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Abstract. The interplay between clouds and aerosols andl Introduction
their contribution to the radiation budget is one of the largest
uncertainties of climate change. Most work to date has sepClouds and aerosols have an important role in Earth’s radia-
arated cloudy and cloud-free areas in order to evaluate théve energy budget and distribution. Both absorb and reflect
individual radiative forcing of aerosols, clouds, and aerosolincoming energy back to space. Clouds and aerosols interact
effects on clouds. and therefore influence one another’s properties. The fraction
Here we examine the size distribution and the optical prop-of aerosols serving as cloud condensation nuclei (CCN) de-
erties of small, sparse cumulus clouds and the associated ofermines the cloud droplet size distribution, hence cloud op-
tical properties of what is considered a cloud-free atmospherédical properties, precipitation, cloud size, and lifetime. Like-
within the cloud field. We show that any separation betweenwise, cloud microphysical processes change aerosol size, dis-
clouds and cloud free atmosphere will incur errors in the cal-tribution, chemical and optical properties. Light absorbing
culated radiative forcing. aerosols reduce the energy reaching the surface and warm the

The nature of small cumulus cloud size distributions sug-atmosphere. The warming aerosol layer stabilizes the atmo-
gests that at any resolution, a significant fraction of thesphere beneath it, reducing heat and moisture fluxes from the
clouds are missed, and their optical properties are relegatedurface and consequently reduces shallow cloudiness (Koren
to the apparent cloud-free optical properties. At the sameet al., 2004; Feingold et al., 2005). Because a large frac-
time, the cloudy portion incorporates significant contribution tion of aerosol is anthropogenic, it is important to estimate
from non-cloudy pixels. the net radiative forcing of man-made aerosols such as those

We show that the largest contribution to the total cloud re-from pollution and biomass burning, including aerosol indi-
flectance comes from the smallest clouds and that the spd€ct forcing through their influence on clouds.
tial resolution changes the apparent energy flux of a bro- To infer the atmospheric optical properties from space-
ken cloudy scene. When changing the resolution frombased observations, the atmosphere is classified as either
30m to 1km (Landsat to MODIS) the average “cloud- cloudy or cloud-free. Cloud properties are retrieved from
free” reflectance at 1.65m increases from 0.0095 to 0.0115 the cloudy pixels and aerosol properties are retrieved from
(>20%), the cloud reflectance decreases from 0.13 to 0.0681e cloud-free pixels. It has been shown that the apparent
("\/50%)' and the cloud coverage doubles, resumng in an im.“C|OUd-f|'ee" atmosphere within a cloud f|6|d, the “tWI'Ight

portant impact on climate forcing estimations. The apparenfone”, has unique optical properties pointing to contributions
aerosol forcing is on the order of 0.5 to 1 Whper cloud  from undetected clouds and humidified aerosols (Koren et

field. al., 2007; Charlson et al. 2007).

Moreover, it has been shown that the optical properties of
the twilight zone are sensitive to the aerosol loading, sug-
gesting the potential presence of anthropogenic forcing. Ko-
ren et al. (2007) examined this region using the ground-based

Correspondence td: Koren AERONET remote sensing network in order to avoid the en-
BY (ilan.koren@weizmann.ac.il) hanced backscattering due to the presence of clouds (Wen et
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Table 1. Information on the five Landsat scenes analyzed in this study.

Name Latitude Longitude date SZA CLF-LST CLF-MOD CLR-LST CLR-MOD BGR-LST BGR-MOD
The Bahamas 2456 —74.61 10/20/1999 41 0.1295 0.2612 0.1075 0.0489 0.0068 0.0096
Barbados 13.02 —-60.26  2/1/2002 43 0.1015 0.2158 0.1422 0.0705 0.0161 0.0175
Tuamotu Islands, —15.91  —-145.24  7/26/2000 48 0.1073 0.2438 0.0987 0.0425 0.0051 0.0063
Polynesia

Hawaii 18.78 —154.78  1/31/2001 46 0.2279 0.3979 0.1372 0.0802 0.011 0.013

100 km southeast of  —8.68 —13.93  6/15/2001 44 0.2409 0.4408 0.1632 0.0902 0.0084 0.0107

Ascension Island

SZA — Solar Zenith angle

CLF-LST — Cloud fraction in the fine (30 m) resolution

CLF-MOD - Cloud fraction in the coarse (960 m) resolution

CLR-LST - Cloud average reflectance in the fine (30 m) resolution
CLR-MOD - Cloud average reflectance in the coarse (960 m) resolution
BGR-LST - Cloud-free average reflectance in the fine (30 m) resolution
BGR-MOD - Cloud-free average reflectance in the coarse (960 m) resolution

al., 2007). Charlson et al. (2007) did so using both airborneand are not derived from sheared patches of adjacent larger
(downward-looking) lidar (20 m—200 m resolution) and the clouds. The condition of a small cloud fraction implies large
output from large eddy simulations of cloud fields with grid average distances (compared to the cloud size) between de-
sizes of 50-70m. Using independent methods, both groupgectable clouds. The requirement of high sparseness maxi-
identified the radiative importance of this inter-cloud region mizes the interfacial area between clouds and the cloud-free
and the pitfalls of artificially separating “direct” (i.e., aerosol atmosphere and therefore exhibits the strongest influence of
only) and “indirect” (i.e., cloud) radiative forcing. the cloud twilight zone on the radiative forcing. Sparse cloud
Cloud size distributions for various cloud types studied fields are common throughout the globe and can be found
previously (Plank, 1969; Wielicki and Welch, 1986; Rodts in marine trade cumulus systems, in the tropics and subtrop-
et al., 2003) have been found to obey power laws follow- ics, and over rainforest areas subject to subsidence conditions
ing analysis of observed marine stratocumulus, fair weathewhere some of the humidity is supplied locally by evapotran-
cumulus, and deep convective clouds (Cahalan and Josephpiration.
1989) and of modeled shallow cumulus clouds (Neggers et
al., 2003; Xue and Feingold, 2006). For remotely-sensed
clouds, it has been shown that the detector resolution ma@ Analysis
strongly affect the classification of cloudy and cloud-free
pixels (Zhao and Di Girolamo, 2006) and that the contribu- To study the size distribution of sparse cloud fields we
tion of small cumulus clouds to the total area is significantuse channel 5 (1.55-1.78n) data from the ETM+ ra-
(Zhao and Di Girolamo, 2007). The resolution effect on the diometer on Landsat-7 (The source for this dataset was the
cloud-free area has been shown to decrease the likelihood dblobal Land Cover Facilityhttp://www.landcover.orgwith
finding a cloud-free pixel from 16% to 3% when changing a spatial resolution of 30 mhftp://eros.usgs.gov/products/
pixel size from 100 krAto 10 000 kn? (Krijger et al., 2007).  satellite/landsat7.htl Channel 5 is used because the rel-
Here we study the contribution of a sparse field of smallatively long wavelength minimizes optical contributions of
cumulus clouds to the radiation budget. We examine howaerosols and atmospheric gases in cloud-free areaséTanr
small clouds contribute to the total reflectance as a func-et al., 1997), and the radiative effects of cloud-escaping-
tion of their size distribution and how they affect the appar- photons (the cloud 3-D effect, Wen et al., 2007).
ent cloud-free reflectance. The impact of sensor resolution Five cases of maritime, sparse cumulus cloud fields were
on the optical property distribution of both the cloudy and selected away from sunglint to ensure the presence of low
cloud-free areas is examined as well. This has significantand uniform background reflectance and to facilitate the de-
ramifications for the local estimates of aerosol direct and in-tailed cloud analysis (Table 1). The detectable cloud frac-
direct forcing. tion ranges from 10% to 25%. Clouds are identified using
We define a sparse cumulus cloud field as one comprisa reflectance threshold, which minimizes the contribution of
ing many small shallow convective clouds distributed ran-the background far from clouds (Koren and Joseph, 2000).
domly (i.e., not clustered over a small portion of the field) To achieve this, areas devoid of obvious detectable clouds
with overall low cloud fraction £25%). Such a cloud field at the margins of the cloud field were selected (with a mini-
consists of many small (10 m scale) “stand-alone” clouds,mum 5 km distance from detectable clouds). For these areas,
namely clouds that form and develop into individual cells the minimum reflectance threshold was selected to be three

Atmos. Chem. Phys., 8, 3853864 2008 www.atmos-chem-phys.net/8/3855/2008/


http://www.landcover.org
http://eros.usgs.gov/products/satellite/landsat7.html
http://eros.usgs.gov/products/satellite/landsat7.html

|. Koren et al.: How small is a small cloud? 3857

number of clouds

800

! F_

normalized cloud reflectance
¥

- =

-
R

[ 1 2 3 4 5 [ 7 0 5 1 18 0 25 0
cloud area [km?] cloud area [km?]

normalized cumulative cloud reflectance

Fig. 1. Sparse cloud field over the Pacific Ocean near Tahiti. Top-left: Magnified portion of the cloud field with pixel resolution of 30 m.
Top-right: size distribution of the clouds. Note the large spread of the results for the large cloud sizes due to small number of samples in
these bins. Bottom-left: normalized (unit integral) total per cloud area reflectance as a function of the cloud size. Bottom-right: cumulative
cloud reflectance showing that most of the reflectance comes from the smaller clouds.

standard deviations above the mean, thus ensuring that mofaution, the analysis is repeated five times with the resolution
than 99.7% of the background is not selected. Since the solareduced successively by half, while ensuring that the total re-
IR channel used here is almost completely free of moleculafflectance is conserved. Thus, a range of resolutions spanning
and fine aerosol scattering, the calculated reflectance threslihe initial Landsat resolution of 30 m to a resolution close to
olds were consistent and low for all cases (&02005). Pix-  that of MODIS (30<2°=960 m) is achieved.
els are considered to belong to the same cloud when two ad-
jacent pixels are connected in any of the 8 possible directions.

Once the cloud mask is constructed for each cloud field,3 Results
t_he cloud fraction, the average reflectance of the cloudy PO all five scenes the cloud size distribution exhibits a
tion, and the cloud-free area, as well the average reflectanc

. . (?Iear ower-law behavior for clouds ranging from one pixel
of the entire scene is calculated. Next, the area and aver, b ging P

oo . 30x30=900 n?) to a few tens of krfi (Fig. 1), with an aver-
age reflgctance of each individual cloud is (?alculated and' théﬂge correlation coefficient exceeding 0.95 (after logarithmic
distribution of cloud reflectance as a function of cloud size

S inning to correct for small number fluctuations in the large
is inferred as the product of the average reflectance per uni e R .
cloud bins; Newman, 2006). Such a distribution is described
cloud areay;, the cloud areays; and the number of clouds per

cloud sizep;. Since the Sun-Satellite geometry is relatively Zy arelationship with two scene-dependent parameétarel
constant over the area of the cloud field (typical lengths of

100 km) the nadir reflectance observed by ETM+ is Propor-, (q) = i @)
tional to the radiative energy reflected back to space. am™
The total cloud reflectanc® (the sum over individual wheren(a) is the number of clouds per given aredin pix-
cloud sizes) can be described as els), b is a constant equal to the number of clouds with an
area of one pixel ang: is the power exponent of the distri-
R = Z Ri = Z Tinidi (1) pution. The most notable properties of the power-law distri-
L 1

bution are that the statistical moments of ordieare defined
To simulate the effect of resolution on the radiative distri- only for M <m—1 and that the distribution is scale invariant
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Fig. 2. The effect of resolution on the size distributions of a sparse cloud field over the Pacific Ocean near Tahiti. Top-left: log-log cloud
size distributions for resolutions ranging from the original 30 m Landsat resolution (blue) to approximate 1 km MODIS resolution (yellow).
Top-right: cumulative distribution of the cloud reflectance (normalized to unity) for all resolutions. Note how the size distribution (left) and
the energy distribution (right) are shifted toward larger clouds as the resolution decreases. Bottom-left: change in cloud fraction from 12%
in the highest to 24% in the coarsest resolution. Bottom-right: the effect of resolution on the "non-cloudy” pixels, showing a 24% increase
in reflectance.

(Newman, 2006). The statistical moments are mean, variof the large ones (Appendix A). Next, assuming that cloud
ance, skewness etc faf=1, 2, 3 etc., respectively. The mo- areais a continuous variable, such a distribution suggests that
ment definition property implies that whem<2, the mean  small clouds below the detection limit of the Landsat instru-
and all higher-order moments are ill-defined because they dement are more numerous than the detectable clouds. Lastly,

pend strongly on the limits of integration. a slope below 2 suggests that the mean area of clouds is not a
The total cloud aread (a) covered by clouds with an area well-defined distribution parameter (i.e., while it can be cal-

a is given by: culated for any given field, it is not a robust moment).

Aa) = an = a1’ 3) The reflectance distribution (Eq. 4) is a product of two

functions with opposing trends. The total area per cloud size
is larger for the small cloudsA(a)=b/a™~1) while the av-
erage reflectance is greater for larger (thicker) clouds. How-

while the total reflectanc®&(a) from clouds with an area
and average reflectaneean be calculated from:

R(a) =rA () ever, both the data and the analytical derivation (which can
be found Appendix B) show that for our measured slopes of
yielding a total cloud reflectanc in the form of Eq. (1). the power-law distribution, the total-area-function decreases

For all the analyzed cloud-size-distributions, the power-faster than the total-reflectance-function increases with in-
law exponentn (the negative slope in log-log domain) ranges creasing cloud size. Therefore the reflectance contribution
between 1 and 2 (1430.1). From this property of the dis- from the small clouds is greater than that of the larger ones
tribution alone, one can gain three important insights into(Fig. 1 lower panels). For all 5 scenes, most of the con-
sparse cumulus cloud fields. First, a slope greater than 1 intribution to the total reflectance originates from the smaller
dicates that the area per cloud bin (Eq. 3) will also be power-clouds. Specifically, 15% to 50% of the reflectance (mean
law distributed with a negative slope (&8.1), and therefore  of 31% with standard deviation of 14%) derives from clouds
that the total area of the small clouds will be larger than thatwith areas below 1 ki
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Fig. 3. Cloud mask for a sparse cumulus cloud field as inferred by using the same threshold at 4 different spatial resolutions. The upper-left
panel is for the original Landsat resolution and the lower-right panel is for a MODIS-equivalent resolution. Note how the small clouds far
from other clouds are “dissolved” into the background while small clouds, holes between clouds, and background pixels next to large cloud
edges are all classified as clouds. The cloud fraction of the finer Landsat resolution is 11% and of the coarser MODIS resolution is 24%. The
mean cloud reflectance at the Landsat resolution is more than twice that at MODIS resolution which has 23% higher background reflectance.

The steep size distribution implies that the smaller cloudsdeviation, STD 11%) is double that of the original Landsat
dominate the contributions to cloud number, total cloud arearesolution (mean 15%, STD 6%) (Table 1). The increased
and reflected radiation. It is therefore expected that sensocloud fraction decreases the cloud-average reflectance to less
resolutions much coarser than most clouds sizes of this typéan half, as more background pixels are classified as cloud.
affect these properties of the cloud field as inferred fromThe background reflectance increases to an average of more
space. Indeed, upon reducing the resolution, the slopes dhan 23%, as more isolated small clouds are “dissolved” into
the distributions of all five fields become smaller (in abso- the “twilight zone” while the cloud reflectance distribution is
lute value) from an average of #8.1 to 1.10.1 showing  shifted dramatically toward the larger clouds. Eventually, the
shifting of the distribution toward the larger clouds (Fig. 2). reflectance appears to be mostly due to a few large clouds and
These changes are due to averaging out the smaller cloudsssumes a completely different spatial distribution (Fig. 4).
that are distant enOUgh from other clouds and for which the How is the total energy redistributed in the coarse reso-
average reflectance of the cloud and the surrounding backytion? Even though the total reflectance is preserved when
ground does not pass the threshold, while on the other hangeducing the resolution, the pattern of radiative contributions
enlarging further the larger clouds by incorporating small from cloudy and cloud-free atmosphere changes dramati-
holes and nearby clouds (Fig 3). cally. The end-result depends on the competition between the

These changes in the size distribution of clouds driveincrease in total cloud area and the decrease in cloud-average

changes in all other properties of the cloud field. The propor-reéflectance with decreasing cloud size. Figure 4 (bottom)
tion of apparent|y C|oudy to apparent|y cloud- free ChangeS,ShOWS that for scenes with low initial cloud reflectance the
as well as the optical properties of the clouds and backlotal cloud reflectance decreases with decreasing resolution
ground. The overall cloud fraction increases as large cloudavhile for others it increases.

become larger at a rate faster than that at which small clouds What is the apparent direct aerosol forcing due to the con-
disappear into the apparent cloud-free zone. For all 5 fieldgribution of the small clouds misclassified as background?
the cloud fraction at MODIS resolution (mean 30%, standardThe aerosol forcing, defined as any deviation from the natural

www.atmos-chem-phys.net/8/3855/2008/ Atmos. Chem. Phys., 8, 3868-2008
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Fig. 4. The effect of resolution on all 5 sparse cloud fields. Top-left: average cloud reflectance. Top-right: changes in the background
reflectance. Bottom: changes in total cloud energy (reflectance).

background, is calculated by comparing the real top-of-the-4 Summary and conclusions

atmosphere fluxes from the theoretical fluxes with (clean)

background aerosol (Kaufman et al., 2001). Therefore forWe have shown that in a sparse cumulus cloud field, small
clean areas, the increase in background reflectance will bglouds are extremely important. For all cases, the smallest
translated to a positive increase in the local aerosol loaddetectable clouds contribute the most to the total cloud area
ing. The mean change in the background reflectance beas well as the mean field reflectance (Appendix B). The por-
tween 30 m and 960 m is 0.00+9.0006. Since clouds have tion of small clouds that are “stand-alone”, and far enough
a relatively flat spectral dependence in solar wavelengthdrom other clouds, have the highest likelihood of being dis-
(shown for one case in Appendix C), this reflectance ChangéOlved into the so-called twilight zone and to be labeled as
corresponds to an apparent aerosol optical depth (AODjcloud-free” in coarser resolution imagery (Fig. 3).

of approximately 0.02 to 0.03 consisting of mostly coarse We show that cloud sizes obey a power-law distribution
mode aerosol (Remer et al., 2005). This additional “artifi- with a slope bounded between 1 and 2(1<2). This find-

cial” AOD will be interpreted as an average 24 h forcing of ing, along with a reflection distribution and scale effect anal-
—0.8+0.2 W/n¥, or about 15% to 20% of the total global YSis imply that:

aerosol effect estimated from MODIS aerosol retrievals (Re-
mer and Kaufman, 2006). Since small cumulus cloud fields
are sparse, there are enough pixels labeled as cloud-free to
meet the minimum amount of pixels per 10km area to re-
trieve aerosols on most of the “cloud-free” area. We tested

the 5 cases of this study and found that all of the MODIS 2. The reflectance per cloud size increases more slowly

AOD 10 km by 10 km pixel arrays had many more pixelsthan  than the rate at which the cloud area per cloud size de-

the minimum number, defined as cloud free. creases. Therefore, small clouds contribute significantly
While this may not seem to be a large forcing if it is only to the total cloud reflectance (an analytical analysis and

local, the large spatial coverage of marine sparse cumulus  discussion are given in Appendix B).

cloud fields (greater than 10% of all oceans and more than

16% of the area between 40N to 40 S according Warren and

Hahn, 2007) make it significant.

1. The distribution of the total area with respect to cloud
size is also a power law with slopei£1) O<m—1<1
and therefore decreases monotonically as the cloud area
increases (see Appendix A).

Atmos. Chem. Phys., 8, 3853864 2008 www.atmos-chem-phys.net/8/3855/2008/
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, ‘ ‘ ‘ ‘ ‘ ‘ Fig. A2. Cloud reflectance as a function of the cloud area. The
0 1 2 3 4 5 6 7 reflectance is defined here as the directional (nadir) radiance nor-
area n pxels x 10 malized by the downwelling solar irradiance in the particular band.

The left panel is for the Landsat blue channel (Q47), and the
Fig. A1l. Cumulative-distribution function of the total cloud area for right panel is for Landsat Band 5 (1.62n).

the Ascension Island scene. 30% of the total cloud area comes from
the first 1000 pixels (area of less than 1&m

Appendix A

3. The slopes of the distributions decrease with decreasin
spatial resolution implying that an increasing amount of
reflectance is falsely attributed to larger clouds.

g?\/Iore on the power-law distribution of clouds

In the paper we show that the size distribution of shallow
4. The apparent direct aerosol forcing due to classifyingmarine cumulus clouds follows a power-law of the form:
cloud pixels as cloud-free in the sparse cumulus fields
is on the order 0f-0.8+0.2 Wn1 2 for the cloud field b
area. In reality the actual enhanced apparent forcing delt(@ = am’ (A1)
pends on the way clouds are detected in the algorithm.
The specific MODIS errors in apparent direct aerosolwheren(a) is the number of clouds per given aregex-
forcing may be somewhat smaller than what is reportedpressed in pixels for simplicity}; is a constant equal to the
here due to the fact that clouds are detected by means afumber of clouds with an area of one pixel amdis the
thresholds on the local variability in reflectance (Mar- power exponent of the distribution. From the above, the dis-
tins et al., 2002) rather than thresholds on the reflectancéribution of areasi (a) covered by clouds with areais given
itself. Although we expect that the local variability of by a power law, but with an exponemt—1:
sub-pixel clouds will change similarly to the reflectance,
cloud detection depends strongly on the thresholds (in
reflectance or variability) and there may be cases Wher(,fx(“) =dan= an—1’
the variability method detects traces of sub-pixel clouds
that the reflectance threshold will not. In the paper we show that is bounded between 1 and 2
) o ) (1<m<2). From these basic facts alone, one can infer essen-
5. For any resolution significant cloudy parts will be tj5) information on the properties of the distribution of areas
missed. This is an outcome of the nature of the power-4 (4) and the moments of the distribution. Because the expo-
law distribution of cloud areas. Since there is no phys-nent of the area power-law is larger than zere0-1<1),
ical limit at the highest Landsat resolution of 30 m this the areat () distribution will decay as clouds become larger
distribution may well extrapolate toward finer resolu- \yhich implies that small clouds contribute more to the total
tions, suggesting that small clouds of only a few metersc|oud area. Moreover, a cloud number distribution with 1
may contribute significantly to the total cloud fraction (Eg. A1) implies that the number of clouds goes down rapidly
and reflectance. (faster than X/) as their size increases. Figure Al shows that
30% of the total cloud area comes from the first 1000 pixels
(area of less than 1 kinfor the Ascension Island scene.

In the paper it is shown that the reflectance distribution
is a product of two functions with opposing trends. The total
area per cloud size is greater for the smaller clouds, while the
average reflectance is greater for the larger (thicker) clouds
(Fig. A2).

(A2)
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that the reflectance of the smallest clouds is normalized to unity anci3

in both cases contributes much more to the total cloud reflectance

than the next available cloud size. 02

T T
+ data
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We define the unitless cloud-integrated reflectaRcas
the reflectance from all clouds given by:

R = ZRi = Zriniai
i i

Summing reflectances of different clouds is permitted in our
case because we deal with a relatively small area with uni-
form observational and solar geometry. The total reflectance
so defined is thus used here as a direct measure of the total 05 - :
energy reflected back to space. When calculating the distri-

bution of the total reflectance as a function of the cloud size,

the contribution of the small clouds to the total reflectancerig. B2. Reflectance comparison for the optimal@fande value
is significant since the rate of decrease of the area is fastgghose providing minimum reflectance errorGi-« space).

then the rate of increase of the reflectance as a function of
cloud size. Figure A3 shows the reflectance distribution as a
function of the cloud area. It is clearly shown that the “area’ « a

trend” dominates the “reflectance trend”. Therefore the re-

flectance of the smallest clouds contributes more to the totaFor the general case of the gspect rattio not changmg f_ast with
cloud reflectance. cloud area, we can approximate the cloud optical thickness

using the area with two free parametérs, «):

0.15

(A3)

04"
.

reflectance

L L
.

0.05

I 1 I I
15 2
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x 10"

1/2

T = c1a%, (B1)

Appendix B
wherea=p8/2. It can be shown that for the range of optical

thicknesses between 0 and 20, appropriate for our shallow
cumulus cloud fields, the nadir reflectance calculated with
the multiple scattering code DISORT can be fit with a simple

expression of the form:

An analytical expression for the reflectance
distribution function

Assume that the optical thicknessof a cloud is, amongst

others, a function of its geometrical thicknésdf the cloud Bt

maintains an aspect ratio that is proportional to the cloud area =

(B2)

we can write the following:

7 o h?

Atmos. Chem. Phys., 8, 3853864 2008

2+ Bt’

where B assumes values approximately between 0.1 and 0.2
depending on the SZA and the exact values of asymmetry
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factor and single-scattering albedo of the cloud drop size dis- 1
tribution. This analytical expression is similar to the one for
albedo in the two-stream approximation in the case of con-
servative scattering (Bohren, 1980).

Hence, the total reflectance per cloud area can be written
as:

o
©
L

o o
~N
5
W
v
|
|
L
.

o
=)

Ga” (1—m)
2+ Ga“*

whereG=Bc1 is a collective parameter that includes all de-
pendencies on solar zenith angle, cloud optical properties
such as single-scattering albedo and asymmetry factor, and
the proportionality parameter between the cloud area and 6 8 10 12 14 1
T. cloud area [km?]

The conditions under whicR (a) becomes maximum can
be explored by zeroing its first derivative with respect to

I
~
L

(B3)

R(a) =rna =

o
w

o
)
L

normalized cumulative cloud reflectance
o
o
.
.
.

o

o
T
L

o

o
o -
I

Fig. C1. Cumulative reflectance distribution as a function of cloud
size for the Bahamas scene. Note that the reflectance contribution

cloud area: of the small clouds is sharper for the shorter wavelength.
dR G\ e
da 2+ Ga® any slopen>1.269 for band 5 ang:>1.125 for band 1 will
_ Gb gLra=—m) 5o, (@=1) (B4) result in the clouds of smallest area contributing the most to
(24 Ga%)? ' the integrated reflectance. Indeed, this is clearly shown in the
For the derivativé% to become zero the following condition da_tr::]_(Flg. A3). o .
must be met: is method _of retrievinge and G, statistically form the _
data can potentially be a powerful tool for structural and mi-
m—1= 2a ) (B5) crophysical analysis of small clouds. In conjunction with
2+ Ga* the use of an absorbing and non-absorbing wavelength to re-

The left hand side of the equation depends on the siopé  trieve the cloud optical thickness and the droplets effective
the size (area) distribution and the right hand side depends offdius on the pixel level (Nakajima and King, 1990), we re-
parameters related to the geometrical and optical propertie§i€vea andG statistically for the whole field, and link them
of the clouds ¢ ande). The analytical reflectance function (© the cloud optical properties and geometry. While the re-
R(a) reaches its maximum value when the aresatisfies ~ trieval of cloud optical thickness and droplets effective radius
Eq. (B5). Note that the right hand side of Eq. B5 becomesin isolated small clouds suffers from the 3-D effect (i.e. the
maximum when the cloud area approaches zero and at thigrakdown of the plane parallel assumption for small clouds,
point depends only oa, the exponent that translates area to Wen et al,. 2007) and small S/N ratio,and G are statisti-

I cal parameters for the entire cloud field. These parameters
can be retrieved for many wavelengths, absorbing and non-
m—1l=«a (B6) absorbing, using the size distribution and any reflectance.

Valuable information such as estimates of the cloud 3-D ef-

Therefore, whemw<m—1, R(a) does not have a maximum . . )
and decreases monotonically with increasingsuggesting fects as a function of cloud size and aspect ratio, can be ob-
tained from such an analysis (Koren et al., 2008

that the highest contribution to the reflectance comes from
the smallest clouds (of 1 pixel).

Next, we use the data to estimate the empirical parameter}appendix c
G andu by varying their values and comparing the theoreti-
cal reflectance calculations from Eq. (B2) to the actual (mea'Forcing analysis for the Landsat's blue and red
sured) reflectance as a function of the cloud area and seeki avelengths
the values that minimize the error (it?). Figure B1 shows
a clear, well-defined minimum suggesting that the agreem_en\t,\,e performed the analysis in the NIR (1600 nm) to min-
between theory and measurements occurs for an unambigize the contribution of molecular scattering, aerosols
ous point inG—a space. Figure B2 shows the reflectance .y cloud 3-D effects (Wen et al., 2007). Also, the

comparison for the optimalf anda values (those providing | Jndsat NIR channel (ch-5) is known to be superior
minimum reflectance error i6 —«a space).

For the Polynesian Landsat scen€=0.0322 and IKoren, 1., et al.: A new approach to statistical inversion of mi-
«=0.2690 for band 5, and'=0.173 andx=0.125 for band  crophysical properties of scattered cumulus cloud field, in prepara-
1. Inserting the above values efinto Eq. (B6) shows that tions for Atmos. Chem. Phys., 2008.
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Koren, I., Remer, L. A., Kaufman, Y. J., Rudich, Y., and Martins, J.
V.: On the twilight zone between clouds and aerosols, Geophys.
Res. Lett., 34, L08805, doi:10.1029/2007GL029253, 2007.

Krijger, J. M., van Weele, M., Aben, I., and Frey, R.: Technical
Note: The effect of sensor resolution on the number of cloud-free

Table C1. The resolution effect in the blue, red and NIR Landsat
channels.

Wavelength  Background reflectance  Mean cloud reflectance

. : "
nm difference difference observations from space, Atmos. Chem. Phys., 7, 2881-2891,
480 0.0026 0.0532 2007,

660 0.0028 0.0597 http://www.atmos-chem-phys.net/7/2881/2007/

1600 0.0028 0.0587 Martins, J. V., Tanre, D., Remer, L. A., Kaufman, Y. J., Mattoo,

S., and Levy, R.: MODIS cloud screening for remote sensing of
* Differences in background reflectance between 960m and 30 m aerosol over oceans using spatial variability, Geophys. Res. Lett.,

resolution. 29, 8009, doi:10.1029/2001GL01352, 2002.

** Differences in the mean cloud reflectance between 30 m to 960 nNakajima, T. and King, M. D.: Determination of the optical thick-

resolution. ness and effective particle radius of clouds from reflected solar
radiation measurements. Part |: Theory, J. Atmos. Sci., 47, 1878—

with respect to signal-to-noisehttp://imaging.geocomm. 1893, 1990.

com/features/sensor/landsptWe nevertheless repeated the Neggers, R. A. J., Jonker, H. J. J., and Siebesma, A. P.: Size statis-
analysis for the Landsat blue (480nm) and red (660 nm) tics of cumulus cloud populations in large-eddy simulations, J.
channels of the Bahamas scene. The results are shown i Atmos. Sci., 60, 1060-1074,2003. -

Table C1. ewman, M. E. J.: Power laws, Pareto distributions and Zipf’s law,

- C . Contemp. Phys., 46, 5, 323-351, 2005.
As discussed above, the reflectance distribution combineg, .. v . The Size Distribution of Cumulus Clouds in Repre-

the contributions of two functions with opposing tendencies.  ggntative Florida Populations, J. Appl. Meteor., 8, 46-67, 1969.
The total cloud area per cloud size goes down fast (as g&emer, L. A., Kaufman, Y. J., Tanre, D., Mattoo, S., Chu, D. A.,
power-law function) for the large clouds while the reflectance  Mmartins, J. V,, Li, R. R., Ichoku, C., Levy, R. C., Kleidman, R.
goes up. Figure C1 shows the cumulative reflectance as a G., Eck, T. F., Vermote, E., and Holben, B. N.: The MODIS
function of the cloud size for all 3 wavelengths. aerosol algorithm, products and validation, J. Atmos. Sci., 62,
947-973, 2005.
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