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Abstract. Aerosol chemical, microphysical, and optical data collected from an island
station and a ship during the first field phase of the Indian Ocean Experiment provided a
unique opportunity to develop models for retrieving aerosol optical depth from the
advanced very high resolution radiometer (AVHRR) onboard NOAA14 during January–
March 1998. Columnar aerosol optical depth (AOD) over Arabian Sea, Bay of Bengal,
and Indian Ocean was derived for the 630 nm wavelength from the radiance in channel 1
(580–680 nm) of AVHRR. The satellite retrieval model for AOD accounts for several
aerosol species (sulfates, nitrates, sea salt, soot, dust, and organics), the in situ measured
value of single scattering albedo, and the wind speed dependence of sea surface albedo.
Satellite-retrieved AOD is in good agreement with surface measurements of AOD taken
from the Indian Ocean island of Kaashidhoo (4.968N, 73.468E) in the Maldives and from
the R/V Sagar Kanya cruising between 208N and 208S. The success of our model is most
likely due to the use of observed single scattering albedo, the use of phase function
derived from in situ data, and the limitation of the analysis to the antisolar side of the
satellite scan. However, the model relies on atmospheric column data and surface
measurements, which need future verification with in situ aircraft data. Regional maps
reveal that the entire northern Indian Ocean has large 0.15 AOD with monthly mean
values exceeding 0.2 for latitudes north of ;58N, for all 3 months. AOD increases
northward, reaching values as high as 0.35 toward the coast in the Bay of Bengal and the
Arabian Sea. The non-sea-salt component of AOD is inferred to be more than 3 times
that of the estimated wind-dependent sea salt component. In the western Indian Ocean
and Arabian Sea the high concentration of non-sea-salt aerosols are due to transport from
the Indian subcontinent and Arabia. The eastern Indian Ocean is influenced by the
transport from the Indian subcontinent and southeast Asia, particularly from Indonesia.
The 1998 El Niño-related forest fires from Indonesia resulted in high AOD values (0.25–
0.35) in the eastern equatorial Indian Ocean. Minimum AOD is observed between the
equator and 108S, which is the location of the Intertropical Convergence Zone (ITCZ)
during the observation period. AOD is generally found to increase to the south of ITCZ
and reach a maximum around 208S.

1. Introduction

Unlike greenhouse gases, tropospheric aerosols have short
lifetimes (about few weeks or less), and therefore their spatial
distribution is highly inhomogeneous and strongly correlated
with their sources. Satellite-based remote sensing of aerosols
remains the most convenient method to study spatial and tem-
poral distributions of aerosol optical depth on regional and
global scale. However, satellite retrieval of aerosol optical
depth requires a priori information about the scattering and
absorbing properties of the aerosols.

Upwelling radiances at the top of atmosphere observed by
satellite sensors having smaller spectral bandwidths could be
inverted to determine aerosol optical depth (AOD) if the aero-
sol scattering phase function and the complex refractive index
are known. Examples of such inversions include the advanced
very high resolution radiometer (AVHRR) [Stowe et al., 1997],
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) [Gordon
and Wang, 1994], and Moderate-Resolution Imaging Spec-

trometer (MODIS) [Kaufman et al., 1997] among others. Ac-
curacy of the AOD retrieved from satellite data, however,
depends on aerosol single scattering albedo [Mishchenko and
Travis, 1997], phase function, and surface reflectivity [Stowe et
al., 1997, Kaufman et al., 1997] assumed in the inversion.

Here we have studied the spatial distribution of aerosol
optical depth over the tropical Indian Ocean, Arabian Sea, and
Bay of Bengal based on AOD retrieved from the AVHRR
visible channel (630 6 50 nm) radiances during January 1 to
March 31, 1998. The aerosol scattering phase function and
single scattering albedo used in the retrieval were obtained by
integrating surface aerosol chemical and microphysical data
with observed columnar aerosol optical depths and a compre-
hensive aerosol model [Satheesh et al., 1999]. The data were
collected during February to March 1998 as part of the first
field phase (FFP) of the Indian Ocean Experiment (INDOEX)
[Ramanathan et al., 1995, 1996]. INDOEX is aimed at studying
the long-range transport of trace species and aerosols from
urban regions and assessing their direct and indirect radiative
forcing. The Indian Ocean is selected as the study area for the
following reasons:

1. The northeast Indian monsoon region bordered to the
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south by the vast Indian Ocean and to the north by the densely
populated and rapidly developing Indian subcontinent is a
unique laboratory to study the extent to which continental
aerosols are transported over relatively clean ocean areas
thousands of kilometers away from the sources. Wind is north-
erly to northeasterly from the continents in the Northern
Hemisphere at the surface and the lower tropospheric levels
during January–March and has the potential to transport aero-
sols from polluted continental areas deep into the otherwise
pristine ocean areas. The ITCZ is located close to or south of
the equator during most of this period. This gives a unique
opportunity to study the extent of transport of continental
aerosols [Ramanathan et al., 1995, 1996].

2. Despite this unique feature, only very few measure-
ments of aerosol characteristics had been carried out over the
Indian Ocean [Prodi et al., 1983; Savoie et al., 1987; Chester et
al., 1991]. More recently, measurements of aerosol character-
istics were made over the Indian Ocean as part of INDOEX
[Jayaraman et al., 1997; Krishna Moorthy et al., 1997; Rhoads et
al., 1997; Krishnamurti et al., 1998]. Several of these studies
have shown the transport of continental aerosols into the Ara-
bian Sea and the Indian Ocean.

Measurements of aerosol physical and chemical properties
were carried out during the INDOEX FFP. They include
ground-based aerosol measurements at Kaashidhoo Island
(4.968N, 73.468E) in Maldives during the continuous observa-
tion period between February 22 and March 31, 1998, and
measurements onboard R/V Sagar Kanya during its cruise pe-
riod between February 18 and March 28, 1998. Measurements
of physical, chemical, and optical properties of aerosols made
at Kaashidhoo were used to develop a model of aerosol size
distribution and single scattering albedo, which is described by
Satheesh et al. [1999]. We have used this model to retrieve
aerosol optical depth from AVHRR data. The aerosol retrieval is
performed on the basis of look-up tables of top-of-atmosphere
radiance generated using the discrete ordinate radiative transfer
method, which takes into account the multiple scattering by aero-
sols and molecules [Stamnes et al., 1988]. Retrieval of aerosol
optical depth is carried out only over ocean, where the surface
reflectance can be calculated with reasonable accuracy. Varia-
tions in ocean reflectance due to wind speed are taken into
account by considering daily surface winds from the National
Centers for Environmental Prediction (NCEP)/National Cen-
ter for Atmospheric Research (NCAR) reanalysis [Kalnay et
al., 1996] during the same period of observation. We have also
studied the effect of varying aerosol phase function, single
scattering albedo, and wind speed on the retrieved AOD.

Section 2 describes the algorithm for aerosol retrieval and
the method of analysis of AVHRR data. Validation of the
retrieved AOD by comparing with in situ measurements and
the effect of single scattering albedo and wind speed on the

retrieved AOD are discussed in section 3. Spatial distribution
of AOD during January, February, and March are described in
section 4. The role of the prevailing atmospheric circulation in
transporting aerosols into the ocean and the source regions for
different ocean areas are discussed in section 5.

2. Algorithm, Data, and Method of Analysis
2.1. Algorithm

Over ocean, reflectance observed by the satellite sensor
comprises contributions from the radiation scattered by aero-
sols and molecules in the atmosphere, the direct and diffuse
solar radiation reflected from the surface into the direction of
the sensor, and the water leaving radiance due to scattering by
particles in the ocean. The contribution due to water leaving
radiance at the wavelengths of our interest is very small and
may be neglected [Tanre et al., 1992]. Ocean reflection arises
from fresnel reflection by the waves called glitter and the
reflection by white caps.

Radiance due to scattering by aerosols and molecules de-
pends on their respective concentrations, the scattering phase
function (P(u )), and the single scattering albedo (v). In this
study we have used the aerosol scattering phase function and
single scattering albedo based on the aerosol model developed
for the Indian Ocean during the same observation period
[Satheesh et al., 1999]. The aerosol model is based on the
spectral column aerosol optical depth measurements using the
CIMEL radiometer [Holben et al., 1998] and the size-resolved
aerosol chemical measurements at the surface, which were
integrated to the comprehensive aerosol model of Hess et al.
[1998]. This aerosol model contains seven aerosol types,
namely, sea salt, sulfate, nitrate, organics, ammonia, dust, and
soot. Each of these components is assumed to have lognormal
size distribution. The mode radius rm and width sm of the
distribution and the normalized number concentration N of
each of these components are given in Table 1. In the present
study we assume that this aerosol model represents the vertical
column. In this aerosol model the observed mean single scat-
tering albedo at surface is 0.90 and corresponds to a mean
relative humidity of 78% observed during the period. How-
ever, the mean relative humidity varies with height, which
results in the height variation of single scattering albedo [Hess
et al., 1998]. For the above described aerosol model the values
of v with relative humidity (RH) are 0.90 for RH 5 78%, 0.874
for RH 5 70%, 0.861 for RH 5 60%, 0.850 for RH 5 50%,
and 0.752 for RH 5 35%.

In the present study we have taken the average altitude
profile of RH based on the balloon sonde data during the
observation period as given by Satheesh et al. [1999] and used
the corresponding value of aerosol single scattering albedo.
The altitude profile of RH has a mean value of 78% in the

Table 1. Individual Components of the Aerosol Model Used in This Study and the Normalized Number Density Ni, Mode
Radius rmi, and Width smi of the Lognormal Aerosol Size Distribution Describing Each of Them at RH 5 75%

Component Ni rmi, mm smi

Sulfate, nitrate, ammonia, and organics 0.20210 0.0295 2.24
Sea salt (accumulation) 1.19664 3 1024 0.3970 2.03
Sea salt (coarse) 1.10637 3 1026 3.3300 2.03
Mineral (Transport) 1.83485 3 1025 0.5000 2.20
Soot 0.79776 0.0118 2.00

RH is relative humidity.
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mixing region (up to 1 km) and decreases above 1 km to have
a mean value of 62% between 1 and 2 km. Above 2 km, RH
shows only little variation and has a mean value of 35%. Figure
1 shows the aerosol scattering phase function used to retrieve
AOD from satellite radiance in channel 1 (630 6 50 nm) for
three values of RH: 50, 70, and 80%. Also shown in Figure 1
is the phase function corresponding to the marine aerosol
model by Hess et al. [1998] for comparison. Variation of phase
function in the relative humidity range of 50–80% is negligi-
ble. Further, scattering phase functions of the observed aerosol
model and the marine model of Hess et al. [1998] are very close
in the scattering angle of 1508–1808, which is the range of
scattering angles of backscattered radiation (reaching the sat-
ellite sensor) used in this study.

Fresnel reflection of the direct and diffuse solar radiation at
the ocean surface varies with wind speed and is calculated for
rough ocean on the basis of the model proposed by Cox and
Munk [1954]. This model gives probability distribution of sur-
face slopes as a function of wind speed and direction. Magni-
tude of the surface reflectance and its variation with wind
speed are maximum at the solar side of satellite scan, and the
error in retrieved AOD will be larger in this region because of
any uncertainty in the actual wind speed. We avoid data at the
solar side of the satellite scan and use data from the antisolar
side of satellite scan with a viewing angle .408 away from
specularly reflected ray. In this antisolar side of satellite scan
region, variability in sea surface reflectance is mainly caused by
wind speed variation, and the variability is higher at higher
wind speed. The effect of wind direction on surface reflectance
is rather small. We have considered the effect of wind speed on
ocean reflectance and used a constant northeasterly wind di-
rection. Assuming constant wind direction does not produce
any significant error in the retrieved AOD since the effect is
significant only at very high wind speeds. Such very high wind
speeds are usually observed in association with a weather sys-
tem during which cloud cover does not allow aerosol retrieval
based on satellite radiances.

Increase in wind speed also causes increase in ocean albedo
by increasing the percentage of sea covered by foam (white
caps). We include this effect on the basis of the model pro-
duced by Koepke [1984]. Reflectance due to white caps is,
however, significant only at wind speeds .;10 m s21.

2.2. The Look-Up Table

Look-up tables of satellite altitude radiances as a function of
solar zenith angle and satellite viewing angle are generated

using the discrete ordinate radiative transfer method for a
plane parallel atmosphere [Stamnes et al., 1988] with 32 vertical
layers. This method accounts for the multiple scattering by
aerosols and molecules and absorption due to aerosols, water
vapor, and ozone.

The look-up table of the radiance is generated at 58 intervals
of solar and satellite zenith angles and 108 intervals of relative
azimuth between the Sun and satellite for different columnar
aerosol optical depths at an interval of 0.1. The radiances are
simulated for three wind speeds: 4, 8, and 12 m s21. The
simulated radiances correspond to two cases: (1) the absorbing
aerosol model (with v 5 0.90 at the surface) described in
section 2.1 and (2) a nonabsorbing case (v 5 1.0) correspond-
ing to the same phase function used in the previous case.
Altitude variation of RH and the corresponding variation of v
for the absorbing aerosol model are described in section 2.1.
Vertical profiles of pressure, temperature, molecular density,
and ozone for the tropical atmosphere are based on the model
by McClatchey et al. [1972]. Aerosols are assumed to be well
mixed in the boundary layer (up to 1 km), and the aerosol
number density decreases exponentially above 1 km with a
scale height of 0.8 km, which is inferred from the lidar images
during the observation period [Satheesh et al., 1999]. Response
functions of NOAA14 AVHRR visible and near-IR channels
are considered by integrating monochromatic radiances simu-
lated at 14 spectral bands in the wavelength range 550–1100
nm. Absorption of radiation by water vapor and ozone are
accounted for by using the correlated k distribution technique
[Kratz, 1995; Chou and Lee, 1996].

2.3. Data and Method of Analysis

We have used the NOAA14 AVHRR global area coverage
(GAC) data of the 1430 LT satellite pass in the latitude range
258S to 258N and the longitude range 408–1008E during the
period January 1, 1998, to March 31, 1998. AVHRR has five
wavelength bands of observation, namely, visible (channel 1:
'580–680 nm), near infrared (channel 2: '720–1100 nm),
and infrared (channel 3: '3.5–4.0 mm; channel 4: '10.5–11.5
mm; and channel 5: '11.5–12.5 mm). Channel 1 radiances are
used for retrieving AOD over the ocean areas. Brightness
temperature derived from channels 4 and 5, along with radi-
ance from channels 1 and 2, are used for cloud detection. All
three satellite passes per day available in this region are used.
Pixel resolution of AVHRR data is 1.1 km at nadir. However,
in GAC data, four out of every five samples along the scan line
are used to calculate one average value, and the data from only
every third scan line are taken. As a result, the spatial resolu-
tion of GAC data near the subsatellite point is actually 1.1 by
4 km resolution with a 3 km gap between pixels across the scan
line, although generally treated as 4 km resolution. Revised
postlaunch calibration constants that correct for the degrada-
tion of the AVHRR channel 1 sensor are used to convert the
AVHRR digital counts to reflectance [Rao and Chen, 1999].
As discussed in the previous section, to minimize the effect of
specular reflection from the ocean surface, only the antisolar
side of the scan line with viewing angle .408 away from the
specular ray has been included in the analysis. Reflectance of
radiation at ocean surface at each pixel is based on surface
wind speeds obtained from NCEP/NCAR reanalysis (2.58 hor-
izontal resolution) corresponding to each day.

Pixels that are filled partially or fully by clouds are detected
and rejected using three tests: (1) the threshold method
(brightness temperatures in channels 4 and 5), (2) the spatial

Figure 1. Scattering phase function of the aerosol model
used at relative humidities (RH) of 50, 70, and 80%. Aerosol
scattering phase function of the tropical marine aerosol model
by Hess et al. [1998] is also shown for comparison.
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coherence test (brightness temperatures in channels 4 and 5)
[Coakley and Bretherton, 1982], and (3) the visible and near-IR
channel ratio method [Durkee et al., 1991]. In the threshold
method all pixels having channel 4 and 5 brightness tempera-
tures of ,283 K are identified as cloudy. The value of 283 K
was arrived at after considering histograms of brightness tem-
perature during the period of observation and is sufficiently
below the sea surface temperature (SST) at 258S, which is the
coldest region in the data used. The threshold method detects
pixels filled by medium and high clouds. Partially filled pixels
with nonuniform clouds are detected by a spatial coherence
test applied to both channels 4 and 5, where brightness tem-
peratures of the middle pixel of a 3 3 3 array are compared
with the adjacent pixels. All the pixels must fall within 1 K of
each other for the pixel to be classified as clear. Clear pixels
adjacent to cloudy pixels also are rejected to avoid any possible
contamination from cloud reflected radiation reaching the sen-
sor. Both the above methods are less efficient in identifying
low-level homogeneous clouds. They are identified on the basis
of the weak spectral dependence of scattering by clouds. If the
channel 2/channel 1 albedo ratio is .0.8, the pixel is identified
as cloudy [Durkee et al., 1991]. Data within 0.28 of continental
areas are discarded to avoid reflection effect from land areas.

AOD at the pixel is determined by comparing the observed
reflectance with the look-up table. Since the look-up table is at
discrete intervals of solar and satellite positions, wind veloci-
ties, and aerosol optical depth, the AOD at any intermediate
value is determined by linearly interpolating between these
intervals. The in situ measured single scattering albedo at
Kaashidhoo was ;0.9 at surface. However, aerosols of purely
oceanic origin do not have significant absorption and have a
single scattering albedo of ;1.0. Background AOD due to
aerosols of ocean origin is small (;0.05). Thus the application
of the absorbing aerosol model over the whole area and all
optical depths may not be valid. Here we have separately
retrieved AOD using the absorbing model described in section
2.1 (with v 5 0.9 at the surface) and v 5 1.0 and combined the
AOD retrieved using these two models in the following way to
account for this nonabsorbing component. If AOD retrieved
using v 5 1.0 at a pixel is #0.05, this is taken as the actual
AOD at the pixel. When AOD retrieved using the absorbing
model at a pixel is .0.15, this value is taken as the AOD at the
pixel. For values of AOD between 0.05 and 0.15 the AOD at
the pixel is obtained by interpolating between the retrieved
AOD using the absorbing model and that obtained using v 5
1.0, after assuming a nonabsorbing AOD of 0.05. Thus for
higher AOD the value will be closer to that obtained using the
absorbing model. This accounts for the nonabsorbing back-
ground aerosols of marine origin (v 5 1.0) and continental
aerosols that are observed to have single scattering albedos of
;0.9 at the surface.

3. Validation: Comparison of the Retrieved
AOD With in Situ Measurements

Spectral aerosol optical depth measurements at seven wave-
lengths (340, 380, 440, 500, 670, 870, and 1020 nm) were made
at Kaashidhoo using the automatic CIMEL Sun/sky radiome-
ter, which is part of the Aerosol Robotic Network (AERO-
NET) [Holben et al., 1998]. Measurements of spectral AOD
were also made using a spectroradiometer onboard the Indian
R/V Sagar Kanya during its cruise period from February 18 to
March 28, 1998, between 208N and 208S in the Indian Ocean

[Meywerk and Ramanathan, 1999]. For comparison of satellite-
retrieved AOD with the Kaashidhoo data we consider
AVHRR data within 60.18 but outside 60.158 latitude and
longitude (to avoid the influence of land reflection from the
very tiny island of ;1 km horizontal extent) and within a time
interval of 660 min. For comparison with ship-borne measure-
ments, AVHRR data within 628 latitude and longitude and
within a time interval of 660 min is considered. Figure 2a
shows the intercomparison between in situ measurements and
AVHRR-retrieved AOD. The slope of the variation is 0.94,
and the offset is 0.018. The rms deviation between the two
measurements is 0.036, and the correlation coefficient is 0.84.
Both the measurements are within 60.03 in most of the cases,
and the maximum deviation observed is 60.08.

Figure 2b shows a comparison of in situ measurements with
the AVHRR data analyzed using a single scattering albedo of
1.0 (nonabsorbing aerosols). In this case the AVHRR-
retrieved AOD is underestimating the actual AOD. The dif-
ference between the in situ and AVHRR-derived AOD is high
at higher optical depths. The slope of the variation is 0.68, and
the offset is 0.025. The maximum difference between Figures
2a and 2b is observed at higher values of AOD. A comparison
of slopes of the variations in Figures 2a and 2b (in addition to
the in situ data) also suggests that the actual aerosol single
scattering albedo is closer to that assumed in the absorbing
aerosol model, as may be seen from the following discussion.

For illustration of the physical processes involved we may

Figure 2a. Comparison between the satellite-derived aerosol
optical depth (AOD) using the present model and the colo-
cated in situ measured AOD. See text for details.

Figure 2b. Same as Figure 2a but for satellite-derived AOD
based on conservative scattering (v 5 1.0).
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Plate 1. (top) Map of the monthly mean satellite-derived AOD during January 1998 and (bottom) prevailing
monthly mean atmospheric circulation at surface during January 1998 based on National Centers for Envi-
ronmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis.
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Plate 2. Same as Plate 1 but for February 1998.
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Plate 3. Same as Plate 1 but for March 1998.
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Plate 4. Maps of the inferred monthly mean non-sea-salt component of AOD during January, February, and
March 1998 obtained by subtracting the estimated sea salt component from the total AOD.
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consider radiance reaching the satellite sensor because of scat-
tering by aerosols, ra(u , u0, f), above a dark object in the
single scattering approximation given by

ra~u , u0, f! 5 vtaP~u , u0, f!/~4mm0! , (1)

where u is satellite zenith angle, u0 is solar zenith angle, f is
azimuth of scattered radiation from the solar beam, m 5 cos
(u), m0 5 cos (u0), v is aerosol single scattering albedo, ta is
aerosol optical depth, and P(u , u0, f) is aerosol scattering
phase function.

From (1), for a given aerosol optical depth, radiance reach-
ing the satellite sensor because of scattering by aerosols de-
pends on the product of the phase function and the single
scattering albedo. Thus slope of the variation between the
actual and satellite-retrieved AOD will also be proportional to
the product of single scattering albedo and the phase function.
In principle, the slope will be unity when assumed values of
vP(u , u0, f) match with actual values. The effect of a weakly
reflecting surface like ocean instead of a dark object is primar-
ily to produce a shift in the value of retrieved AOD and to
affect the slope to a lesser extent. Note that we have used the
phase function based on observations, and thus the controlling
parameter that determines the slope of the variation between
observed and satellite-retrieved AOD in the present case is the
aerosol single scattering albedo.

The aerosol model used in the present study is based on the
data at one site in the Indian Ocean, and the effect of using the
scattering phase function based on this model for the whole
region of study is discussed below. For this we have separated
the AOD into two sets depending on the backscattering angle
of the solar radiation scattered into the direction of the satel-
lite sensor: (1) between 1408 and 1608 and (2) between 1608
and 1808. The scattering angle of backscattered radiation
reaching the satellite sensor and the corresponding aerosol
scattering phase function depend on the satellite zenith angle,
the solar zenith angle, and the relative azimuth between the
Sun and the satellite. Any significant difference in the angular
variation of aerosol phase function will cause the AOD ob-
tained from the two sets to differ, with a nearly constant dif-
ference. Figure 3 shows the monthly mean latitudinal variation

of AOD during March 1998 for these two ranges of backscat-
tering angle (see section 4 for details) in the longitude band of
408–1008E. Close agreement between the two curves with only
a small systematic difference indicates that the phase function
used in the present analysis is mostly valid in the whole region
of study. Small differences between the two curves are partly
due day-to-day and spatial variability of AOD since on any
given day, the two sets of satellite zenith angles represent two
separate regions and during the 1 month period all regions are
covered several times in the two ranges of satellite zenith
angles to produce the monthly average.

To assess the dependence of the AOD on wind speed and
single scattering albedo, the data were analyzed using different
combinations of single scattering albedo and wind speeds. Fig-
ure 4 shows the latitudinal variations of average AODs in the
longitude region of 808–1008E (see section 4 for details) during
March 1998 obtained by analyzing the AVHRR data with (1)
the absorbing model (v 5 0.9 at surface) and V 5 4.0 m s21,
(2) the absorbing model (v 5 0.9 at surface) and V 5 10.0 m
s21, and (3) the nonabsorbing model (v 5 1.0 at surface) and
V 5 10 m s21. The difference between curves for cases 1 and
2 shows the sensitivity in the AOD due to changes in surface
reflectance caused by wind speed, and the difference between
cases 2 and 3 indicates the sensitivity due to single scattering
albedo. Comparison between cases 1 and 2 suggests that the
effect of wind speed is mainly to produce a nearly constant
shift in the retrieved AOD. Comparison of cases 2 and 3 shows
that variation due to single scattering albedo is very small at
low AOD (;0.05) and increases with increasing AOD (;0.03
at AOD of 0.20). Latitudinal variation of AOD when the
AVHRR data are analyzed using the present method (which
accounts for the actual wind speed) is also shown in Figure 4
for comparison. Note that this curve is close to case 1 (absorb-
ing model and V 5 4.0 m s21) at most of the latitudes. The
deviation between the two is high south of ;178S, where the
wind speed is higher. In this region the AOD determined using

Figure 3. Latitudinal variation of monthly mean AOD dur-
ing March 1998 in the longitude sector 408–1008E derived from
backscattering angles z between 1408–1608 (solid line) and
1608–1808 (dashed line).

Figure 4. Latitudinal variation of monthly mean AOD dur-
ing March 1998 in the longitude sector 808–1008E for the
absorbing aerosol model (v 5 0.9 at surface) with wind speeds
of 4 (solid line) and 10 m s21 (dotted line) and the nonabsorb-
ing model (v 5 1.0) with wind speed equal to 10 m s21 (dashed
line).
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the present method is closer to case 2 (absorbing model and
V 5 10 m s21).

4. Results
4.1. Regional Distribution of AOD

Plates 1, 2, and 3 show spatial distributions of monthly av-
erage satellite-derived aerosol optical depth at the wavelength
630 6 50 nm during January, February, and March 1998,
respectively. Note that the AODs were calculated for each
pixel of 1.1 3 4 km resolution, which were then spatially and
temporally averaged to a latitude and longitude bin of 18 res-
olution. The AOD is significantly higher in the Northern
Hemisphere compared to the Southern Hemisphere during all
3 months, with the highest values of AOD near the continents.
Plumes of aerosols originating from Arabia, the Indian sub-
continent, and southeast Asia extending up to deep ocean
areas are observed in the Northern Hemisphere. In the South-
ern Hemisphere, the highest AOD is observed during February
when the AOD is only slightly smaller than that in the North-
ern Hemisphere.

4.1.1. Arabian Sea. In January the AOD is .0.18 over
most of the Arabian Sea, with the highest values of AOD of
;0.30 close to Arabia and the west coast of India. During this
time the spatial gradient of AOD close to coastal India is
higher than that from Arabia. Plate 1 also shows an aerosol
plume off the Arabian coast that extends to ;1000 km away
from the coast. In general, the AOD is highest in January
compared to February and March over the whole Arabian Sea.
The aerosol plume present in January off Arabia is still present
in February, albeit with decreased intensity. In February an-
other aerosol plume is observed farther to the west. It is in-
teresting to note that this plume extends from the Horn of
Africa to ;158S with decreasing AOD toward the south. In
March, the AOD is less than those during January and Feb-
ruary over the central and western Arabian Sea. However, the
aerosol plume appearing off the southwest coast of India in-
tensifies with an AOD of 0.30 near the coast, which decreases
to ,0.15 over a distance of ;1500 km away from the coast.

4.1.2. Bay of Bengal. Generally, the AOD in the Bay of
Bengal is comparable to that of the Arabian Sea, with high
values during January. However, the coastal values are higher
than those in the Arabian Sea, with values of AOD exceeding
0.4. This region of high AOD is associated with a large spatial
gradient, with AOD rapidly decreasing away from the coast.
Another prominent region of high AOD in the Bay of Bengal
is close to southeast Asia. A strong aerosol plume with an
AOD comparable to that observed in north Bay of Bengal is
observed off Sumatra during February and March. The spatial
gradient of the AOD in this aerosol plume is smaller than that
observed off the Indian coast. The AOD and the horizontal
extent of this plume are higher during March compared to
February. This plume is not noticeable in January. A high
AOD is also observed close to southern parts of Myanmar and
Thailand and is present during all 3 months with varying aero-
sol abundance. A region of minimum AOD is observed at
central parts of the Bay of Bengal during all 3 months, which
is sandwiched between the areas of high AOD at the northwest
coast of India and southeast Asia.

4.1.3. Tropical Indian Ocean. Northern parts of the In-
dian Ocean bordered with the Arabian Sea and the Bay of
Bengal are characterized by a large decrease in AOD from its
northern boundary up to around the equator. A large pool of

low AOD is observed south of the equator with a horizontal
extent that varies from month to month. The latitudinal range
of this low-AOD area (with AOD ,0.1) is at a maximum in
March (;208) and a minimum in February (;108). The spatial
distribution of aerosols in February is characteristically differ-
ent from those during January and March both in the northern
and southern parts of the Indian Ocean. The AOD in the
Southern Hemisphere Indian Ocean is highest in February
with an aerosol plume west of 508E off the Somalia coast
extending up to south of 158S close to Madagascar with dimin-
ishing aerosol optical depth from north to south.

4.2. Latitudinal Variation of AOD

The latitudinal variation of AOD in the Arabian Sea, Bay of
Bengal, and Indian Ocean during each month is obtained by
separately averaging all the AOD values in the longitude
ranges 608–808E (Arabian Sea-Indian Ocean sector) and 808–
1008E (Bay of Bengal-Indian Ocean sector) during the corre-
sponding month. Figures 5a and 5b show the latitudinal vari-
ation of AOD in the 608– 808E and 808–1008E longitude
sectors, respectively.

The general features revealed by Figures 5a and 5b are as
follows: (1) There is significant month-to-month variability; (2)
the southward migration of the AOD minima from January to
March closely follows the migration of the ITCZ; (3) the AOD
in the Northern Hemisphere is larger than that in the Southern
Hemisphere by ;50–100%; and (4) The secondary maxima

Figure 5. Latitudinal variation of AOD during January, Feb-
ruary, and March 1998 for two longitude regions: (a) 608–808E
(Arabian Sea-Indian Ocean sector) and (b) 808–1008E (Bay of
Bengal-Indian Ocean sector).
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around 208S is clearly seen in the zonal average. These patterns
derived from satellite data are also confirmed by shipborne
data (Figure 6) especially the primary and secondary maxima
respectively in the 108–208N and 158–208S regions.

Figure 6 shows latitudinal variation of the AOD at 500 nm in
the longitude range of 578–738E observed from Sagar Kanya
during its cruise period between February 18 and March 28,
1998. The cruise track was in the north-south direction close to
708E 6 38 between 158N and the equator. South of the equator,
it had a southwestward tilt in the track and was between 0N,
708E 6 38 and 208S, 578E. The ship was in its southernmost
position on March 13. All the observations made using the
spectroradiometer are shown in Figure 6, and the relatively
large spread in AOD for a given latitude is due to the short
period variations during the daytime. Shipborne AOD values
colocated (in space and time) with AVHRR are shown with a
different symbol for comparison with the corresponding satel-
lite-retrieved AOD values. The satellite-retrieved AOD at 630
nm is converted to 500 nm on the basis of Mie calculations for
the assumed aerosol properties used to retrieve AOD from the
satellite data. Figure 6 reveals a large latitudinal gradient in
AOD south of ;108N, reaching a minimum value at ;108S.
The AOD increases rather slowly south of 108S up to 188S.

4.3. Spatial Distribution of Non-sea-salt AOD

The contribution of the non-sea-salt component of AOD
(tNSS) was inferred by subtracting the estimated wind-
dependent sea salt component (tSS) from the total AOD. The
sea salt component was estimated using the exponential rela-
tionship between wind speed (U in m s21) and tSS given by

tSS 5 tSS0e ~0.16U!, (2)

where tSS0 is the aerosol optical depth due to sea salt alone at
U 5 0 m s21 [Erickson et al., 1986; Krishna Moorthy et al.,
1997]. This model represents the aerosol loading in the atmo-
sphere due to increased wind speed and has been found to be
in reasonably good agreement with observations [Tegen et al.,
1997]. We have taken tSS0 as 0.02, which is the minimum
aerosol optical depth at 630 nm observed over the whole study
area using both satellite-based and shipborne measurements.

At Kaashidhoo the tSS estimated on the basis of the above
model and the actual wind speed are in the range 0.03–0.06,
which is in good agreement with the in situ observed sea salt
AOD [Satheesh et al., 1999].

Figure 7 shows the contour maps of tSS estimated for each
month on the basis of the above model for the monthly mean
surface wind speeds shown in Plates 1–3. The tSS is found to
have high values during January and February in the southeast
and northwest Indian Ocean region with a maximum value of
;0.10. Plate 4 shows the spatial distribution of the non-sea-salt
component of AOD during the 3 months obtained by subtract-
ing tSS from the respective monthly mean AOD (Plates 1–3).
Plate 4 confirms our earlier deduction that the high concen-
tration of aerosols observed in the total AOD (seen as the
plume-like structures close to continents in Northern Hemi-
sphere) is mainly due to the non-sea-salt components. Values
of tNSS exceed 0.15 over most of the Northern Hemisphere
oceans during January and are .0.10 over during February
and March. Further, in the Southern Hemisphere, tNSS ex-
ceeds 0.10 over a large the area and is significantly larger than
tSS, particularly during January and February. These high val-
ues of tNSS appear to be closely linked to the aerosol plumes
originating in the Northern Hemisphere, which extend up to
deep Southern Hemispheric ocean areas. This link is clearly
seen in the equatorial Indian Ocean over the western parts
near the Horn of Africa and in the eastern parts close to

Figure 6. Latitudinal variation of the daytime shipborne
measurements of AOD during February 24 to March 28, 1998.
Asterisks indicate the shipborne measurements colocated with
advanced very high resolution radiometer (AVHRR) data.
Also shown are the colocated satellite-derived AODs for com-
parison.

Figure 7. Contour maps of sea salt component of AOD dur-
ing January, February, and March 1998 estimated on the basis
of monthly mean wind speed.
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Sumatra and Indonesia. These findings regarding tNSS need to
be confirmed with in situ data.

5. Role of Transport in the Observed Regional
Aerosol Distribution

Atmospheric circulation and aerosol lifetime are the domi-
nating factors controlling the spatial distribution and transport
of aerosols from the continent to the ocean areas. The north-
east monsoon (December–March) is primarily driven by dif-
ferential heating between land areas in the Indian subconti-
nent and the adjacent ocean areas. The large high-pressure
system that forms over central India gives rise to the Indian dry
season and generates a persistent northeasterly offshore flow
[Krishnamurti et al., 1998]. Figure 8 shows the atmospheric
circulation obtained from NCEP/NCAR reanalysis at 925, 850,
700, and 500 hpa levels during February 1998. Surface winds
for each month are shown in Plates 1–3. Comparison of the
maps of AOD with atmospheric circulation clearly reveals the
transport of aerosols from the continental areas into the oth-
erwise pristine oceans. Atmospheric circulation and trajectory
analysis during February 15 to March 31, 1998, over the IN-
DOEX region were carried out by Jha and Krishnamurti [1998],
which showed that air parcels originating in the lower tropo-
sphere and midtroposphere over continental areas reach thou-
sands of kilometers into deep ocean areas in ,10 days because
of the prevailing northeasterly winds. An association between
the observed spatial distribution of aerosols and the prevailing
atmospheric circulation for different ocean areas is discussed
below.

5.1. Arabian Sea

The regional maps of AOD and the prevailing atmospheric
circulation reveals that the transport of aerosols occurs from
two source regions: Arabia and the Indian subcontinent. The
anticyclonic circulation with its center at ;208N, 608E causes
northwesterly winds over Arabia between the surface and 700
hpa level. Close correlation between the northwesterly off-
shore flow from Arabia and the non-sea-salt aerosol plumes off

the Arabian coast demonstrates the transport of aerosols from
Arabia (which could be predominantly mineral dust) into the
ocean areas [also see Krishnamurti et al., 1998]. Penetration of
this plume to regions of the ocean far from the coast is aided
by the prevailing high wind speed observed over the Arabian
Sea. For example, a high concentration of mineral dust was
observed at Kaashidhoo Island in the Indian Ocean during the
same observation period (Satheesh et al., submitted manu-
script, 1999). The large concentration of mineral dust over the
Indian Ocean was also noted by earlier studies [Pordi et al.,
1983; Savoie et al., 1987].

On the other hand, northeasterlies transport aerosols from
the Indian subcontinent into the Arabian Sea. The offshore
component of wind is large at the lower tropospheric levels
over the Indian subcontinent, particularly at the southwest
(SW) coast of India. The trajectory analysis by Jha and Krish-
namurti [1998] has also shown large southwestward transport
of air from peninsular India at the lower tropospheric levels,
with an air mass transit period of about a week between the
SW coast of India and the equator. These transports cause the
large values of AOD off the west coast of India. The large
aerosol plume off the southwest coast of India during March
(Plate 3) is particularly notable.

5.2. Bay of Bengal

Transport of aerosols into the Bay of Bengal occurs from the
Indian subcontinent and southeast Asia. The anticyclonic cir-
culation over the northwest Bay of Bengal, which extends from
the surface up to ;750 hpa level (Figure 8), causes consider-
able offshore transport of air from India (the Bengal region) to
the northern Bay of Bengal. The high aerosol optical depth
observed close to India during all 3 months over northern Bay
of Bengal is associated with this offshore flow. The height of
aerosol transport in this region appears to be between surface
and 750 hpa level. Trajectory analysis by Jha and Krishnamurti
[1998] showed the transport of air from eastern parts of India
reaching the Bay of Bengal in ,5 days at 990 and 850 hpa
levels. However, this offshore flow does not penetrate deep in

Figure 8. Prevailing monthly mean atmospheric circulation during February 1998 at 925, 850, 700, and 500
hpa based on the NCEP/NCAR reanalysis.

RAJEEV ET AL.: REGIONAL AEROSOL DISTRIBUTION OVER THE INDIAN OCEAN2040



to the Bay of Bengal, which results in the large spatial gradient
in AOD observed in the northwest Bay of Bengal.

Considerable transport of air from southeast Asia (Thailand,
Sumatra, and Indonesia) to the Bay of Bengal occurs between
the surface and 850 hpa through the easterly and northeasterly
winds in this region. The AOD over the Bay of Bengal close to
Thailand and Sumatra is as high as that at the north Bay of
Bengal, particularly during February and March. The surface
wind flow is easterly over Thailand but rather weak close to
Sumatra because of its proximity to the ITCZ. However, lower
tropospheric flow is easterly south of 108N, and this could
enhance the transport of aerosols from Sumatra and Indonesia
into the Bay of Bengal. Aerosol abundance in the Bay of
Bengal off Sumatra is higher in March compared to February
and is absent in January. This has obviously resulted from the
westward transport of aerosols arising from significant forest
fires at Indonesia and north Sumatra, which occurred from the
end of January until the middle of May [Schweithelm, 1998].
The earth probe Total Ozone Mapping Spectrometer (TOMS)
also detected Indonesian forest fires during this period. Husar
et al. [1997] showed that there is considerably large southward
transport of aerosols from eastern parts of China to near the
equator during December to May. This will also enhance the
aerosol concentration in the region around Indonesia and
Sumatra, which could be finally transported to the Bay of
Bengal.

5.3. Tropical Indian Ocean

The AOD is ,0.1 at the equatorial Indian Ocean, which is
also the location of the ITCZ. The region of minimum AOD
shows a southwestward tilt similar to that seen in the location
of the ITCZ. It is important, though, to note that ITCZ is the
maximum cloudy area and the retrieval of AOD is possible
only during clear-sky conditions. However, the in situ measure-
ments also show such low AOD, which is in very good agree-
ment with the satellite-derived AOD (Figure 6). The aerosol
removal mechanism in the ITCZ is very efficient through aero-
sol washout and rainout, which result in shorter residence
times of aerosols and low aerosol loading. The large latitudinal
gradient of AOD observed at the northern boundary of the
Indian Ocean is most likely due to this reduction in aerosol
lifetime.

In the Southern Hemisphere Indian Ocean the wind is
strongly easterly to southeasterly between the surface and 700
hpa level in the 158–308S latitude band. The high surface wind
speed produces higher amount of sea salt in this region (Figure
7). However, the non-sea-salt component of AOD (Plate 4)
exceeds the sea salt component in the Southern Hemisphere
Indian Ocean. Considerable amounts of the non-sea-salt aero-
sols appear to arise from the interhemispheric transport from
the polluted Northern Hemisphere. The progressively increas-
ing residence time of aerosols toward the south of the ITCZ
due to decreasing precipitation can lead to the accumulation of
aerosols that had penetrated into the Southern Hemisphere
through the ITCZ. The 10 day back trajectories by Jha and
Krishnamurti [1998] during February 20 to March 2, 1998, have
shown subsidence of air at 208S, 608E at the 850 hpa level,
which was originated at 750 hpa in the Arabian Sea and close
to the Somalia coast. The transport of Northern Hemisphere
aerosol-laden air also occurs at the central and east equatorial
Indian Ocean because of the southwestward tilt of the ITCZ
[Krishnamurti et al., 1998]. Aerosols penetrating to the eastern
equatorial Indian Ocean will be carried westward by the pre-

vailing strong easterly winds south of the ITCZ. This is more
evident in January and February (Plate 4) when the high con-
centration of non-sea-salt aerosols in the Southern Hemi-
sphere appears to be closely linked to the aerosol plume arising
from east Asia, including Indonesia and Sumatra.

Tegen and Miller [1998] estimated that significant transport
of Australian dust into the eastern parts of Indian Ocean can
occur during December–February. The dust transport from
Australia due to the prevailing high southeasterly wind also
could have contributed to the high non-sea-salt AOD observed
in eastern parts of the Indian Ocean. Aerosols from southern
Africa could also reach the Indian Ocean through the middle
and upper troposphere south of 258S, where the wind is pre-
dominantly westerly during the period of observation. How-
ever, aerosol production in Southern Hemisphere Africa due
to biomass burning during January–March is considerably less
[Cahoon et al., 1992]. Another source of the high concentration
of aerosols observed in the Southern Hemisphere could be
oceanic sources of non-sea-salt (nss) sulfate. However, high-
nss sulfate is not seen in the Indian Ocean around 208S during
January–March in most of the models [e.g., Chin et al., 1996].
In short, a combination of interhemispheric aerosol transport
through the western and eastern parts of the tropical Indian
Ocean, an increase in aerosol lifetime south of the ITCZ,
increased sea salt production due to higher wind speed, and
transport of Australian dust appears to have caused the max-
imum AOD observed at ;208S.

6. Conclusions
In this study, aerosol optical depth is retrieved from the

AVHRR data over Arabian Sea, Bay of Bengal, and Indian
Ocean during January, February, and March (northeast mon-
soon season). The retrieval is based on the aerosol scattering
and absorption properties measured at Kaashidhoo Island
(4.968N, 73.468E), which is centrally located in the study area.
Multiple scattering and absorption by aerosols and molecules
and the variability in sea surface reflectance due to daily vari-
ation in wind speed are accounted for in the aerosol retrieval.
Spatial distribution of AOD and its comparison with prevailing
atmospheric circulation shows the following features.

1. Transport of continental aerosols originating at three
different source regions, namely, Arabia, the Indian subconti-
nent, and southeast Asia, which penetrate deep into the ocean
areas mainly between the surface and the midtroposphere are
clearly observed in the Northern Hemisphere. The non-sea-
salt component of AOD is more than 3 times that of the sea
salt over most of the ocean areas. Transport of aerosols by
northwesterly winds from Arabia and northeasterly winds from
the Indian subcontinent are the major sources of high concen-
tration of aerosols in Arabian Sea. In the Bay of Bengal the
AOD is comparable to that over the Arabian Sea and has its
origin from India and southeast Asia, including Indonesia and
Sumatra. An intense aerosol plume is observed off Sumatra
during February and March and is highly correlated with the
forest fires in Indonesia and Sumatra during that time.

2. Minimum AOD is observed in the ITCZ region, which is
located between the equator and 108S during the observation
period. The southwestward tilt of the ITCZ west of 808E is also
observed in the location of minimum AOD. Low AOD in the
ITCZ region is mainly due to shorter aerosol residence times
because of the highly efficient aerosol removal processes
(washout and rainout) operating in this area.
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3. The AOD increases with latitude in the Southern Hemi-
sphere south of the ITCZ to reach a maximum around 208S,
particularly in February. The non-sea-salt component of AOD
exceeds the sea salt component in the Southern Hemisphere,
indicating the significance of other sources in addition to the
wind-produced sea salt. Transport of aerosols from the North-
ern Hemisphere deep into the Southern Hemisphere through
the western and eastern parts of equatorial Indian Ocean is
observed to be an important contributor. The southwestward
tilt in the ITCZ is also observed to have the potential to
transport Northern Hemispheric aerosols in to the Southern
Hemisphere in the central and western equatorial Indian
Ocean. The high AOD observed at ;208S appears to have
been caused by the combination of interhemispheric transport
of aerosols from the Northern Hemisphere, the increased
aerosol lifetime south of the ITCZ, the high concentrations of
sea salt aerosols, and the transport of Australian dust.

In summary, this study demonstrates that localized sources
of anthropogenic aerosols, desert dust, and smoke from forest
fires can influence the global oceans far removed from the
sources. We point out the following major caveats on the
aerosol retrieval model used in this study: (1) It is based on
surface chemical measurements and atmospheric column op-
tical data over one site (i.e., Kaashidhoo), and (2) the valida-
tion of satellite AODs used surface-based (Kaashidhoo and
ship) column AODs. Hence the model needs to be verified
with detailed in situ aircraft measurements. In addition, the
non-sea-salt AOD is based on a model inference, which also
needs verification with in situ data.
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