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[1] This paper is a theoretical study of short-wave
radiative interactions in a polluted broken cloud scene
encountered during the Indian Ocean Experiment
(INDOEX). Towards this goal, the nadir reflectance has
been obtained by integrating INDOEX in-situ observations
and a 3D Monte-Carlo Aerosol-Cloud radiation model. The
comparison of 2D radiative transfer and independent pixel
approximation (IPA) results demonstrates that IPA
substantially underestimates nadir reflectances between
the clouds. The effect can be explained by the radiative
smoothing resulting from the horizontal photon transport.
For the polluted cloud scene considered, the radiative
smoothing is responsible for a 50% bias in aerosol optical
depth retrieved between the clouds based on the plane-
parallel theory. INDEX TERMS: 0305 Atmospheric

Composition and Structure: Aerosols and particles (0345, 4801);

3359 Meteorology and Atmospheric Dynamics: Radiative

processes; 3360 Meteorology and Atmospheric Dynamics:

Remote sensing. Citation: Podgorny, I. A., Three-dimensional

radiative interactions in a polluted broken cloud system, Geophys.

Res. Lett., 30(14), 1771, doi:10.1029/2003GL017287, 2003.

1. Introduction

[2] The tropical regions release substantial amounts of
absorbing aerosols (black and organic carbon, agricultural
dust, fly ash, etc.) into the troposphere, which has signifi-
cant implications for the regional radiative balance, climate
and hydrological cycle [e.g., Ramanathan et al., 2001b and
references therein]. Satellites measurements at the top of the
atmosphere (TOA) are an important tool for monitoring the
haze over the globe and assessing regional impacts of
absorbing aerosols [Kaufman et al., 2002]. When retrieving
aerosol optical properties over the tropics, two peculiar
problems need to be addressed by the remote sensing
algorithms. First, the aerosol single scattering albedo
(SSA) is relatively low in the tropical regions and is subject
to the large spatial and temporal variability [e.g., Dubovik et
al., 2002]. Second, the stratocumulus and trade cumulus
clouds are a common cloud type in the region, so that three-
dimensional (3D) radiative transfer effects in the visible
may undermine applicability of the plane-parallel approxi-
mation when retrieving aerosol properties between the
clouds.
[3] There have been several recent papers focused on

simulating and detecting 3D radiative effects in the low-

level cloud fields [e.g., Barker and Liu, 1995; Loeb et al.,
1997; Marshak et al., 1995; Varnai and Marshak, 2002].
These studies demonstrated the need for a proper treat-
ment of cloud top topography and horizontal inhomoge-
neity in remote sensing applications. On the other hand,
the presence of absorbing aerosols alters the radiative
transfer in clouds dramatically and has a substantial
impact on the TOA radiative fluxes [e.g., Podgorny and
Ramanathan, 2001 and references therein]. While 3D
radiative transfer effects may be important for the satellite
retrievals of aerosol properties over the tropical regions,
the magnitude of these effects is yet to be quantified. In
this paper, aerosol and cloud data are integrated with a 3D
radiative transfer model to compute radiative quantities in
a polluted broken cloud scene and to explore potential
biases in retrieving aerosol optical depth between the
clouds.

2. Observations of Polluted Clouds
During INDOEX

[4] The aerosol and cloud data employed in this study
have been collected during the Indian Ocean Experiment
(INDOEX) designed to study the effects of air pollution
over the tropical Indian Ocean on the regional and global
climate [Ramanathan et al., 2001a]. The pollutants, mainly
in the form of absorbing aerosols, are constantly produced
over the Indian sub-continent and spread over the northern
Indian Ocean in winter. During the INDOEX Intensive
Field Phase (February–March 1999), the aerosol plumes
over the Indian Ocean have been sampled numerous times
by the National Center for Atmospheric Research (NCAR)
C130 (see Heymsfield and McFarquhar, 2001, for a
complete list of ‘‘gradient flights’’). Heymsfield and
McFarquhar [2001] present the analysis of more than
13,000 penetrations into the clouds during INDOEX, a
significant fraction of which were highly polluted strato-
cumulus and trade cumulus clouds. Shown in Figure 1 are
aerosol and cloud droplet concentrations measured during
INDOEX Flight #3 (February 20, 1999) at 3.4�N, 73.4�E.
The flight and time interval (GMT 03:03:00 to GMT
03:05:00) have been selected based on a specific event -
observation of intense haze surrounding the aircraft when it
was flying through the middle of broken clouds at 1250 m
altitude (INDOEX Flight #3 Report filed by V. Ramana-
than and B. Gandrud). The horizontal coordinate (Figure 1)
was calculated based on an average aircraft speed of about
110 m/s. During the sampling period, C130 was 160 km
away from the Kaashidhoo Climate Observatory (KCO)
located at 5�N, 73.5� in the Republic of the Maldives.
KCO was the site of intensive aerosol and radiometric
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observations used to develop and validate the INDOEX
aerosol model [Satheesh et al., 1999].

3. Parameters for the Simulation Scene

[5] C130 measurements of cloud droplet concentration
and liquid water content enable us to obtain cloud extinction,
however, because of substantial variability in cloud geom-
etry, the calculation of cloud optical depth (tCLD) is subject
to substantial errors. One way to estimate tCLD is to derive it
from liquid water path (LWP) and cloud drop effective
radius (re). The data on zonal mean LWP retrieved from
C130 Airborne Imaging Microwave Radiometer mea-
surements during INDOEX have been reported by Liu et
al. [2001]. While LWP varies with latitude, a representative
value for the latitude of interest (3.5�N) is about 40 gm�2.
Furthermore, the average cloud drop effective radius was 5.7
and 5.8 mm for intermediate and polluted cloud
regimes, respectively, during INDOEX [Heymsfield and
McFarquhar, 2001]. With these LWP and re values, the
average cloud optical depth (htCLDi) at 500 nm is about 10
based on Slingo [1989] parameterization. This value is
consistent with htCLDi estimates made earlier for the entire
INDOEX region by Podgorny and Ramanathan [2001]
(htCLDi = 15.0) and Ramanathan et al. [2001a] (htCLDi =
13.75). To generate 2D distribution of tCLD, htCLDi is scaled
using the observed cloud drop concentration (Figure 1),
so that tCLD ranges from 0 (cloud-free pixels) to 20.5
(optically thick cloud pixels). It is also assumed that there
are no mid- and high-level clouds; clouds are homogeneous
in vertical; and the cloud bottoms and tops in cloudy pixels
are at 1000 and 1500 m, respectively.
[6] Aerosol concentration measured by C130 reaches the

maximum outside the cloud scene (Figure 1). While accu-
racy of aerosol observations during the cloud penetrations
may be lower than that outside the clouds, this study is
focused on the reflective properties of cloud-free pixels.

Accordingly, it is assumed that (1) the pixel aerosol optical
depth (tA) is a linear function of the measured aerosol
concentration (Figure 1) and (2) tA reaches the maximum
(tA

max) under clear skies outside the cloud system. While the
average tA

max during INDOEX was about 0.4, the value as
high as 1.0 has been observed [Ramanathan et al., 2001a]
and is used below to generate 2D distribution of tA from
the observed aerosol concentrations (Figure 1). The same
aerosol profile is applied to every pixel (uniform distribu-
tion up to 1500 m and then exponentially decreasing with a
scale height of 800 m, see Podgorny and Ramanathan,
2001 for more detail), however, tA varies from pixel to
pixel. The aerosol particles are assumed to be internally
mixed, asymmetry parameter and SSA are assigned to be
0.75 and 0.9 at 500 nm in accordance with the INDOEX
aerosol model [Satheesh et al., 1999].
[7] The radiative transfer code used for numerical experi-

ments is a monochromatic 2D version of the 3D broadband
Monte Carlo (MC) model developed at the Center for
Clouds, Chemistry and Climate (C4), Scripps Institution
of Oceanography [see Podgorny and Ramanathan, 2001,
and references therein]. The algorithm for nadir radiance
calculation is implemented based on Marshak et al. [1995].
Cyclic horizontal boundary conditions are employed for
both tCLD and tA distributions.

4. Nadir Reflectance in Pristine and Polluted
Cloud Scenes

[8] A common approach to exploring 3D radiative trans-
fer behavior is the use of the so-called independent pixel
approximation (IPA) [e.g., Marshak et al., 1995]. Under the
IPA, the pixel size in MC model is large enough to restrict
all photon movements to a given pixel, so that every pixel is
effectively treated as a plane-parallel layer. The radiative
quantities computed for both 3D and IPA scenarios are then
compared to estimate the magnitude of the 3D radiative
transfer effects. Nadir reflectance at TOA is a radiative
quantity most useful in the context of remote sensing
applications. Figure 2 presents nadir reflectances at
500 nm computed from horizontal distributions of tCLD
and tA generated as described in the previous section. Here
nadir spectral reflectance Rl at wavelength l is normalized
to a Lambertian reflector as Rl = pIl/Flcos(q), where Il is
nadir spectral radiance, Fl is spectral flux incident at the
TOA, and q is the solar zenith angle. The radiative transfer
results have been obtained with the solar azimuthal angle
(f) equal to 0 (i.e. sunlight is coming from the left side of
the panel, perpendicular to the cloud bands) and q = 60�.
The surface reflection has been neglected as it contributes
less than 1% to the nadir reflectance under low sun.
[9] As seen from Figure 2, 2D reflectances (gray line)

exceed IPA reflectances (black solid line) in most cloudy
pixels in the middle of the cloud system. Under 2D
scenario, the larger clouds are consistently brighter on the
illuminated (left) side, but slightly darker on the opposite
(right) side. These findings are in agreement with the results
reported earlier for the pristine clouds [e.g., Loeb et al.,
1997] and imply strong 3D radiative transfer effects in the
cloud system considered. The shadowing effect behind the
clouds [Cahalan et al., 2001; Kobayashi et al., 2000] seems
to be insignificant because of relatively high tA values

Figure 1. NCAR C130 measurements of aerosol (upper
panel) and cloud droplet (lower panel) concentrations
during INDOEX Flight #3 (February 20, 1999) by Passive
Cavity Aerosol Spectrometer Probe (PCASP) and Particle
Measuring Systems Inc (PMS) FSSP-100.
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preventing direct radiation from reaching the cloud tops.
Comparison of polluted (upper panel) panel and pristine
(lower panel) cases reveals significant aerosol impacts on
the calculated nadir reflectances. First, aerosol absorption
between and above the clouds reduces the reflectance of the
cloudy pixels. The low-level clouds embedded in the
absorbing aerosol have been shown previously to increase
absorption in the troposphere, while decreasing the magni-
tude or even changing the sign of aerosol radiative forcing
at the TOA [e.g., see Podgorny and Ramanathan, 2001].
Second, the presence of aerosol results in an enhanced
reflectance of the cloud-free pixels between the clouds,
which is discussed below in more detail.
[10] Because of 2D approximation, the cloud scene con-

sidered is anisotropic, so that the results of calculations may
be sensitive to the direction of sunlight. To explore the
realism of 2D cloud structure in this regard, nadir reflectan-
ces (not shown) have been calculated for f = 90 as well (i.e.
sunlight in this case was coming from the back side of the
panel, parallel to the cloud bands). 2D reflectances were
found to be smaller than IPA reflectances in all cloudy pixels
for both polluted and pristine cloud systems, but the
difference was less prominent in the polluted case. It has
been also found that nadir reflectance between the clouds
was enhanced in the same way as shown in Figure 2 (upper
panel). Accordingly, the use of 2D approximation is unlikely
to affect the conclusions of this paper significantly.

5. Reflectance Enhancement Between the Clouds

[11] The nadir reflectance enhancement between the
clouds may be linked to the so-called radiative smoothing
[Marshak et al., 1995]. The radiative smoothing in cloud
scenes is caused by the horizontal photon transport and,
under diffusion approximation, can be related to the cloud
geometrical and optical properties at a given point [Marshak
et al., 1995]. For the overcast marine stratocumulus clouds,

the radiative smoothing is typically restricted to a few
neighboring pixels [e.g., Marshak et al., 1995]. Similarly,
the nadir reflectance enhancement in cloud-free pixels is
nearly zero outside the cloud system, but relatively strong in
the cloud-free pixels between the optically thick clouds
(Figure 2). In the latter case, the horizontal transport from
the cloudy pixels brings extra photons to the cloud-free
pixels, which are then scattered upward by aerosol particles
contributing to the nadir reflectance.
[12] As the radiative smoothing makes the cloud-free

pixels look brighter, tA retrievals from those pixels would
be biased when made using 1D theory. Let us replace tA by
a higher tA

1 and calculate reflectance in a given cloud-free
pixel under IPA. Once 2D and IPA reflectances computed in
such a way are equal, the difference tA

1 � tA should provide
an estimate for a bias of tA retrieval in the pixel. Radiative
transfer results presented in Figure 3 help to illustrate this
approach. As seen from Figure 3, tA

max as high as 1.5 had to
be used in order for the IPA reflectance to match 2D
reflectance of the cloud hole in the middle of the cloud
system (horizontal coordinate from 5.5 to 6 km) computed
earlier for tA

max = 1.0. As the cloud geometrical thickness
does not exceed the horizontal dimension of the cloud hole
considered, this result is unlikely to be affected by the flat
cloud top approximation used in this study. We conclude
therefore that the radiative smoothing between the clouds
may produce a 50% bias in retrievals of aerosol optical
depth for the polluted cloud scene considered.

6. Conclusion

[13] The main conclusion of this paper is that 3D radia-
tive transfer effects need to be properly taken into consid-
eration when retrieving optical depth of absorbing aerosols
in the tropical regions. This result, however, has been
obtained based on several simplifying assumptions, namely,
2D geometry, vertical cloud homogeneity and flat cloud
tops. The use of more realistic trade cumulus and stratocu-
mulus cloud models for numerical experiments might have
resulted in a different estimate for the magnitude of the
plane-parallel bias in simulated aerosol retrievals. The
realistic 3D aerosol-cloud distributions need to be con-
structed based on both satellite and in-situ observations in
future efforts aimed at improving aerosol remote sensing
algorithms for the tropical regions. The use of data from

Figure 2. Nadir reflectances comparing two-dimensional
(2D) radiative transfer results (gray line) and independent
pixel approximation (IPA) results (black solid line) for
polluted (tA

max = 1.0) and pristine (tA
max = 0.0) clouds. Solar

zenith angle is 60� and sunlight is coming from the left side
perpendicular to cloud bands. Pixel size is 110 m.

Figure 3. Nadir reflectances in cloud-free pixels compar-
ing two-dimensional (2D) radiative transfer results for
tA
max = 1.0 (gray line) and independent pixel approximation

(IPA) results for tA
max = 1.5 (black dashed line). Solar zenith

angle is 60� and sunlight is coming from the left side
perpendicular to cloud bands. Pixel size is 110 m.
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recent aerosol campaigns in the tropical regions seems to be
essential in this regard.
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#0201946 supported this research. The comments from V. Ramanathan,
G. Roberts and two anonymous reviewers helped to improve the manuscript.
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