with
drops growing as altitude increases, the scattering and absorption will be different for
the two clouds. The homogeneous cloud has increasing near infrared reflectance for
increasing optical depth up to a value at which photons that have not been scattered
are absorbed. Once this optical depth has been reached, the cloud is opaque. An
adiabatic cloud will have liquid water content growing linearly with height, so if it
maintains a constant droplet number concentration with height, it will have more
liquid water concentrated at the top of the cloud where drop size is large. It will have
relatively little liquid water at cloud base, where drop size is small. For an
inhomogeneous cloud, there are two effects at work: reflectance increases as optical
depth increases, and reflectance decreases as droplets grow because as droplet size
increases, the single scattering albedo decreases, as was shown by the values of the

single scattering albedos listed for 3.7 pm in Table 2.1.



CHAPTER 3

RETRIEVAL OF CLOUD PROPERTIES

3.1 ANALYSIS METHODS

The first approach for studying the retrieval issues focused on replacing the
vertically uniform clouds on which satellite retrievals are typically based with a
vertically non-uniform cloud that accounted for adiabatic cloud development. First,
reflectances at 0.64, 1.6, 2.1, and 3.7 um were calculated using the Eddington
Approximation for clouds with a vertically uniform distribution of droplet radii for
several combinations of droplet radius and optical depth. The goal was to create
reflectance look-up tables for vertically uniform clouds. For vertically uniform
clouds, optical depth ranged from 0.1 to 95.1 in 381 steps of 0.25 and droplet radius
ranged from 2 to 40 um in 381 steps of 0.1 um. The reflectances for the vertically
homogeneous clouds were then used to retrieve optical depths and droplet radii based
on the 0.64-um adiabaticvisible reflectance combined with either a 1.6, 2.1, or 3.7-um
adiabatic near infrared reflectance derived for a vertically inhomogeneous cloud that
resulted from the adiabatic ascent of moist air. The retrievals were designed to do two
things: 1) find the differences in retrieved droplet radii obtained using the three
different near infrared wavelengths, and 2) for a cloud growing by adiabatic ascent,
find the differences that are expected in retrieved droplet radii when a vertically

uniform cloud is assumed.
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Reflectances for adiabatic clouds were calculated by specifying the number of
layers and layer thicknesses for the cloud. The model cloud for which results are
presented used 40 50-m thick layers with an initial cloud base droplet radius of 7 pm
and a droplet number concentration of 51 cm”. The number concentration and initial
droplet radius were taken from observational measurements of an unpolluted marine
stratus system as described by Brenguier et al. (2003). Each of the 40 layers of the
adiabatic cloud was taken to be homogeneous. The reflectance and transmittance
calculated for the first layer were identical to those calculated for a homogeneous
cloud with the same droplet radius and optical depth. The next layer had a new
droplet radius, and the resulting optical depth was given by

Tsystem = T1 + T2 (38)
The cloud reflectances and transmittances were calculated using the Eddington
Approximation for multilayered clouds as described in Chapter 2.

The retrieval process involved an iterative search of the reflectances to obtain
the droplet radius and optical depth. The procedure is outlined in Figure 3.1. Using
the 0.64-um visible reflectance obtained for an adiabatic cloud and the asymmetry
parameter corresponding to an assumed initial droplet radius, the reflectance for a non-
absorbing medium as given by the Eddinton Approximation was solved for the optical

depth. Optical depth at 3.7 um was obtained from the visible optical depth as given by

T3.7ym _ 0-3.7,um (39)

9

To.64um 0064 um
where example values of ¢ are given in Table 2.1. The near infrared optical depth

was then used in conjunction with a range of droplet radii to calculate near infrared
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Figure 3.1 Outline of retrieval scheme used to derive r. and T from visible and near
infrared reflectances.
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reflectance as a function of droplet radius. These reflectances were compared to the
near infrared reflectance calculated for an adiabatic cloud, and droplet radius at a
specific wavelength was retrieved. The retrieved droplet radius became the new initial
guess for droplet radius, and the procedure was repeated until the difference between
the initial droplet radius and retrieved droplet radius was less than 0.01 pm. In most

cases, three or four iterations were sufficient to attain this level of convergence.

3.2 RESULTS

As an aid to understanding the effects of droplet radius growing with altitude
within a cloud, Figure 3.2 shows reflectances for homogeneous and adiabatic clouds.
Fig. 3.2 a) is 0.64 um visible reflectance and 1.6-pum near infrared reflectance, b) is
0.64-um visible reflectance and 2.1-um near infrared reflectance, and c) is 0.64-um
visible reflectance and 3.7-um near infrared reflectance. Colored symbols represent
reflectances for adiabatic clouds with a cloud-base droplet radius of 7 pm and a
droplet number concentration of 51 cm™. Solid black lines represent reflectances for a
homogeneous cloud with a constant radius. Vertical black dotted lines represent
reflectances for a vertically homogeneous cloud at constant optical depth. The
minimum value of reflectance in Fig. 3.2 is zero, corresponding to a surface with zero
albedo. For the vertically uniform clouds, the near infrared reflectances are small
when droplet radius is large and relatively large when droplet radius is small and

optical depth is large. As expected, reflectances for the adiabatic cloud begin by
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following the pattern for the homogeneous clouds with similar droplet radii. For small
thicknesses, the adiabatic cloud is close to the corresponding homogeneous cloud. As
the cloud thickens, the adiabatic reflectance then crosses over the curves for constant
droplet radii toward the smaller reflectances representing larger droplets. As the
droplet size increases, absorption increases. Figure 3.2 shows that the visible
reflectance is sensitive primarily to changes in optical depth and rather insensitive to
droplet radius. The near infrared reflectances, on the other hand, are sensitive mainly
to variations in droplet radius for the larger optical depths. Depending on droplet
radius, once a certain optical depth is reached, increasing optical depth of a
homogeneous cloud has no effect on the near infrared reflectance. The reflectance at

near infrared wavelength becomes almost exclusively dependent on droplet radius,
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which is particularly noticeable at 3.7 um. Light at 3.7-um becomes opaque at
relatively small optical depths. At such optical depths, no radiation passes through the
cloud. It is either reflected or absorbed. The results in the figure suggest that for

optically thick clouds, optical depth and droplet radius can be solved for independently

of each other using the visible and near infrared reflectances. Due to the greater
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penetration depth of light at 1.6 pum, the near infrared reflectance continues to increase
to values larger than those for light at 2.1 and 3.7 um. At 1.6 pm, the cloud does not
become opaque until relatively large optical depths.

The relationships between reflectance, optical depth, and droplet radius in
Fig. 3.2 allow the occurrence of multiple solutions for droplet radius retrievals. If one
follows the lines of constant optical depth from larger to smaller drops, it is possible to
have two separate droplet radii at a given optical depth producing the same
reflectances. This feature is particularly prominent for smaller droplet radii at small .
Multiple solutions are most pronounced for the 0.64 and 1.6-um reflectances shown
in Fig. 3.2a. For these wavelengths, the lines of constant optical depth show a more
distinct curve throughout the cloud, suggesting that multiple solutions for droplet
radius at a given pair of 0.64 and 1.6-pum reflectances can exist for many combinations
of optical depth and droplet radius. In order to deal with this issue, the iterative
scheme developed to retrieve droplet radius and optical depth calculated extensive
look-up tables. Reflectances calculated for vertically uniform clouds used droplet
radii incremented every tenth of a micron and optical depth incremented by 0.25.

Figure 3.3 shows the droplet radius vertical profile for a 2000-meter thick
cloud with cloud base droplet radius of 7 pm and number concentration of 51 cm™.
For thick clouds generated by the adiabatic ascent of moist air, droplet radius grows as

13
H"™.
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Figure 3.3 Vertical
profiles of droplet
radius. The solid line is
droplet growth in an
adiabatic cloud, and the
three dashed lines are
the retrieved droplet
radii for vertically
homogeneous clouds for
the given thickness. Red
is the profile obtained
for the 3.7-um
reflectance, green is the
2.1-um reflectance, and
blue is the 1.6-um
reflectance.

The first cloud layer at 50 m in Figure 3.3 is homogeneous, and as expected,
the droplet radii retrieved at all three near infrared wavelengths matched the cloud top
droplet radius for this first layer. After a second layer was added, droplet radius was
no longer constant throughout the cloud, and the three droplet radii retrieved for a
homogeneous cloud using the 1.6, 2.1, and 3.7-um reflectances began to diverge
slightly from the adiabatic cloud top droplet radius. The penetration depth, the depth
from which reflected photons leave the cloud, is shortest at 3.7 um. Consequently, the
retrieved droplet radius at 3.7 um was only slightly smaller than the adiabatic cloud
top radius. Light at 2.1 um penetrates a bit further into the cloud, and hence an even
smaller droplet radius was retrieved. Light at 1.6 um penetrates the furthest into the
cloud, and the retrieved droplet radius was the smallest, more representative of droplet
radii at a lower level in the cloud. According to Fig. 3.3 light at different wavelengths
is extinguished at different cloud depths. Light at 3.7 um was saturated by about 600

or 700 m, where photons have penetrated into the cloud as far as they can, and the
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retrieved radius begins to approach the cloud top value. The cloud is almost
completely opaque at 3.7 um for this thickness. For 2.1 um, saturation occurred at
about 1500 m, and for 1.6 um, saturation occurred at depths greater than 2000 m.
MODIS retrievals are expected to show that droplet radii retrieved using 3.7-pm
reflectances are largest, followed by droplet radii retrieved using 2.1-um reflectances
and droplet radii retrieved using 1.6-um reflectances. For optically thick marine
stratus, Hayes et al. (2009) obtained a progression in retrieved radii similar to that
shown in Fig. 3.3. MODIS retrievals for overcast pixels that were not optically thick,
however, produced 2.1-pum derived r. > 1.6-um derived r. > 3.7-um derived r.. The
results presented in Fig. 3.3 do not match the MODIS observations for optically thin
or partly cloudy regions. Additionally, the presence of the large droplet radii retrieved
using the MODIS 2.1-pum reflectances are rarely, if ever, reported in aircraft
measurements, although recent observations obtained during VAMOS Ocean-Cloud-
Atmosphere-Land Study Regional Experiment (VOCALS) may report such large
droplets (Twohy, private communication).

Figure 3.4 shows retrieved optical depths and the adiabatic optical depths over
the same 2000 m range of cloud thickness. As expected, the optical depths from the
adiabatic model and those retrieved using 1.6, 2.1, and 3.7-um reflectances were
nearly identical because optical depth is derived primarily from the visible reflectance
and the asymmetry parameter, g, is only a very weak function of droplet radius, as
shown in Table 2.1. From Figure 3.3, the maximum difference between adiabatic

cloud top droplet radius and retrieved radius was on the order of 1 um, a departure
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present at small optical depths up until approximately Tt =40. As indicated by Table
2.1 the asymmetry parameter is the same within two significant figures for two

droplets differing by only 1 um.

200 "7 7

Figure 3.4 Total visible
optical depth (solid black
line) and retrieved optical
depth for adiabatic clouds
(dashed lines). The optical
depths were obtained using
the 1.6, 2.1, and 3.7-pum
reflectances to retrieve the
droplet radius. The visible
optical depths obtained
separately with each of the
three near infrared
wavelengths were identical.
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Figure 3.5 shows In (t/7,) and In (r/re,), where T and r, are the optical depth
and droplet radius up through a given cloud layer and 7, and r., are the optical depth
and droplet radius for the layer at the bottom of the cloud. The slope for the adiabatic
cloud (black line), given by dInr, /dIn7, was constant and approximately equal to
0.205, which is close to the value of 0.2 derived in chapter 2 for thick adiabatic clouds.
The slope was not expected to be exactly 0.2 owing to the effects of the finite droplet
number concentration at cloud base and the discrete homogeneous layers used in the

model. When the cloud was optically thin, the results in Fig. 3.5 for /n (1/1,) < 1
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showed that the retrieved cloud properties were extremely sensitive to the chosen
initial cloud base number concentration and droplet radius. As the cloud thickened,
the slopes d In r./d In Tderived for the three wavelengths used to retrieve the droplet
radius began to approach 0.2. Fig. 3.5 also shows that when vertically uniform clouds
are assumed, the dInr, /dIn7 derived from the retrieved properties were not
constant. The retrievals at the near infrared wavelengths gave values greater than 0.2
at approximately /n (T/1,) = 1.5, and converged to the adiabatic value as optical depth

increased. The 3.7-um d Inr, /d In7 most closely resembled the adiabatic value, and

1.0 [T AT Figure 3.5 In 1/t and In rfre
for an adiabatic cloud(black
line), 3.7-um derived droplet
radius (red line), 2.1-pm derived
droplet radius(green line), and
1.6-um derived droplet
radius(blue line). T and 7.
represent the optical depth and
droplet radius of a given height

for the retrieved d1Inr, /dInt

0.8r

| using the three near infrared
-+ wavelengths. T, and re,
Adiabatic 1 represent the optical depth and
| | droplet radius at the bottom of
00K e the cloud. For the adiabatic

0 1 2 3 4 5 cloud, T and r, represent total

In /71, optical depth and cloud-top

droplet radius.

converged to it by approximately /n t/T, = 3. The departure from the adiabatic
relationship was most severe when using 1.6-pum reflectances to retrieve droplet

radius, which produced the largest overestimate, especially when the cloud was
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optically thin. As is described in the next chapter neither the progression of retrieved

droplet radii with near infrared wavelength nor the values of dInr, /dIn7 were found

in the retrievals of cloud properties from MODIS observations. Figure 3.5 indicates
that the slopes at all three wavelengths should be greater than 0.2. While the treatment
of clouds as vertically uniform in satellite retrievals may produce some error in
retrieved cloud properties, accounting for the profile of droplet radius will not explain
the cloud properties retrieved using the MODIS reflectances, provided of course, the

clouds being observed behave as adiabatic clouds.
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CHAPTER 4

EFFECTS OF HORIZONTAL VARIABILITY IN CLOUD PROPERTIES

4.1 ANALYSIS METHODS

Based on the simulations described in the previous chapter, the retrievals for
the horizontally homogeneous cloud would produce a progression of retrieved droplet
radii for the MODIS near infrared reflectances that yielded larger radii at the longer
wavelengths, the progression expected given the growth of droplet radius with altitude
in adiabatic clouds. The results fail to explain why larger droplet radii are often
retrieved when using 2.1 and 1.6-pum reflectances than when using 3.7-um
reflectances. According to Barker (1996), a spatially inhomogeneous cloud with a

given mean optical depth has different radiative properties than a horizontally uniform
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cloud. The differences arise because the reflectances depend nonlinearly on the cloud
properties. The dependence of visible reflectance on optical depth is shown in
Fig. 4.1. For a cloud containing equal amounts of optically thin and optically thick
areas, the average reflectance bisects a straight-line between the two optical depths in
Fig. 4.1. The optical depth retrieved given the mean reflectance for the pixel will
underestimate the mean optical depth for the pixel.

Hayes et al. (2009) found that overcast 1-km MODIS pixels in regions
containing both partly-cloudy and cloud-free areas had smaller optical depths than
overcast pixels that were in regions completely covered by low-level marine stratus.
If each pixel had a horizontal distribution of optical depths, ranging from very thin,
semitransparent regions to opaque, thick clouds, an underestimate in the mean optical
depth would be expected. If the pixel was only partially covered with clouds, or if the
cloud was semitransparent, the reflectances measured at visible and near infrared
wavelengths would be smaller than if the entire pixel was overcast and optically thick.
According to Fig. 4.2, smaller visible reflectance leads to a smaller optical depth.
Using the underestimate of the optical depth and the smaller measured near infrared
reflectance to retrieve droplet radius causes an overestimation of the droplet radius.
Figure 4.2 shows visible and near infrared reflectances for selected optical depths and
droplet radii, and illustrates the nonlinear relationships between cloud properties and
the reflectances that cause biases in retrieved droplet radius and optical depth when
there are horizontal variations in optical depth. Consider a portion within a pixel with

an optical depth of 10.1 and droplet radius of 14 um and an optically thin portion with
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an optical depth of 1.1 and a droplet radius of 6 pum. These two portions are
represented by the black dots in Fig. 4.2. The average optical depth of the two pixels
is 5.6, the average droplet radius is 10 um, shown in red. When retrievals are
performed using the average 0.64 and 2.1-pm reflectances, however, the retrieved
optical depth is 4.48, and the retrieved droplet radius at this optical depth is 15.9 um,
which is an underestimate of optical depth and an overestimate of droplet radius, as

shown by the blue dot in Fig. 4.2.
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Figure 4.2 0.64-pm and 3.7-pum reflectances for selected optical depths and droplet
radii. When visible and near infrared reflectances are underestimated, a smaller
optical depth and larger droplet radius are retrieved.
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The overestimation of droplet radius is likely to be most severe when using the 1.6 and
2.1-um MODIS reflectances to retrieve droplet radius because the absorption by liquid
water at 3.7 um is greater than the absorption by liquid water at the shorter
wavelengths. Reflected photons at 1.6 pum have a larger penetration depth, and so the
effect of optically thin portions of the cloud would be more apparent in the droplet
radii retrieved using 1.6-pum reflectances.

To examine the effects of spatial variability, the model described in Chapter 3
to account for the impacts of vertical inhomogeneity was adapted to account for
subpixel-scale variation in optical depth as well. The Independent Pixel
Approximation (IPA) was used in calculating the radiative properties for the pixel and
subpixels (Cahalan 1994). In the IPA, the regional mean cloud albedo is obtained by
partitioning the cloud into subregions, computing an albedo for each subregion, and
then averaging all subregion albedos. Cahalan (1994) showed that the IPA provided
reasonably accurate estimates of mean solar fluxes transmitted by marine stratus
clouds.

MODIS observations were used to derive a realistic distribution of pixel-scale
optical depths. The data was composed of 200 50-km scale regions overcast by
marine stratus between 20° N and 50° N drawn from orbital passes over the
Northwestern Atlantic. A region was considered roughly “overcast” for the purposes
of this simulation when it contained fractional cloud cover greater than 0.8. Each
selected region had to have at least 10% of the pixels overcast by marine stratus as

deduced from partly cloudy pixel retrievals (Coakley et al. 2005). Methods described
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by Matheson et al. (2005) were used to insure that the regions contained no clouds
other than a single layer of marine stratocumulus. Thirty pixels overcast by marine
stratocumulus were chosen randomly from each region under the constraint that no
two pixels used were closer than 3 km from one another in order to reduce spatial
correlations among neighboring pixels. The MODIS pixel-scale optical depths were
used to constrain the average for the subpixel distribution of optical depths. A gamma
distribution, defined by mean and variance, was used to estimate the subpixel
distribution of optical depth for marine stratocumulus (Barker 1996, Kato et al. 2006).
A gamma distribution was randomly sampled to generate 20 cells around the pixel-
scale mean optical depth with the variance prescribed by Kato et al. (2006) based on
large eddy simulations (LES) of marine stratocumulus.

Using the optical depths randomly generated within each pixel, a
corresponding distribution of droplet radius and adiabatic cloud thickness was
calculated from (6) and (11). Visible and near infrared reflectances were then
calculated for each cell within the pixel by allowing the cloud to grow adiabatically so
that it attained the prescribed pixel-scale mean optical depth. Retrievals of the
properties based on spatially uniform clouds were performed for each subpixel to
obtain droplet radius and optical depth. As was noted in the previous chapter, the
retrieved values differed little from the cloud-top radius and optical depths for
adiabatic clouds. Mean values of the droplet radii and optical depths retrieved for the
subpixels along with the corresponding mean reflectances were determined for the

entire pixel. The averaged properties for the subpixels were compared to the
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properties retrieved for the pixels using average reflectances to assess the impact

subpixel-scale variability on cloud property retrievals.

4.2 RESULTS

Regions were selected that had cloud cover greater than 0.8 as derived from
the partly cloudy pixel retrievals. The pixel-scale distribution of retrieved optical

depths is shown in Fig. 4.3 by the solid line. The mean optical depth was
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Figure 4.3 MODIS pixel-scale optical depth (solid line) and simulated pixel-scale
distribution of optical depths (dotted line). The MODIS optical depths were obtained
from 200 50-km scale regions with fractional cloud cover greater than 0.8. Thirty
overcast pixels were drawn at random from each region. The average optical depths
of the observations and simulations are also given.
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13.22, which is close to the value found by Hayes et al. (2009) of 14.11 for
independent observations of marine stratus drawn from overcast 50-km scale regions.
The pixel-scale optical depth distribution generated in the simulation, the dotted line in
Fig. 4.3, agreed with the pixel-scale distribution of optical depths, as it should.
The droplet radii derived using the three near infrared MODIS reflectances are
shown in Figure 4.4. Figure 4.4 illustrates the problem discussed in Chapter 1. For

pixels overcast by adiabatic clouds, droplet radius should increase when retrieved
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Figure 4.4 MODIS pixel-scale droplet radii retrieved using 1.6 pm (blue solid line),
2.1 um (green dotted line) and 3.7 um (red dash-dotted line) reflectances. The pixel-
scale averages are given for the retrieved droplet radii.
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using the longer wavelengths. For the MODIS observations, the largest radius was
retrieved using 2.1-um reflectances, and the smallest was retrieved when using the
3.7-um reflectances. Adding a subpixel-scale distribution of optical depth is likely to
alter the above droplet radius distribution because introducing variability in optical
depth within the pixel leads to smaller reflectances and thus larger retrieved droplet
radii. The expectation is that droplet radii at all three wavelengths will be larger, but
the retrieved droplet radii using the 1.6 and 2.1-pum reflectances will be larger than that
retrieved using the 3.7-pum reflectance. Since water absorbs more strongly at 3.7 um,
the effect of subpixel scale variability will be diminished because a larger percentage
of clouds will be opaque at this wavelength. Figure 4.5 shows droplet radii from the
simulations and from MODIS retrievals using the 1.6, 2.1, and 3.7-um reflectances.
For the vertically inhomogeneous, horizontally uniform simulations in Chapter 3, the
large droplet radii retrieved using the 1.6-um and 2.1-um reflectances could not be
simulated. The results of those simulations also suggested that droplet radius retrieved
using 3.7-pum reflectances should be greater than that retrieved using 2.1-pm
reflectances, which should be greater than that retrieved using 1.6-um reflectances.
When horizontal variability was added to the simulation, however, the resulting mean
droplet radii retrieved for the subpixels were all greater than the droplet radii retrieved
using the MODIS observations. The largest droplet radii were retrieved using 1.6-pm
reflectances, which was expected since subpixel-scale variability most strongly affects

retrievals performed at the wavelengths with the least absorption by liquid water.
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The simulation started with a cloud base droplet radius of 5 pm and droplet
number concentration of 51 cm™ for each subpixel. Adiabatic ascent was performed
until the prescribed optical depth was reached. Within a 1-km pixel, a uniform
distribution of cloud base droplet radius and number concentration is unlikely.

Nonetheless, even when working under this assumption, the simulation produced
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distributions of droplet radii that came close to resembling the observed MODIS

pixel-scale distributions. Adding subpixel variability to the droplet radii and number

concentrations at cloud base could improve the agreement.

The slope, d In r./d In 7, were also calculated for both the MODIS

observations and the simulations. The MODIS slopes based on the droplet radii

retrieved using the three near infrared reflectances are shown in Figure 4.6. With the
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subpixel variations, the slopes obtained with the simulations were consistent with
those expected for adiabatic ascent. Interestingly, the simulated slopes exhibited a
distribution of values with means near the expected value, d In re/d In T =0.2. The
slopes were also in closer conformity with the MODIS observations than the slopes
retrieved for spatially uniform simulations in Chapter 3, for which d In r./d In 7for
droplet radii retrieved using all three near infrared reflectances were greater than 0.2.
The slopes calculated in the simulation were also close to those obtained by Hayes et
al. (2009) for optically thick clouds drawn from 50-km scale regions overcast by
marine stratus. As mentioned earlier, this simulation was performed on the
assumption that cloud base droplet number concentration and droplet radius were
spatially uniform. If distributions of these properties were added, the simulated slopes
and retrieved droplet radii might resemble those derived from MODIS more closely.

For the MODIS observations, the partly cloudy pixel retrievals were separated
into groups based on pixel scene identification: pixels identified as overcast by clouds
in a single-layered system, and pixels initially identified as partly cloudy but for which
the retrieved cloud fraction was 1.0 The two types of overcast pixels and how they are
identified are described by Coakley et al. (2005). Fig. 4.7 shows optical depths for
pixels identified as overcast (dotted) and partly cloudy pixels initially identified as
partly cloudy but for which the retrieved cloud cover was 1.0 (solid). The pixels
initially identified as partly cloudy had a lower mean pixel-scale optical depth of 10.59

than the pixels identified as overcast, which had a mean optical depth of 15.69. As
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indicated earlier in the chapter, a pixel with a smaller optical depth may be more
susceptible to the effects of subpixel variability, leading to large values for the
retrieved droplet radii. Given this information, the pixels initially identified as partly
cloudy were expected to have larger droplet radii than those identified as overcast.
Fig. 4.8 shows retrieved droplet radius using a)1.6-um reflectances, b) 2.1-um
reflectances, and c¢) 3.7-um reflectances for pixels initially identified as partly cloudy
(solid) and pixels initially identified as overcast (dotted). The droplets for the pixels
initially identified as partly cloudy were on average about 1 um larger than those for
the pixels identified as overcast when using the 1.6-pum reflectance to retrieve droplet
radius, consistent with the differences between horizontally uniform and horizontally
non-uniform simulations. In this case, the effects of partly cloudy pixels on retrieved
droplet radii were similar to the effects of horizontal inhomogeneity. When 3.7-um

reflectance was used to retrieve the droplet radius, the difference between the partly
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cloudy pixels and the overcast pixels decreased. Since photons at 1.6-um have a

greater penetration depth than photons at 3.7 pm, the photon leakage at 1.6 pm as a

result of broken clouds would be greater.
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CHAPTER 5

PROPERTIES OF MARINE STRATOCUMULUS RETRIEVED FROM
MODIS 500-m IMAGERY

The results in Chapter 4 indicated that variable optical depth within pixels was
at least partially responsible for the biases observed in MODIS cloud property
retrievals at the 1-km scale. As a next step, retrievals of droplet radius and optical
depth from higher spatial resolution MODIS data were performed. Visible optical
depth and droplet radius retrieved using 0.64, 1.6 and 2.1-um reflectances were
obtained from MODIS observations at the 500-m scale. The 500-m observations do
not retrieve droplet radius using 3.7-um, so obtaining data at this wavelength was not
possible. These 500-m pixels were aggregated into a 2-km pixel, and the cloud
properties obtained by averaging the properties for the sixteen 500-m pixels were
compared to the properties retrieved using the average reflectances of the 2-km pixel.
This particular method is analogous to the simulation undertaken in Chapter 4, with
the 500-m retrievals representing the different subpixels within each 1-km pixel in
Chapter 4, and the properties retrieved from average radiances representing the
MODIS 1-km retrievals in Chapter 4. Using the 500-m observations can help to
further explore the role of spatial heterogeneity and provide observational evidence for
the findings of Chapter 4.

The data were separated into two categories: one group consisting of overcast

regions with average fractional cloud cover greater than 0.95, and another group
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consisting of broken-cloud regions with average fractional cloud cover between 0.6
and 0.8. The cloud cover was deduced using the partly cloudy pixel retrievals applied
to 1-km MODIS imagery. Previous work indicated that retrieved cloud properties
from regions with partial cloud cover exhibited a greater bias than occurred for regions
that were overcast. By separating the regions into two groups for this analysis, the
effect of subpixel variation of cloud parameters was documented both for regions that
were nearly overcast and for regions that contained broken clouds. The biases were
expected to be larger within the broken-cloud regions. Additionally, the data were
separated into pixels identified as overcast by the MODIS cloud processing scheme
and those identified as overcast by the Partly Cloudy Pixel Retrievals (PCPR) to
assess whether the biases obtained with the MODIS identifications were avoided by
using the partly cloudy pixel retrievals. The primary difference between the two
retrieval schemes is in their treatment of the pixel-scale cloud cover. The MODIS
cloud processing scheme classifies a pixel as overcast if it contains clouds, and cloud-
free if no clouds are detected (Platnick et al. 2003). The MODIS 500-m pixel
identification is the aggregation of the identification at the 250-m scale, the resolution
at which the identification is actually performed. At the 2-km resolution, Coakley et
al. (2005) found that most pixels containing marine stratocumulus would be classified
as either overcast or cloud-free by threshold detection schemes like that used in the
MODIS identifications, even though approximately 40% of the cloudy pixels
contained broken clouds. The partly cloudy pixel retrieval method was developed to

retrieve cloud properties from fields of view that had only partial cloud cover. It is
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strictly applicable to single-layered cloud systems such as the marine stratocumulus
examined in this thesis. The retrieval scheme identifies pixels as either cloud-free,
overcast by thick clouds, partly cloudy, or pixels initially identified as partly cloudy,
but upon retrieval of the cloud properties are found to be overcast. Since the partly
cloudy pixel retrieval scheme accounts for partial cloud cover, the number of PCPR
overcast pixels will be smaller than the number of overcast pixels identified by the
MODIS scheme. Once the overcast pixels were identified by both schemes cloud
properties were retrieved using the partly cloudy pixel retrieval scheme with the

assumption that the pixels were overcast.

5.1 CASE STUDIES

Three 50-km scale regions were chosen to represent three common cloud
systems: a nearly overcast region, a typical region with a mix of overcast and partly
cloudy pixels, and a broken-cloud region with mostly partly cloudy pixels. For each
region, the differences in retrieved optical depth and droplet radius retrieved using 1.6
and 2.1-um reflectances were explored for the MODIS and PCPR overcast pixel
identifications. The results show the differences in the retrieved properties obtained

with the two identification schemes for varying amounts of cloud cover.
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5.1.1 Typical Scene with Overcast and Partly Cloudy Pixels

The region selected contained roughly equal numbers of overcast and partly
cloudy pixels as shown in Figure 5.1. It was observed on 17 May, 2004 at 1143 UTC,
and located at 41.72° N, 20.3° W. The satellite zenith angle was 51.6°, the solar zenith
angle was 30.01°, and the azimuth angle was 164.2°. The regional mean cloud cover
for this scene was 0.9. The cloud cover was determined using the partly cloudy pixel
retrievals applied to 1-km MODIS pixels. Fig. 5.1 shows 0.64-um reflectivity at a)
500-m resolution and b) 2-km resolution. Light shades of gray indicate high 0.64-pm
visible reflectivity, and hence larger optical depths. Darker gray areas are thin clouds
and black areas are broken clouds or cloud-free. One 2-km pixel is made up of 16
500-m pixels. The difference between the two spatial resolutions is apparent. Within
just one 2-km pixel in Fig. 5.1, visible reflectivity is highly variable among the
associated 500-m pixels, indicating that the 2-km pixel contains a range of cloud
thicknesses that are resolved at the higher spatial resolution. Fig. 5.1 ¢) shows the
11-pum radiance and 0.64-um reflectivity for this scene at the 2-km pixel resolution.
The pixels classified as overcast by the partly cloudy pixel retrieval scheme are in red.
These pixels were also classified as overcast by the MODIS cloud mask. The
additional pixels classified as overcast by MODIS are in blue. The PCPR overcast
pixels were concentrated in the most optically thick parts of the cloud. Because clouds
were detected, MODIS also identified pixels in the more optically thin regime as

overcast. In Fig. 5.1 ¢), these pixels are numerous.
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the 2-km scale. Red dots indicate pixels identified as overcast by the partly cloudy
pixel retrievals. Blue dots indicate pixels identified as overcast by the MODIS cloud
mask. Black dots indicate pixels identified by the MODIS cloud mask as being partly
cloudy.
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The inclusion of pixels with only partial cloud cover in the MODIS overcast
pixel identifications was expected to produce larger biases in retrieved optical depth
and droplet radius than those obtained with the PCPR. The bias is the difference given
by the droplet radii and optical depths retrieved using the average reflectances for the
2-km pixels minus the average of the retrieved properties for the associated 500-m
pixels. In this thesis, the bias for each cloud property will be described by the terms
1.6-um Are, 2.1-um Are, and At. Retrieved droplet radii using average reflectances
were expected to be larger than the average of the droplet radii for the associated 500-
m pixels as discussed in Chapter 4. Likewise, optical depths retrieved using the
average reflectances were expected to be smaller than the average of the optical depths
retrieved for the associated 500-m pixels.

Fig. 5.2 shows a) 1.6-um Ar,, b) 2.1-um Ar,, and c) At as functions of the
average cloud optical depth. Red dots are pixels classified as overcast by the PCPR
scheme and blue dots are the additional pixels classified as overcast by the MODIS
scheme. For the 1.6 and 2.1-pum Ar,, the biases for both retrieval schemes are most
prominent for the optically thin clouds. Pixels with these low average optical depths
may lead to more biased retrievals due to the effects of broken clouds and spatial
heterogeneity. At high optical depths, the Ar. at both 1.6 and 2.1 um approaches zero.
For thick clouds, the reflectances at the near infrared wavelengths are no longer
affected by variations in cloud thickness, thereby reducing the variability in
reflectances that lead to biases in the retrieved droplet radii. It is also possible that as

clouds thicken, variations in droplet radii within the 2-km scale become smaller. For
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the 1.6-um reflectances, the MODIS overcast pixel identification led to droplet radii
that were 0.138 um larger than the average for the 2-km pixel. In the case of the
partly cloudy pixel retrievals the droplet radii were 0.085 pum larger. For 2.1-pm

reflectances, the MODIS identification led to droplet radii that were 0.091 um larger,
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while for the partly cloudy pixel retrievals the droplet radii were 0.028 pm larger.
Although both Ar. were small, the PCPR scheme consistently produced smaller

differences.
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The MODIS overcast pixel identifications led to optical depths that were 0.148
smaller than the average for the 2-km pixels. The PCPR visible optical depth was
0.120 smaller than the average. For both MODIS and PCPR, At is consistently an

underestimate of the average optical depth.

5.1.2 Overcast Scene

The overcast region selected is shown in Figure 5.3. It was observed on 17
May, 2004 at 1141 UTC, located at 48.63° N, 11.54° W. The satellite zenith angle was
18.38°, the solar zenith angle was 31.84°, and the azimuth angle was 128.9°. The
regional mean cloud cover for this scene was 1.0. Fig. 5.3 shows the same quantities
as in Fig. 5.1, but for this nearly overcast scene.
In Fig. 5.3 the 2-km resolution appears coarser than the 500-m resolution.
Nonetheless, the entire region was more consistently overcast, and so less of the
variability in the 500-m data is lost when moving to 2-km resolution. The average
regional cloud cover of 1.0 indicates that retrievals of cloud properties for this scene
should not be greatly affected by broken clouds, and the number of pixels identified as
overcast by the PCPR was not very different from the number classified as overcast by
the MODIS cloud mask, as shown in Fig. 5.3 ¢). The red dots are PCPR overcast
pixels and the blue dots are the additional pixels classified as overcast by the MODIS

cloud mask. In contrast to Fig. 5.1 c), there are very few additional blue dots.
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Since the scene is nearly spatially uniform, the biases of 1.6-um Are, 2.1-um
Ar and AT were expected to be small. Additionally, since PCPR and MODIS do not
differ significantly in their classification of overcast pixels in this region, the

difference in biases for the two overcast pixel identification schemes was small.

Fig. 5.4 shows a) 1.6-um Ar,, b) 2.1-um Ar,, and c) At as functions of the 2-km pixel
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scale average optical depth. The variability in all three quantities was much smaller
than that for the region with both overcast and partly cloudy pixels, and the biases
were smaller as well.

The droplet radius was overestimated when using retrievals based on average
reflectivities and the optical depth was underestimated, but the biases were small.
Fig. 5.4 a), b) and c) also lack the outliers in the corresponding quantities that appear
in Fig. 5.2, indicating that most pixels sampled from a highly overcast region had

smaller biases and thus were more reflective of the actual cloud properties.

5.1.3 Partly Cloudy Scene

The partly cloudy region selected is shown in Figure 5.5. It was observed on
26 May, 2005 at 1145 UTC, located at 55.3° N, 11.43° W. The satellite zenith angle
was 22.96°, the solar zenith angle was 35.72° and the azimuth angle was 124.7°. The
regional mean cloud cover for this scene was 0.56. Fig. 5.5 shows the same quantities
as in Fig. 5.1, but for this partly cloudy scene.

The region contained many broken clouds, indicated by the dark areas in
Fig. 5.5. Areas that contained relatively thick clouds were punctuated by holes in the
cloud column. The 500-m resolution resolved some of these features, but the 2-km
scale image lost much of the variation in visible reflectivities. Fig. 5.5 c) shows
11-pum radiance and 0.64-um reflectivity for this region at the 2-km scale. The partly

cloudy pixel retrievals identified few overcast pixels (red dots). These pixels were
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located in the thickest clouds. The blue dots, representing pixels identified as overcast
by the MODIS cloud mask, were much more numerous and extended to pixels with
small 0.64-um visible reflectivities. Many of these pixels were probably partially
covered by clouds.

Owing to the relatively large spatial inhomogeneity, the biases in the retrieved

optical depths and droplet radii were large and highly variable. Figure 5.6 shows Ar.
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for 1.6 and 2.1 pm and A7 and the average optical depth for the 2-km scale. The
biases were not only large but also much more variable between pixels than in either
of the previous two cases. MODIS biases were substantially larger than the PCPR
biases. The failures of the overcast pixel assumption imbedded in the MODIS cloud
mask became more apparent. MODIS incorrectly classified many pixels as overcast,
and the retrievals were thus heavily affected by the effects of spatial inhomogeneity.
The horizontal variation in cloud cover and optical depth had an effect on the PCPR
properties as well, but as the pixels selected as overcast by the PCPR were optically
thick in the visible and exhibited less spatial inhomogeneity in the near infrared

reflectances, the resulting biases were smaller.

5.2 Typical biases in retrievals of cloud properties

The case studies of section 5.1 were performed to illustrate the biases in the
retrieved optical depths and droplet radii at the 2-km scale for different regions. Cloud
properties are highly affected by the regional cloud cover, and whether the retrieval
scheme accounts for the fractional coverage in the pixel (PCPR) or assumes all cloudy
pixels are overcast when cloudy (MODIS). To judge the magnitudes of these effects
at a larger scale, the quantities Ar. and AT were accumulated from a survey of marine
stratocumulus over the Northeastern Atlantic using the Terra MODIS observations.
The analysis was divided into MODIS and PCPR identifications of overcast pixels for

two types of regions: those overcast with regional mean cloud cover greater than 0.95,
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and those containing broken clouds with cloud cover between 0.6 and 0.8. The cloud
cover was obtained from the PCPR for the 1-km MODIS pixels. There were 1062
50-km scale regions with fractional cloud cover greater than 0.95, and 123 50-km

scale regions with fractional cloud cover between 0.6 and 0.8.

5.2.1 Overcast Regions

For the regions found to be nearly overcast, with fractional cloud cover greater
than 0.95, Figure 5.7 shows the total distributions at the 500-m scale of a) droplet
radius retrieved using 1.6-pum reflectances, b) droplet radius retrieved using 2.1-pm
reflectances, and c) optical depth as derived using the PCPR overcast pixel
identification (red solid line) and MODIS identification (blue dotted line). According
to the trend suggested by the results from the case studies, the biases in MODIS
retrievals were expected to be greater than those for the PCPR. As expected the
droplet radii retrieved using the MODIS overcast pixel identifications were larger than
those obtained using the PCPR scheme, and the optical depths were smaller. Since
this data was taken from nearly overcast regions, the differences obtained using the
MODIS and PCPR overcast pixel identifications were expected to be relatively small,
and the biases for both methods were expected to be less severe than those obtained

for the partly cloudy scenes.
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Figure 5.8 shows Ar. for 1.6 um obtained with the MODIS overcast pixel
identification, a), with the PCPR identification, b), Ar. for 2.1 um obtained with the
MODIS identifications c¢), with the PCPR identification, d), At for MODIS, e), and for
PCPR, f). In each frame, the red represents the quantity for the upper third of optical
depths (the thickest one third of clouds) and blue represents the quantity for the lower
third of optical depths (the thinnest one third of clouds).

In overcast regions, MODIS and PCPR retrievals do not differ significantly,
and the biases obtained using both overcast pixel identification schemes were small.
The results obtained for the optically thickest third of the clouds using both the
MODIS and PCPR overcast pixel identifications were similar. For the thinnest third
of the clouds in the overcast regions, the biases for droplet radii and optical depths
increased, yet the results obtained with the MODIS and PCPR overcast pixel
identifications were consistent with each other. For the thinnest third of clouds, the
bias in optical depth retrievals, however, actually became positive. Optical depth was
consistently underestimated for both the MODIS and PCPR identifications of overcast
pixels, yet for the thinnest clouds the optical depths were actually overestimated
slightly. According to Marshak et al. (2005), this may be due to 3D radiative effects
within cloud pixels. Even at very small spatial scales, Marshak et al. (2005) have
shown that a non-vanishing horizontal flux is present between pixels.

Figure 5.9 shows d In r./d In tfor the regions overcast by marine
stratocumulus. There are two anticipated effects at work. The first is that the MODIS

identification of overcast pixels is less stringent than that used in the PCPR scheme.
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The MODIS scheme can identify pixels with only partial cloud cover as overcast. The
d In re/d In Tvalues obtained using the PCPR identifications were noticeably closer to

that expected for adiabatic clouds than those obtained using the MODIS
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identifications. Additionally, the dInr, /dIn7 values obtained using the 500-m data

were closer to the adiabatic value of 0.2 than those obtained using the 2-km average
radiances. The effects of horizontal inhomogeneity were less pronounced in the

500-m reflectivities.

5.2.2 Regions of Broken Clouds

For regions with fractional cloud cover between 0.6 and 0.8, Fig. 5.10 shows
the distributions of droplet radius retrieved using 1.6-pum reflectances, a), droplet
radius retrieved using 2.1-pum reflectances, b), and visible optical depth, ¢). As
expected from the results of the case studies, the droplet radii obtained for the pixels
identified as overcast by MODIS were larger than those for the pixels identified as
overcast by the PCPR scheme. Optical depths obtained for the pixels identified as
overcast by MODIS were also less than the optical depths obtained for pixels
classified as overcast by the PCPR scheme. Likewise, the differences in the retrieved
properties were greater than those obtained for the overcast regions. These increases
occurred because the biases increased with the greater spatial variability.

Figure 5.11 shows Ar, for 1.6 um using the MODIS overcast pixel
identifications, a), using the PCPR identifications, b), Ar, for 2.1 um using the

MODIS identifications, c), using the PCPR identifications, d), A7 using the MODIS

identifications, e), and using the PCPR identifications, f). The red solid lines represent
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Figure 5.10 Same as Fig. 5.7, but for regions containing broken clouds with
fractional cloud cover between 0.6 and 0.8 as obtained with the PCPR scheme.

the quantity for the upper third of optical depths (the thickest one third of clouds) and

blue dotted lines represent the quantity for the lower third of optical depths (the
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thinnest one third of clouds). Biases obtained using both the MODIS and the PCPR
identifications of overcast pixels increased for the regions containing broken clouds.

In the broken cloud regions, PCPR identifications of overcast pixels led to
more accurate droplet radii and optical depths than the MODIS identifications for the
thickest third of the clouds. On the other hand, for the thinnest third of the clouds, the
PCPR overcast pixel identifications led to larger biases in droplet radii than were
obtained for the MODIS identifications. One possible explanation for these
differences could be that the reflectivities at both the visible and the near infrared
wavelengths became more linear with optical depth as the optical depth became
smaller, thereby reducing the nonlinearities that gave rise to the biases.

Figure 5.12 shows the values of dInr, /dIn7 calculated for the MODIS and
PCPR identifications using 1.6 and 2.1-um reflectivities for the regions with broken
clouds. While the average dInr, /dIn7 for the overcast regions were generally
positive, for the regions with broken clouds, positive values were obtained only when
using the PCPR overcast pixel identifications. When using MODIS identifications,
the dInr, /dIn7 were negative. Consistent with the dInr, /dIn7 in overcast

regions, the 500-m resolution gave values closer to those expected of adiabatic clouds

than were obtained for the 2-km resolution.
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Figure 5.11 Same as Fig. 5.8, but for the regions of broken clouds with 0.6 < A. < 0.8
as obtained with the PCPR scheme.
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Figure 5.12 Same as Figure 5.9, but for the regions with broken clouds.

In order to assess the statistical significance of the bias between overcast

regions and regions containing broken clouds for MODIS and PCPR identifications,

the A7, Ar,,,,and Ar, ,were calculated using regional means. In each region, both

the properties for the pixels with optical depths falling in the thinnest third of clouds

and the properties for the pixels with optical depths falling within the thickest third of
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clouds were averaged to obtain regional mean values for A7, Ar,, and Ar, .. The

pixel-scale distributions in Fig. 5.8 and 5.11 provided information on pixel-scale
biases, but pixels cannot be considered as being statistically independent. Cloud
properties exhibit correlations among neighboring pixels. The mean properties for
50-km scale regions were, on the other hand, assumed to be statistically independent.
Computing the regional mean biases for the pixels contributing to the thickest third of
clouds and thinnest third of clouds allowed for an assessment of the statistical
significance of the differences. In Table 5.1, the biases for MODIS and PCPR
identifications of overcast pixels for overcast regions and regions containing broken
clouds are shown for the thinnest and thickest third of clouds. For each parameter

At, Ar,,, and Ar, (. the mean and standard error are given, as well as 90%

confidence levels for the mean. The standard error is calculated by dividing the
standard deviation of a sample by the square root of the sample size. The 90%
confidence level is an interval estimate of the mean bias and is simply calculated by
adding and subtracting from the mean the standard error multiplied by a factor
determined from a t-distribution table (Ramsey and Schafer, 2002). Also shown are
the numbers of regions contributing to the means. When regional mean biases were
computed using only the pixels that contributed to the thinnest third and thickest third
of clouds, the biases were larger than those computed at the pixel-scale. Additionally,
the differences between the biases for MODIS and PCPR identification of overcast
pixels were greater than at the pixel-scale, and the biases for both MODIS and PCPR

identifications for regions containing broken clouds were dramatically larger than
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those for overcast regions. At the 90% confidence level, all biases were statistically

significant and not equal to zero

Parameter Overcast Regions Broken-Cloud Regions
Partly Cloudy Pixel Retrievals (PCPR)
Optical Depths T>15.81 1<9.63 t>10.88 1<6.02
Number of Regions 809 811 67 37
0.156 = 0.008 0.197 £0.0097 0.420 £0.052 0.528 £0.12
Arer s (1m) [0.143,0.169] [0.181, 0.213] [0.335,0.51] [0.33,0.726]
0.0512 £ 0.0061 0.179 £0.0092 0.181 £0.032 0.571£0.12
Area.1 (m) [0.0411,0.0613] [0.164, 0.195] [0.128, 0.234] [0.373,0.777]
-0.0857 £0.015 0.0353 +0.0052 -0.262 +0.043 0.0514 +0.027
At [-0.11, -0.061] [0.027, 0.044] [-0.333, -0.191] [0.0069, 0.096]
Optical Depths > 14.36 1< 8.51 >9.35 <542
Number of Regions 814 821 100 103
0.181 £0.0082 0.351 £0.023 0.531 £ 0.066 1.13£0.15
Ary1 6 (um)
[0.167,0.195] [0.313,0.289] [0.422, 0.64] [0.882,1.38]
Ar., (um) 0.0667 +0.0055 0.326 £0.019 0.277 £0.043 1.06 £0.12
ey (UM
! [0.0576,0.0757] [0.295, 0.357] [0.206, 0.348] [0.862,1.26]
A -0.125 £0.016 0.103 £0.0089 -0.269 +0.047 0.0246 £ 0.02
T

[-0.151, -0.099]

[0.0883,0.118]

[-0.347, -0.191]

[-0.0084, 0.0576]

Table 5.1 Biases for MODIS and PCPR identifications of overcast pixels in regions
overcast by marine stratocumulus and regions containing broken clouds. Means +
standard errors of the means along with 90% confidence levels in brackets are given.

with the largest biases occurring for the thinnest third of clouds in regions containing

broken clouds, especially when the MODIS cloud flag was used to identify overcast

pixels. Also consistent with the results from the pixel-scale distribution is the

overestimate of droplet radius and underestimate of optical depth. Optical depth from
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regions containing broken clouds was on average approximately 4 smaller than optical

depths from overcast regions, while droplet radii were approximately 2 um larger.



79

CHAPTER 6
CONCLUSIONS

A radiative transfer and cloud property retrieval scheme was developed for
assessing the impacts of vertical and spatial variations of cloud properties within
imager pixels on the retrievals of cloud optical depth and droplet radius. The radiative
transfer scheme used the Eddington Approximation for multiple scattering and results
were presented for single-layered scenes overcast by marine stratocumulus in which
the vertical profile of droplet radius was modeled by the adiabatic ascent of moist air.

For relatively thick adiabatic clouds, droplets grow as H'”

, where H is height above
the lifting condensation level. Reflectances for vertically uniform clouds were used to
retrieve the cloud optical depth and droplet radius for adiabatic clouds. Optical depth
is a non-dimensional parameter that measures the extinction of light within a medium.
The retrievals were based on the 0.64, 1.6, 2.1, and 3.7-um channels available with
MODIS imagery. The droplet radii retrieved using 3.7-pum reflectances were close to
the cloud top droplet radius calculated assuming adiabatic ascent. Absorption at

3.7 um is relatively large, and photons cannot travel as deeply into the cloud without
being absorbed. Penetration depths for photons at 2.1 pm are slightly larger than those
for photons at 3.7 um. Penetration depths are even larger for photons at 1.6 um.
Droplet radius retrieved using the simulated 1.6-um reflectance was the smallest, and

deviated the most from the cloud top droplet radius. For spatially uniform clouds, the

range of droplet radii retrieved for the three near infrared wavelengths was
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approximately 1 um for visible optical depths less than approximately 40. The
simulated retrievals indicated at all cloud thicknesses that the 7. derived using the
3.7-um reflectances should be the largest, followed by the r. derived using the 2.1-pm
reflectances and 1.6-pum reflectances. These results were inconsistent with retrievals
based on MODIS reflectances for pixels identified as being overcast by marine stratus.
The MODIS observations produced the largest droplets when using the 2.1 pm
reflectances.

The retrieval based on reflectances for vertically uniform clouds, on the other
hand, produced optical depths that were identical to those for adiabatic clouds. The
retrieval scheme formulated in this thesis used visible reflectances to obtain optical
depths once the droplet radius was determined. Visible reflectances are a function of
optical depth and asymmetry parameter, g. Since g is only a weak function of droplet
radius, the visible reflectance calculated for an adiabatic cloud with growing droplet
radius differs little from that obtained for a vertically uniform cloud.

Values of dInr, /dIn7 retrieved using the simulated 1.6, 2.1, and 3.7-um
reflectances were not consistent with MODIS observations. For spatially uniform
clouds adiabatic cloud development led to d Inr, /d In T retrieved at all near infrared
wavelengths that were greater than 0.2, especially for optically thin clouds. The
dIn re16un/d In T was largest, followed by d In re».1.w/d In T and then the
d In re37.u/d In 7. For large optical depths, the dInr, /d In 7 calculated using the

simulated1.6, 2.1, and 3.7-pum reflectances converged to approximately 0.2.

Observations from Aqua MODIS confirmed that scenes overcast by optically thick



81

marine stratocumulus conform to an adiabatic dInr, /dIn7 of 0.2, but regions
containing broken clouds yielded 1.6-pm and 2.1-pym derived d1nr, /dIn7 that were

far less than 0.2 (Hayes et al. 2009). The results of this simulation suggested that
either broken marine stratocumulus were not adiabatic, or that errors in the retrieved

cloud properties hid the true values of d1nr, /dIn7.

The radiative transfer scheme accounting for vertically non-uniform clouds
was modified to account for horizontal inhomogeneity within each imager pixel. The
method was formulated using the Independent Pixel Approximation described by
Cahalan (1994). Realistic distributions of optical depth with means given by MODIS
pixel-scale optical depths and a variance based on LES models of marine
stratocumulus given by Kato et al. (2006) were used to represent the subpixel
variations in optical depth in a cloud. The simulation used a uniform distribution of
droplet radius at the cloud base and constant number concentration taken from
observations by Brenguier et al. (2003). Each subpixel was allowed to grow following
the adiabatic ascent of moist air until it reached the appropriate optical depth. The
average values retrieved for the subpixels were compared to retrieved properties based
on average reflectances. The retrievals using 1.6-um reflectances were most strongly
affected by the addition of subpixel variation in optical depth. Mean droplet radius
retrieved in the simulation using 1.6-um reflectances was the largest, followed by the
droplet radius derived from 2.1-pum and 3.7-um reflectances. The simulation of large
droplet radii at the smaller-wavelengths indicated that the large droplets observed in

MODIS may have resulted from the assumption that clouds are horizontally uniform.
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Due to the nonlinear relationship between reflectances and cloud properties, this
assumption and the subpixel variability led to biases in the retrievals. For a pixel that
contains a cloud with a distribution of optical depths, the retrieved optical depth is
smaller than the average optical depth, and retrieved droplet radius is larger than the
average droplet radius.

The values of dInr,dIn7 calculated by taking into account horizontal non-

uniformity were consistent with adiabatic ascent. They produced mean values close to
0.2 for droplet radii retrieved using the three near infrared wavelengths. While the
simulation taking into account the vertical distributions of droplet radius produced

dInr,dIn7t that were greater than 0.2, the addition of subpixel variability in the

optical depths and droplet radii produced values that were both greater than and less
than 0.2, as did the retrievals based on MODIS reflectances.

The vertically and horizontally inhomogeneous cloud property retrieval
scheme detailed in this thesis came close to explaining the droplet radii and optical
depths retrieved from MODIS. Growth of cloud droplets by adiabatic ascent given
realistic distributions of optical depth were accounted for, but there is room for
improvement and future work. Cloud droplet formation depends on the number of
available cloud condensation nuclei, the available water vapor, and the updraft
velocities, all of which vary spatially within a 1-km pixel. The retrieval scheme
developed in this thesis used constant cloud base droplet radius and number

concentration. A distribution of cloud base droplet radii or droplet number
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concentrations could easily be added and might yield distributions of r. and

dlnr,/dInt closer to those observed.

Visible optical depth and droplet radius retrieved using the 0.64, 1.6, and
2.1-um reflectivities were obtained from MODIS 500-m data. The 500-m pixels were
aggregated into 2-km scale pixels in order to study the role of spatial variation in cloud
property retrievals. The biases, calculated by taking the difference of properties
retrieved based on average reflectances and the average of the subpixel properties
were calculated for varying amounts of cloud cover using both the MODIS cloud
processing and PCPR schemes to identify overcast pixels. For typical scenes that
contained a mix of partly cloudy and overcast pixels, the PCPR classification incurred
smaller biases when retrieving optical depth and droplet radius than the MODIS
classification because the PCPR was more stringent in its identification of overcast
pixels and only classified the most optically thick pixels as overcast. The optically
thick pixels exhibited less subpixel spatial variability than the thinner broken clouds.
MODIS classified pixels as overcast if clouds were detected in the field of view.
Consequently, the MODIS scheme often identified pixels that were either optically
thin or partly cloudy.

For 50-km scale regions nearly overcast by marine stratus, the biases for both
the MODIS and PCPR overcast pixel identifications were small. The impacts of
spatial variation in cloud properties was more prominent in clouds that were optically

thinner. The values of dInr, /dInt obtained using both the MODIS and PCPR

identifications showed two effects. The MODIS identifications produced
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dlnr,/dInt that were further from the value of 0.2 expected for adiabatic clouds

than the PCPR identifications. Consistent with the bias incurred by performing
retrievals based on average radiances, the dInr, /d In7 obtained using the 500-m data
were closer to the adiabatic value of 0.2 than those obtained for the 2-km pixels.

For the 50-km scale regions that were partially covered by a single layer of
marine stratocumulus, the biases became larger. Both the MODIS and PCPR overcast
pixel identifications led to large biases in the retrieved droplet radii and optical depths.
When a region contained broken clouds, many pixels were likely to be partly covered
by cloud. MODIS classified many of these pixels as overcast, and so the MODIS
identifications were subjected to the influences of optically thin and broken clouds
more so than the PCPR identifications, which selected pixels with optically thicker
clouds as being overcast. Consequently, the MODIS overcast pixel identifications led
to larger biases than obtained with the PCPR identifications. The values of

dInr,/dInt obtained for the regions containing broken clouds were far from the

value of 0.2 expected for the adiabatic ascent of moist air. While the average

dInr,/dInt for overcast regions was generally positive, in the regions with broken
clouds, only the PCPR identifications produced positive dInr, /dIn7. MODIS
identification of overcast pixels led to a negative dInr, /dIn7. Consistent with the
results from the overcast regions, the values of dInr, /dIn7 obtained from the 500-m

overcast pixels were in closer conformity with the value expected for adiabatic clouds
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than those obtained using the 2-km pixels for both the MODIS and PCPR
identifications.

When mean regional biases based on pixels within the thinnest third of clouds
and pixels within the thickest third of clouds were calculated, the effect of spatial
variability was more pronounced. Biases calculated at all wavelengths for both
MODIS and PCPR identifications of overcast pixels were larger and statistically
different from zero at the 90% confidence level. In overcast regions, the PCPR
method of identifying overcast pixels incurred smaller biases in droplet radii and
optical depths than the MODIS cloud flag identifications, especially within the
thinnest third of clouds. In regions containing broken clouds, biases for both MODIS
and PCPR methods of identifying overcast pixels increased dramatically, but the
PCPR scheme consistently retrieved cloud properties with smaller biases. The largest
biases occurred when using MODIS to identify overcast pixels in the thinnest third of

clouds within regions containing broken clouds.
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