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Abstract. A Landsat 7 Enhanced Thematic Mapper Plus (ETM1) image acquired over
the Southern Great Plains site of Department of Energy’s Atmospheric Radiation
Measurement Program during the Atmospheric Radiation Measurement Enhanced
Shortwave Experiment II is used to study the effect of clouds on reflected radiation in
clear gaps in a cumulus cloud field. A technique using the spectral information of
background and clouds is applied to identify clouds. The path radiance technique is used
to extract the apparent path radiance in a clear region of the cumulus cloud field. The
result shows that the apparent path radiance is enhanced by nearby clouds in both band 1
(blue) and band 3 (red) of ETM1. More importantly, the magnitude of the enhancement
depends on the mean cloud-free distance in the clear patches. For cloud-free distances
,0.5 km the enhancement of apparent path radiance is more than 0.025 and 0.015
(reflectance units) in band 1 and band 3, respectively, which corresponds to an
enhancement of apparent aerosol optical thickness of ;0.25 and ;0.15. Neglecting of the
three-dimensional cloud effect would lead to underestimates of surface reflectance of
;0.025 and ;0.015 in the blue and red band, respectively, if the true aerosol optical
thickness is 0.2 and the surface reflectance is 0.05. The enhancement decreases
exponentially with mean cloud-free distance, reaching asymptotic values of 0.09 for band 1
and 0.027 for band 3 at a mean cloud-free distance about 2 km. The asymptotic values are
slightly larger than the mean path radiances retrieved from a completely clear region:
0.086 and 0.024 for the blue and red bands, respectively.

1. Introduction

Modern era Earth observations from satellite platforms pro-
vide a good opportunity to sense remotely surface reflective
characteristics and atmospheric properties on a global scale.
Techniques have been developed to retrieve aerosol optical
thicknesses and to correct atmospheric effects for satellite im-
ages in clear-sky conditions [Kaufman et al., 1997; Wen et al.,
1999]. In a clear atmosphere, solar radiative transfer may be
described accurately by a plane parallel approach [Stamnes et
al., 1988; Tsay et al., 1990]. However, the global average cloud
cover is about 60%, so that satellite images in many geographic
locations are often contaminated with clouds. Excluding
cloudy scenes not only limits the usefulness of satellite mea-
surements but also leads to clear-sky biases in retrieved atmo-
spheric properties since much of the clear-sky near clouds is
excluded.

One cloud type with interesting properties that appears fre-
quently in satellite images is fair weather cumulus. Landsat

measurements have been used to investigate the statistics of
cumulus cloud fields [Wielicki and Welch, 1986; Cahalan and
Joseph, 1989; Joseph and Cahalan, 1990]. High spatial resolu-
tion Landsat images are also useful for studying radiative
transfer in clear patches of cumulus cloud fields. Surface fea-
tures in clear patches are apparent in satellite images just by
visual inspection, indicating a major contribution from the
clear region itself. Therefore it is possible to infer surface
reflective characteristics and atmospheric properties even in
the presence of scattered cumulus when satellite spatial reso-
lution is sufficient to resolve cloud-free gaps.

Compared with the path radiance in a completely clear re-
gion, Cahalan et al. [2001] found that the apparent path radi-
ance of Enhanced Thematic Mapper Plus (ETM1) band 1 at
0.49 mm and band 3 at 0.66 mm for clear patches in a cumulus
cloud field was significantly enhanced by nearby clouds, leading
to an overestimate of aerosol optical thickness and, conse-
quently, to an underestimate of surface reflectance. However,
quantifying this effect and linking it to cumulus cloud charac-
teristics is a great challenge because of the complex nature of
cumulus clouds.

Despite cloud complexity several fundamental questions can
be addressed in studying the cloud effects on radiation in clear
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regions of cumulus fields. First, we would like to know to what
extent clouds affect radiation in nearby clear regions. Second,
we want to examine how to quantify cloud effects by looking
for major factors responsible for these effects. For example,
cloud effects are expected to be less pronounced when clouds
are separated farther apart. Can this phenomenon be ob-
served? Can we parameterize cloud effects in satellite images?
In section 2 we present theoretical results to demonstrate the
potential extent of cloud effects on downwelling irradiance at
the surface. In sections 3 and 4 we describe the data set and
analysis technique. In section 5 we show the dependence of
path radiance on cloud-free distance, the resulting impact on
aerosol and surface retrievals, and how such retrievals can be
corrected for cloud effects.

2. Preliminaries
Cumulus clouds have a complex geometry, as we see from

satellite images or our day-to-day experience. Research has
shown the fractal structure of cumulus cloud fields [Cahalan
and Joseph, 1989]. The description of radiative transfer in cu-
mulus cloud fields requires a solution of the radiative transfer
equation in three-dimensional (3-D) space. Because of the
complicated nature of cumulus clouds, a full description of
radiative transfer as a function of cloud optical properties in a
realistic, spatially extensive cumulus cloud field is not feasible
at the present time. However, we may still be able to examine
the extent of influence of clouds on nearby clear regions with-
out complicated 3-D radiative transfer calculations.

Clouds can either reduce or enhance solar radiation locally.
Cumulus clouds reflect solar radiation away, casting shadows
at the ground. This shadowing effect reduces solar radiation at
the surface. The multiple scattering of sunlight in cumulus
clouds increases diffuse radiation, enhancing the downwelling
solar flux at the surface level. This phenomenon has been
observed by ground level radiometers [e.g., Mims and Freder-
ick, 1994].

For simplicity we shall examine the extent of cloud effects on
the downwelling irradiance at the surface level. It is evident
that the shadowing effects reach maximum when the cloud has
infinitely large optical depth with sufficiently large horizontal
dimensions. In this case the surface irradiance approaches
zero.

To demonstrate the magnitude to which clouds could po-
tentially enhance the downwelling irradiance at the surface
level in a clear region, we examine an idealized situation of a
“hole” or clear patch in a plane parallel cloud with an overhead
Sun. The hole is assumed to be small but large enough to
contain the solar disk for surface viewers directly below (the
solar disk is about a half degree viewed from the Earth). For
simplicity, atmospheric effects (aerosol, molecular scattering,
and absorption) are ignored, and surface reflectance is as-
sumed to be zero. (An example that may approximate this
simplified cloud is a Karman vortex cloud over ocean, similar
to the one recently discussed by DeFelice et al. [2000].)

The downwelling irradiance in the clear hole at the surface
level is the sum of the irradiance directly through the hole (F0)
and the diffuse radiation from cloud (Fd). Since the hole is
assumed to be very small, the downwelling diffuse irradiance
from the cloud may be approximated by that from a plane
parallel cloud. The total transmittance of the solar irradiance
at the surface underneath the clear hole may be defined as

T 5
F0 1 Fd

F0
. (1)

Since the atmospheric effects are ignored, F0 is the same as the
solar irradiance at the top of the atmosphere. The diffuse
component is calculated using the discrete ordinates radiative
transfer model (DISORT) [Stamnes et al., 1988; Tsay et al.,
1990] with the conservative scattering C.1 phase function [Deir-
mendjian, 1969].

The transmittance through the clear hole at the surface level
is presented as a function of cloud optical depth (Figure 1). It
is evident that the total downwelling irradiance at the surface
level increases quickly with cloud optical depth, reaching a
maximum of about 1.82 times that of purely clear sky at a cloud
optical depth of 3, then decreasing monotonically as cloud
optical depth increases.

Even though this example is highly simplified, it reveals that
the basic physical mechanism of cloud effects on the irradiance
in clear gaps is through the diffuse radiation generated by
multiple scattering of sunlight in clouds. Though an 82% in-
crease in downwelling irradiance is a theoretical upper bound
for this idealized model, it implies that the enhancement of
solar radiation in clear regions of a cloudy atmosphere due to
cloud adjacency effects is potentially large. Furthermore, if
there is an aerosol layer underneath the cloud, and/or the
surface is nonblack, the additional diffuse radiation from
clouds impinging on aerosols and the surface can greatly en-
hance the reflected solar radiation at the top of the atmo-
sphere. If cloud adjacency effects are not accounted for, the
satellite observed solar radiances will be misinterpreted, lead-
ing to large errors in the aerosol optical thickness and surface
reflectance retrievals.

In real cumulus cloud fields, optically dense clouds with
fractal properties embedded in an optically thin atmosphere
consisting of molecules and aerosols make the effects much
more complicated and interesting [Cahalan et al., 2001]. The
cloud side effects might dominate the enhancement in a clear
region nearby. In the following sections we show that such

Figure 1. Transmittance at the surface level underneath a
small clear hole in a plane parallel cloud as a function of cloud
optical depth for overhead Sun. DISORT with a C.1 cloud is
used to calculate the diffuse radiation. Atmospheric effects are
ignored.
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cloud effects are observable and demonstrate that cloud spac-
ing modulates the solar radiation reflected from clear regions
of cumulus cloud fields observed by the Landsat 7 radiometer.

3. Data Description
The Landsat 7 satellite was launched on April 15, 1999, into

a Sun synchronous orbit at an altitude of 705 km. The launch
of Landsat 7 continues the long-term acquisition of high spatial
resolution images on global scales. Similar to its predecessor
Thematic Mapper (TM) on Landsat 4 and 5, the ETM1 on
Landsat 7 has visible (bands 1, 2, and 3), near IR (band 4), and
mid-IR (bands 5 and 7) bands at 30 m spatial resolution and a
thermal infrared band at 11 mm with 60 m resolution (band 6).
In addition, the ETM1 has a new panchromatic band (band 8
at 0.52–0.9 mm) with a spatial resolution of 15 m. The im-
proved ETM1 instrument has the ability to switch between

high- and low-gain settings. The thermal band has both high-
and low-gain settings operating at the same time.

A Landsat 7 ETM1 scene centered at 36.048N, 97.878W was
acquired at 1700 UTC on March 19, 2000, over the Oklahoma
Southern Great Plains (SGP) site of Department of Energy’s
Atmospheric Radiation Measurement Program (DoE’s ARM)
during Atmospheric Radiation Measurement Enhanced Short-
wave Experiment II (ARESE II) period. The solar zenith angle
is 438. The cloud cover of the 185 km 3 180 km ETM1 scene
is about 40%, as shown in Figure 2. The four black areas
outside the ETM1 image are filled with zeros to make the
whole picture rectangular. The left portion of the scene is clear
with a few small isolated cumuli. An overcast stratocumulus
cloud can be seen at the right part of the image. From clear to
overcast we see scattered fair weather cumulus clouds and
cloud streets. As cloud cover increases from clear to overcast,
the cloud spacing gradually decreases. Blowups of subimages

Figure 2. An ETM1 image acquired at 1700 UTC on March 19, 2000, over the SGP ARM site in
Oklahoma. Blowups of subimages show details, with a completely clear subimage at the left and three
consecutive subimages with increasing cloud cover toward the right.
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of 512 3 512 pixels (15 km 3 15 km) from a completely clear
region and three consecutive cloudy images at the bottom show
details of cloud structure.

During ARESE II the Balloon-Borne Sounding System
(BBSS) [Lesht, 1995] was launched from the central facility site
at 36.68N, 97.58W (about 15 km east of the rightmost subimage
in Figure 2) every 3 hours, taking vertical profile measure-
ments of the thermodynamic state of the atmosphere and wind
speed. The Millimeter-Wavelength Cloud Radar (MMCR)
[Clothiaux et al., 2000] and Belfort Laser Ceilometer (BLC)
[Turner, 1996] located at the central facility site were operating
continuously to measure cloud reflectivity and to detect the
cloud base.

After examining the temperature and humidity profiles
(not shown) of the balloon launched at 1728 UTC, 28 min
after the Landsat 7 overpass, we concluded that it did not
pass through clouds. However, prior temperature and hu-
midity profiles at 1130 (not shown here) and 1430 UTC
(Figure 3a) indicate the cloud base at 475 and 473 m and a
cloud top height of 1015 and 860 m above the ground,
respectively. The cloud base heights determined from the
temperature and humidity are consistent with those from
BLC (not shown). The MMCR reflectivity profile also indi-
cates the cloud base at ;0.5 km and the cloud top at ;1 km
above ground (Figure 3b). Gaps in the MMCR reflectivity
profile before and after the Landsat 7 overpass indicate the

Figure 3. (a) The temperature (solid) and dew point temperature (dotted) profiles ;1430 UTC on March
19, 2000, over the ARM SGP site. The cloud base (;473 m) and top (;860 m) above the ground are indicated
by solid circles. (b) The time series of MMCR reflectivity profile above the ground at the SGP ARM site
indicates cloud base and top at about 0.5 and 1 km, respectively. The timing of a Landsat 7 overpass at 1700
UTC is indicated by a dashed vertical line.
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clear region of cumulus cloud field passing over the central
facility site.

We should note that the in situ profiles from the sounding
and the ground-based MMCR and BCL remote measurements
were made at a specific location in the 185 km 3 180 km
ETM1 image. Together with the in situ measurements from
BBSS, the continuous measurements from MMCR and BLC
indicate that clouds observed from ETM1 have a cloud base
about 0.5 km and cloud top height about 1 km above the
ground. In this study we focus on the cumulus cloud field
between the clear region and the stratocumulus (Figure 2).

4. Data Analysis
Cumulus cloud fields are complex in nature. Except for

cloud shadows evident in high spatial resolution images the
effects of clouds on reflected solar radiation in clear patches
are not obvious. Even if the cloud effects can be identified, it
may, nevertheless, be difficult to identify the major character-
istics of cumulus clouds that cause these effects. In this section
we review the path radiance method, discuss identification of
clouds and cloud shadows, and describe how to extract infor-
mation on cloud effects from ETM1 images and the charac-
terization of cumulus cloud fields.

4.1. Apparent Path Radiance

The reflected solar radiance at each pixel of an ETM1
image depends not only on the optical properties of each
individual cloud but also on how they are distributed in space.
The complicated cloud geometric shape and spatial distribu-
tion make it very difficult to establish a one-to-one relationship
between clear-sky radiance and the configuration of nearby
clouds. The variable surface reflectance characteristics of land
add another difficulty in assessing the cloud effects. Therefore

it is not straightforward to isolate cloud effects from a single
band of ETM1 on a pixel-to-pixel basis.

The path radiance technique is proposed by Wen et al. [1999]
to extract the atmospheric path radiance for the purpose of
atmospheric correction and aerosol optical thickness retrieval.
The path radiance technique uses two empirical observations:
(1) aerosols have negligible effects in the 2.2 mm mid-IR band
7 of TM and ETM1, so the path radiance in band 7 is approx-
imately zero, and (2) surface reflectance over vegetation and
wet soil in bands 1 and 3 is linearly correlated to that in band
7 [Kaufman et al., 1997]. Because most aerosol layers are op-
tically thin, (2) implies that top-of-atmosphere reflectances in
visible and mid-IR are also linearly correlated [Wen et al.,
1999]. The key step of this method is to extrapolate the visible–
mid-IR linear relation of the top-of-atmosphere reflectance to
zero reflectance in band 7, which corresponds to zero surface
reflectance. The intercept then gives the atmospheric path
radiance in the visible band as shown in Figure 4a for clear-sky
conditions.

In an analysis of an ETM1 imagery, Cahalan et al. [2001]
found that the visible and mid-IR observed reflectances are
also linearly correlated in the clear gaps between cumulus
clouds. Similar to the process for the clear atmosphere, Ca-
halan et al. [2001] fitted a straight line through the lower
envelope of the visible and mid-IR relations for clear patch
pixels within cumulus cloud fields. The intercept of the straight
line at the zero of mid-IR reflectance, which would be close to
the true path radiance if the atmosphere was completely clear,
was found to be enhanced significantly compared to that of an
entirely clear region. Since the satellite-observed solar radia-
tion is affected by nearby clouds, the intercept no longer rep-
resents the true path radiance of the clear atmosphere. The
intercept therefore is defined as “apparent path radiance.”
Here we further demonstrate that the magnitude of the en-

Figure 4. The relation between the visible at 0.49 mm (band 1) and the mid-IR band at 2.2 mm (band 7) for
the four subimages in Figure 2: (a) clear sky and (b)–(d) cloudy subimages with different cloud fraction (CF)
indicated. The intercept of zero mid-IR reflectance of a straight line that fits though the lower envelope of the
visible and mid-IR relations determines the path radiance (for completely clear sky) and apparent path
radiance (for clear patches in cumulus cloud field), respectively. The straight line used to determine the path
radiance for clear sky (Figure 4a) is also plotted in cloudy cases (Figures 4b–4d) as a reference (lower lines).
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hancement in apparent path radiance is affected by cloud spac-
ing in the cumulus cloud field.

The visible (band 1 of ETM1) and mid-IR (band 7 of
ETM1) observed reflectance relations for three subimages
(Figure 2) of 512 3 512 pixels (or ;15 km 3 15 km) from the
cloudy eastward side of the image are presented in Figure 4
along with those from a completely clear subimage on the
westward side. It is evident that the lower envelope of the
visible and mid-IR scattered points extracted from clear re-
gions embedded in cloudy scenes is generally higher than the
completely clear subimage as indicated by the lower straight
line. The apparent path radiance determined from the inter-
cept of zero of mid-IR of a straight line that fits through the
lower envelope of the scattered relation for clear patches in
cloudy region is evidently enhanced compared to the com-
pletely clear atmosphere.

The enhancement of apparent path radiance increases as
cloud cover increases (or cloud spacing decreases). The en-
hancement of the apparent path radiance is 0.005 for the least
cloudy subimage and 0.03 for the most cloudy subimage. These
enhancements of visible reflectance are significant. An en-
hancement of the path radiance of about 0.005 and 0.03 will
lead to an overestimate of aerosol optical thickness of 0.05 and
0.3, respectively, if a plane parallel atmosphere is assumed
[Wen et al., 1999]. An overestimate of aerosol optical thickness
of 0.05 and 0.3 further leads to an underestimate of surface
reflectance of about 0.005 and 0.03, respectively, if the true
aerosol optical thickness is 0.2 with a surface reflectance of
0.05.

The apparent path radiance introduced here avoids the dif-
ficulty of assessing the cloud effect on the reflected solar radi-
ation for individual pixels. Instead, it gives the statistics of the
cloud effects relative to the plane parallel atmosphere. The
apparent path radiance in clear patches of cumulus cloud fields
is physically intuitive and can be measured and compared with
the path radiance in completely cloud-free regions of the same
image, thus allowing determination of the impact of scattered
cumulus clouds on apparent path radiance. In section 5 we
present details of how cloud spacing affects the apparent path
radiance.

4.2. Cloud Mask

Figure 4 showed that the enhancement of the apparent path
radiance depends on cloud spacing in the cumulus field. Before
we can further discuss cloud spacing effects on the reflected
solar radiation we need to have an accurate cloud identifica-
tion scheme. A variety of techniques has been developed to
identify clouds for satellite images [Coakley and Bretherton,
1982; Ackerman et al., 1998]. Landsat 7 uses the Automated
Cloud Cover Assessment (ACCA) algorithm [Irish, 2000] for
its acquisition strategy, but in our study, there is no need to use
such a complex technique. Instead, we use simple spectral
discrimination to separate cloud from vegetation and bare soil
background.

The reflectance of vegetation and soil depends strongly on
wavelength in the solar spectrum, i.e., small in visible and large
in near-IR [Short, 1982], while the reflectance of clouds has less
preferential dependence in those wavelengths. This is particu-
larly true for opaque clouds (i.e., cumulus, stratocumulus, and
stratus clouds). We found two bands are sufficient to identify
clouds for the Oklahoma scene where surface is mostly vege-
tated or bare soil. A visible (band 2 at 0.57 mm) and a near-IR
band (band 4 at 0.84 mm) are used for cloud masking.

To use the spectral information, we define a unit vector
composed from the reflectance of two bands:

P 5
~r2, r4!

Îr2
2 1 r4

2 , (2)

where r2 and r4 are observed reflectances of bands 2 and 4 of
ETM1. A normalized spectral separation index (SSI) is de-
fined to identify clouds:

Q 5
P ? I

r2
2 (3)

I 5 S 1

Î2
,

1

Î2D
T

, (4)

where I is a unit vector in the 2-D reflectance space. The dot
product P z I measures the degree of wavelength independence
of reflectance at the two bands. It ranges from 0 to 1 and takes
values close to 1 when reflectances in the two bands are about
equal, as for clouds. Since the surface reflectance of visible
band over vegetation and bare soil is small, and cloud reflec-
tance is relatively large for both visible and near-IR bands, the
weighting factor of visible reflectance r2 in the denominator of
(3) makes the index Q effective in separating clear from cloudy
pixels.

A subimage of 512 3 512 pixels is used to demonstrate the
cloud-masking process. The histogram of the Q index of the
subimage (Figure 5) clearly shows a bimodal distribution. The
value of Q corresponding to the minimum between the two
modes (Q0 ; 40) can be used as a threshold to separate cloudy
from clear pixels. Pixels with Q , Q0 are classified as cloudy or
clear otherwise.

The distribution of Q is positively skewed with a long tail
toward large values. Pixels in the right tail can be shown to

Figure 5. The SSI for a subimage of Figure 6 is characterized
by a bimodal distribution. The mode with smaller SSI comes
from cloud pixels. The clear pixels form the mode on the right.
The long tail at right comes from shadow pixels. A threshold
value of 40, defined by the minimum between peaks, is used to
separate cloudy from clear pixels, and 150 is used as a cutoff
for shadow pixels.

WEN ET AL.: CLOUD, ATMOSPHERIC CORRECTION, AEROSOL12,134



F
ig

ur
e

6.
(r

ig
ht

)
T

he
cl

ou
d

sh
ad

ow
m

as
k

us
in

g
th

e
SS

I
te

ch
ni

qu
e

is
co

m
pa

re
d

w
ith

(l
ef

t)
th

e
or

ig
in

al
im

ag
e.

12,135WEN ET AL.: CLOUD, ATMOSPHERIC CORRECTION, AEROSOL



come mainly from cloud shadows. That is because the reflec-
tance is wavelength-dependent over shadows and the denom-
inator in (3) is smaller for shadows than for nonshadow pixels.
Therefore the spectral separation index Q is expected to be
larger for shadow pixels relative to nonshadow clear pixels.

Unlike a clear bimodal distribution for clear and cloudy
pixels, there is no clear cutoff for the shadows. We found that
a threshold value of 150 is an appropriate cutoff value by visual
examination of the shadow mask and the original image. The
shadow mask is not very sensitive to the threshold value cho-
sen. Some shadow pixels near the big cloud street are misclas-
sified, but most clouds and shadows are captured, as can be
seen in Figure 6.

4.3. Cloud-Free Distance

Strictly speaking, the radiance at each individual clear pixel
in a 2-D image depends on the distribution of cloud and aero-
sol optical properties in 3-D space, as well as surface reflec-
tance. In section 4.1 we mentioned that the evaluation of the
effects of cloud on reflected solar radiation on a pixel-by-pixel
basis is not practical because of the complicated nature of
clouds and surface reflectance. A measurable parameter, the
apparent path radiance, was introduced to quantify the cloud
effects. To understand better the cloud effects physically, we
now explore further the major causes of these effects.

What is needed is a parameter describing the primary sta-
tistical property of cumulus cloud fields that affects surface
illumination, rather than detailed information on individual
cumulus clouds. By visually inspecting the apparent path radi-
ance and associated image we found that the apparent path
radiance depends primarily on cloud spacing. This is physically
intuitive since the farther away the cloud is, the weaker the
diffuse radiation from the cloud, and thus the smaller the
effects.

For ideal bar clouds, or lattice cuboid clouds, the distance
(edge to edge) between two clouds can be used to describe
cloud spacing. In a real cumulus cloud field this definition of
cloud spacing is not useful. The geometry of cumulus clouds

has a fractal structure [Cahalan and Joseph, 1989] with the
probability distribution of cloud areas approximately following
a power law [Wielicki and Welch, 1986; Cahalan and Joseph,
1989]. Because of the nature of a power law distribution (i.e.,
large number of smaller clouds), the conventional edge-to-
edge cloud spacing primarily represents the distance among
the smaller clouds and is thus not suitable for our purposes.

Even though cumulus cloud fields are quite complicated,
they still have some special features that can be used to char-
acterize their influence on apparent path radiance. Except for
cumulus congestus, cumulus clouds have nearly flat bases at
the lifting condensation level, with fairly small protuberances
at the top [Cotton and Anthes, 1989]. So, cloud altitude and
thickness are not greatly variable in the ETM1 image. This is
consistent with the in situ and ground-based measurements of
clouds in this study shown earlier. Aerosol properties are also
often uniform over the scale of a Landsat ETM1 image (;185
km 3 180 km). Therefore we primarily need a parameter that
describes the cloud spacing in a 2-D field.

Since we are mainly interested in the radiation in clear
patches, and the effects from nearby clouds, it is natural to link
the two (i.e., to examine the statistics of distance between a
clear pixel and a nearby cloud). In this study we define the
cloud-free distance of a clear pixel as the distance from the
clear pixel to the closest cloud along the principal plane. The
rationale for choosing the principal plane is that the sunlit
parts of cumulus clouds are generally brilliant white; hence this
side has the largest contribution to sunlight reflected onto the
nearby surface and aerosols.

The cumulative distribution of cloud-free distances for the
least cloudy subimage is presented in Figure 7 as an example.
The mean cloud-free distance of the subimage is 1.7 km, with
a standard deviation 1.9 km. It is also interesting to note that
as many as half of the clear pixels have cloud spacing ,1 km,
and only the top tenth percentile of the clear pixels has a
cloud-free distance .4 km.

5. Dependence of Apparent Path Radiance
on Cloud Spacing

Because the geometrical thickness of fair weather cumulus
clouds is relatively constant and aerosol properties do not vary
dramatically within Landsat ETM1 images in the remote rural
region of the Oklahoma ARM site, the mean cloud-free dis-
tance is expected to be a major dependence variable of cloud
effects. Here we study explicitly the relation between the ob-
served apparent path radiance and the mean cloud-free dis-
tance.

In the analysis process we calculated both the mean cloud-
free distance and the apparent path radiance in a cloudy sub-
image of 512 3 512 pixels (;15 km 3 15 km). The choice of
the size of the subimage takes into consideration that the size
should be much larger than typical cumulus clouds, i.e., ,1;2
km from the power law distribution [Cahalan and Joseph,
1989]. The size should be also small enough to allow us to
examine the apparent path radiance in different regions within
the cumulus cloud field. In order to increase statistical signif-
icance a moving window of 512 3 512 pixels at an increment of
200 pixels both in the horizontal and vertical is applied. Since
we are interested in examining the effects of cloud on radi-
ances of clear patches, the amount of both clear and cloud
pixels should be significant in any subimage. We therefore
excluded subimages with cloud cover ,2% or .85%.

Figure 7. The cumulative distribution of cloud-free distance
for clear regions in the cumulus cloud field for the subimages
in Figure 6.
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The mean cloud-free distance and apparent path radiance
for both band 1 and band 3 are plotted in Figure 8. Each point
in Figure 8 represents the mean cloud-free distance and cor-
responding apparent path radiance of a subimage. The average
path radiance from the clear atmosphere far away from clouds
is used as a reference and plotted with a dashed line.

It is evident that the apparent path radiance is enhanced in
the cumulus cloud field. The enhancement in the blue band is
generally larger that that in the red band. The enhancement
and associated variability increase as the mean cloud-free dis-
tance decreases for both visible bands and exceeds 0.025 and
0.015 for band 1 and band 3, respectively, when the mean
cloud-free distance is ,0.5 km. The enhancement decreases to
an asymptotic value at a mean cloud-free distance of about 2
km. An analytical form of exponential decrease is used to
parameterize the apparent path radiance and cloud-free dis-
tance relationship. The nonlinear best fits for blue and red
bands are

r0.49mm 5 0.061e2x/0.586 1 0.090 (5)

r0.66mm 5 0.035e2x/0.611 1 0.027, (6)

where x is the mean cloud-free distance in kilometers.
The path radiance in the clear atmosphere away from clouds

for band 1 and band 3 is presented in Figure 9 to examine the
significance of the enhancement. The path radiances are clus-
tered for both blue and red bands except for several outliers.
Means are 0.086 and 0.024 with standard deviation of 0.0023
and 0.0029 for band 1 and band 3, respectively, excluding the
top and bottom fifth percentiles. With these small standard
deviations the mean values of path radiance represent the true
clear-sky path radiance for both bands.

By comparing the apparent path radiance with the true path
radiance and its dispersion it is evident that the apparent path
radiance is greatly enhanced for subimages with mean cloud-
free distances ,1 km. Enhancements of up to 0.025 for band 1
and 0.015 for band 3 lead to overestimates of aerosol optical
thickness of 0.25 and 0.15 [Wen et al., 1999]. The overestimate

in aerosol optical thickness further leads to underestimates in
surface reflectance. For example, if the true aerosol optical
thickness is 0.2 with a surface reflectance of 0.05, the surface
reflectance will be underestimated by 0.025 and 0.015 for the
two bands [Wen et al., 1999]. Even with larger mean cloud-free
distance, the asymptotic apparent path radiances are still sys-
tematically larger than the average true path radiance at about
1 standard deviation level.

6. Summary and Discussion
The downwelling irradiance of solar radiation in cloud-free

regions at the surface may be greatly enhanced by diffuse
radiation from nearby clouds. A simple radiative transfer cal-
culation shows that the enhancement of irradiance in a clear
region could reach more than 80% at the surface. The en-
hanced downwelling irradiance interacting with molecules and
aerosols in the atmosphere and the surface ultimately increases
the reflected solar radiation. Without considering such effects
the satellite observed radiance might be misinterpreted.

Fair weather cumulus is a very common cloud type in the
atmosphere. It is important to study the solar radiation transfer
in clear patches of cumulus cloud fields for both atmospheric
correction and aerosol optical property retrieval in high spatial
resolution satellite images. Among other factors the reflected
solar radiation is affected by the cloud spacing. In this paper
we demonstrated that the cloud effects on reflected solar ra-
diation in clear breaks within cumulus cloud fields can be
observed and quantified using the apparent path radiance that
depends on cloud spacing.

Cloud effects not only can be observed using the apparent
reflectance but also can be parameterized by the cloud-free
distance for clear pixels. Apparent path radiance is greatly
enhanced when mean cloud-free distance becomes small. For

Figure 8. The apparent path radiance for ETM1 band 1
(solid circles) and band 3 (open circles) as a function of mean
cloud-free distance, defined in the text.

Figure 9. The path radiance for ETM1 band 1 and band 3
for clear regions away from cumulus cloud fields. The path
radiances are clustered tightly for both bands except for several
outliers. The means of the path radiances are 0.086 and 0.024,
with standard deviations of 0.002 and 0.003 for band 1 and
band 3, respectively, with top and bottom fifth percentiles
excluded.
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a subimage with mean cloud-free distance ,0.5 km the appar-
ent path radiances are enhanced by more than 0.025 and 0.015
for the blue band and the red band, respectively. These en-
hancements correspond to overestimates of aerosol optical
thickness of ;0.25 and ;0.15 and underestimates of surface
reflectance of ;0.025 and ;0.015 for the blue and red bands,
respectively, for plane parallel retrievals. The enhancement of
the apparent path radiance decreases exponentially with mean
cloud-free distance. As the mean cloud-free distance becomes
larger than 2 km, the apparent path radiance approaches as-
ymptotically 0.09 and 0.027 for the blue and red bands, respec-
tively. Even though the absolute difference between asymp-
totic values of apparent path radiance and the true path
radiance is small, it is still statistically significant. However, it
also indicates that only a constant correction is needed when
cloud cells are far away from each other. We also need to note
that values of asymptotic apparent path radiance apply only in
the cloudy subimages with cloud cover .2% and ,85%.

The results and the technique used in this study are encour-
aging for further research in clear-cloudy interaction. How-
ever, they are based on an ETM1 image where the cumulus
cloud appears to be uniform in vertical extent. The vertical
thickness may vary from one cumulus cloud field to another
(e.g., slight vertical extent for cumulus himilis and moderate
vertical extent for cumulus mediocris) and hence the optical
depth of clouds may vary. Cloud microphysics also affects the
optical properties of cloud. Aerosol properties may vary from
one cumulus cloud field to another. The solar zenith angle is an
important parameter in radiative transfer of solar radiation
and should be included in the parameterization. Further anal-
ysis of high spatial resolution images is needed to validate the
parameterization in this study and to take into account other
factors.
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