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ABSTRACT
Making use of the extensive shipboard and aircraft measurements of aerosol properties over the oceanic
regions surrounding the Indian peninsula, under the Integrated Campaign for Aerosols, gases and Radiation
Budget (ICARB) field experiment during the premonsoon season (March–May), supplemented with longterm satellite data and chemical transport model simulations, investigations are made of the east–west and
north–south gradients in aerosol properties and estimated radiative forcing, over the oceans around India. An
eastward gradient has been noticed in most of the aerosol parameters that persisted both within the marine
atmospheric boundary layer and above up to an altitude of ;6 km; the gradients being steeper at higher
altitudes. It was also noticed that the north–south gradient has contrasting patterns over the Bay of Bengal
and the Arabian Sea on the either side of the Indian peninsula. The aerosol-induced atmospheric heating rate
increased from a low value of #0.1 K day21 in the southwestern Arabian Sea to as high as ;0.5 K day21 over
the northeastern Bay of Bengal. The simulations of species-resolved spatial gradients have revealed that the
observed gradients are the result of the strong modulations by anthropogenic species over the natural gradients, thereby emphasizing the role of human activities in imparting regional forcing. These large spatial
gradients in aerosol forcing induced by mostly anthropogenic aerosols over the oceanic regions around the
Indian peninsula can potentially affect the regional circulation patterns.

1. Introduction
Atmospheric absorption and surface dimming of solar
radiation due to atmospheric aerosols and the resulting
heating of the lower atmosphere and cooling at the
surface are being increasingly investigated over South
Asia in the context of regional and global climate implications (Chung and Zhang 2004; Lau et al. 2006;
Satheesh et al. 2008; Lawrence and Lelieveld 2010;
Bollasina et al. 2011). Several recent studies have highlighted the far-reaching impacts of absorbing aerosols
on regional climate, which include (i) the elevated heat
pump (EHP) effect, leading to early onset and intensification of monsoon over the Indo-Gangetic plain (Lau
et al. 2006); (ii) global dimming, leading to slowing down of
the hydrological cycle (Ramanathan et al. 2001); (iii) reduction in tropical cloudiness (Ackerman et al. 2000);
(iv) change in precipitation pattern (Chung et al. 2002);
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and (v) reduction in winter monsoon rainfall over Bay of
Bengal (BoB) due to the aerosol loading over the Arabian
Sea (AS) (Krishnamurti et al. 2009). However, most of
these climate impact assessments were made mainly
based on the Indian Ocean Experiment (INDOEX) data
(Menon et al. 2002; Chung et al. 2002; Chung and Zhang
2004) or using the chemical transport model simulations
(Lau et al. 2006). While the former did not make spatially well-resolved measurements over the Arabian
Sea [but rather followed a north–south transect; Moorthy
et al. (2001)] and made very little measurements over the
Bay of Bengal, the latter (models) simulated regionally
unrealistic aerosol fields that deviated largely from the
measurements (Menon et al. 2010; Nair et al. 2012). Subsequently, even though several measurements of aerosols
have been made over the oceanic regions around India
using short-term cruises, studies addressing the horizontal,
vertical, and temporal distributions and radiative impacts
with a high degree of spatial resolution remained sparse
until the Integrated Campaign for Aerosols, gases and
Radiation Budget (ICARB) experiment (Moorthy et al.
2009) and its outcome (e.g., Nair et al. 2008a; Moorthy
et al. 2009; Lawrence and Lelieveld 2010).
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Spatial heterogeneities in aerosol properties, resulting
from the heterogeneous continental outflows into the
Arabian Sea and the Bay of Bengal have been extensively examined in recent years under various field
campaigns such as INDOEX (Ramanathan et al. 2001),
the Arabian Sea Monsoon Experiment (ARMEX)
(Moorthy et al. 2005), the Joint Global Ocean Flux
Study (JGOFS) (Johansen and Hoffmann 2004), and
ICARB (Moorthy et al. 2008). The meridional gradients
in aerosol properties over the oceans adjacent to India
were investigated using shipborne and satellite measurements by several investigators (e.g., Satheesh et al.
1998; Ramanathan et al. 2001; Satheesh et al. 2006a;
Nair et al. 2008a). Lawrence and Lelieveld (2010) extensively reviewed the attempts and the outcomes, including the gap areas. It is well known that the spatial
gradients (zonal and meridional) in warming by the
greenhouse gases are small because of their homogeneous spatial distribution, whereas the heterogeneity in
atmospheric forcing due to aerosols significantly influences
the regional climate via dynamical/thermodynamical
feedbacks (Matsui and Pielke 2006). Recently, Ming
and Ramaswamy (2011) have shown that spatially heterogeneous aerosol forcing could alter the regional-scale
circulation pattern through thermodynamic coupling. In
the backdrop of all the above, we have analyzed the
ICARB data, which provided spatially well-resolved and
accurate data on several aerosol parameters from concurrent and collocated measurements over the Indian
region during March–May 2006, to examine the spatial
gradients in these parameters and its implications on the
regional climate.

2. Database and analysis
a. The ICARB
The ICARB was an exhaustive field experiment conducted over the Indian subcontinent and surrounding
oceanic regions, following an ‘‘integrated and segmented’’
approach (Moorthy et al. 2008). Extensive measurements
of several aerosol properties (optical, physical, and
chemical) were made from fixed land and island stations
(land segment), on board ship cruises (ocean segment),
and using instrumented aircraft (air segment) during
18 March–10 May 2006, and several results have been
published (for, e.g., Moorthy et al. 2008, 2009; Nair et al.
2008a,b, 2009, 2010; Satheesh et al. 2008; Lawrence and
Lelieveld 2010). The ocean segment of ICARB had two
legs: the first (SK 223A) focusing mainly on the Bay of
Bengal and the northern Indian Ocean during March–
April 2006 and the second (SK 223B) over the Arabian
Sea during April–May 2006. Concurrent measurements
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FIG. 1. Spatial distribution of AOD at 500 nm over the AS and
BoB during the ICARB field experiment (adopted from Moorthy
et al. 2009). Cruise track of Sagar Kanya over the BoB and the AS is
also shown (solid line). Base stations of aircraft measurements—
Bhubaneshwar (BBR), Chennai (CHN), Trivandrm (TVM), Goa
(GOA), and Hyderabad (HYD)—are indicated by aircraft symbols.

of mass concentrations, mass size distributions, scattering and absorption coefficients, bulk aerosol collection,
spectral aerosol optical depth, columnar water vapor,
and vertical profiling of atmospheric thermodynamical
parameters were made on board the ship from a specially configured laboratory, following well-documented
measurement protocols (Moorthy et al. 2008; Nair et al.
2009). Simultaneous measurements of the vertical distribution of aerosol black carbon (BC) mass concentration
and composite aerosol extinction coefficients were made
from four coastal base stations using an instrumented
aircraft (Babu et al. 2008; Satheesh et al. 2008). The cruise
tracks and the base stations for aircraft sorties are shown
in Fig. 1. In this study, we have used the shipborne
measurements of spectral aerosol optical depth (AOD)
using a Microtops sun photometer (Moorthy et al. 2008),
and spectral scattering and absorption coefficients using
an integrating nephelometer (TSI 3563) and Aethalometer (Magee Scientific AE-31) (Nair et al. 2009).
Aircraft measurements of spatial gradients of BC
mass concentrations at two altitudes (500 and 1500 m)
were made during daytime using another intercompared Aethalometer. A detailed description of these
instruments, database, analysis, and error budget are
given in earlier papers (Nair et al. 2009; Moorthy
et al. 2009; Satheesh et al. 2008) and hence are not
repeated.

b. Satellite data
To supplement the temporally limited ICARB data,
we have used the Moderate Resolution Imaging Spectroradiometer (MODIS)-derived AOD (for the March–
May period) over a decade (2000–2010) and vertical
profiles of aerosols from the Cloud–Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO)
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to examine the persistence and vertical structure of
aerosols around India. The MODIS sensors, on board
Aqua and Terra satellites, have a long history of retrieving the aerosol properties since 2000. The MODIS
algorithm has been extensively refined in recent years
to provide higher accuracy of the retrieved AODs, especially over oceans (Remer et al. 2005). We have used
the average of level 3 (18 3 18 gridded products: collection 5.1) AODs from both the Aqua and Terra satellites for the period 2000–10 (11 years of data) as
supplementary data in this analysis, especially to extend
the period of study well beyond ICARB. Uncertainties
in the AOD retrieved from MODIS over the ocean and
land are well documented, and over oceans it is 0.03 6
0.05AOD (Remer et al. 2005).
Vertical distribution of aerosols over the Indian region is investigated using the CALIPSO data for the
years 2007 and 2008 (Winker et al. 2009). We have
averaged the individual nighttime profiles (version 2)
into 2.58 3 2.58 to ensure a statistically significant
number of observations in each grid cell. To have a high
level of confidence in CALIPSO measurements, we
have filtered all the profiles whose cloud–aerosol discrimination (CAD) score is less than 275. The mean
profiles of CALIPSO and MODIS-derived AOD over
each grid in the Bay of Bengal and the Arabian Sea are
used to get a realistic extinction profile of aerosols.
Since there were not many attempts to validate the
extinction profiles and the optical parameters retrieved
from the CALIPSO over the Indian region and the
surrounding oceanic regions, the extinction profiles of
CALIPSO were normalized for the corresponding MODISAOD to get the realistic aerosol vertical profiles of the
extinction coefficient.

c. GOCART model
The Goddard Chemistry Aerosol Radiation and
Transport (GOCART) model is a widely used chemical
transport model that simulates the three-dimensional
distributions of sulfate, BC, organic carbon (OC), dust
(fine and coarse), and sea salt (fine and coarse) aerosols
(Chin et al. 2002). The GOCART model uses the meteorological data from the Goddard Earth Observing System Data Assimilation System (GEOS DAS) to simulate
the aerosol fields. The GOCART simulates the aerosols at
a spatial resolution of 28 3 2.58 or 18 3 18 with 20–55
vertical sigma levels. We have used 28 3 2.58 AODs of
sulfate, BC, OC, dust, and sea salt aerosols over the Indian
region obtained from the Giovanni website of the Goddard Earth Sciences Data and Information Services Center (GES DISC). More details on the model configuration,
parameterizations, and validation are available in Chin
et al. (2002).

3. Results and discussions
a. ICARB: Regional gradients in aerosol properties
During the campaign period, extensive measurements
were made along the longitudes separated by 18 latitude
bins. Instantaneous AOD measurements made during
the ICARB were used to generate the spatial image of
AOD over the oceans around India. The spatial distribution of AOD (at 500 nm) is shown in Fig. 1. In general,
spatial variations are large, with AOD values ranging
from as low as 0.05 in the central Arabian Sea to as high
as 1.0 in the northern Bay of Bengal. High AODs are
seen over the northern Bay of Bengal compared to those
over the southeastern and northern Arabian Sea and the
central and southern Bay of Bengal, whereas low AOD
regions were seen over the southeastern Bay of Bengal
and the central Arabian Sea. A pocket of high AODs
seen over the northern Bay of Bengal, which lasted only
for few days, was associated with the change in a largescale circulation pattern and wind convergence over that
region (Aloysius et al. 2008).
The latitudinal and longitudinal variations of columnar AOD from the sun photometric measurements
and aerosol extinction coefficients at 550 nm (in the
marine atmospheric boundary layer) estimated from the
concurrent measurements of scattering and absorption
coefficients and BC mass concentrations within and
above the marine atmospheric boundary layer (based on
the aircraft measurements) are shown in Fig. 2 from top
to bottom. Longitudinal variations of BC mass concentrations made at altitudes of 500 and 1500 m above the
ground level, obtained by combining the entire data
collected on board the aircraft (from the four coastal
bases shown in Fig. 2) into as far as ;500 km over the
adjoining oceanic regions, are shown in the top panel of
Fig. 2. Notwithstanding the clustering of data points
over ocean with a gap over the peninsular landmass
where no airborne measurements were made, a clear
eastward gradient is revealed within (500 m) and above
(1500 m) the marine atmospheric boundary layer, with
the concentrations increasing from west to east. Despite
the averaging over a wide latitudinal range, both the
extinction coefficient (within the atmospheric boundary
layer) and AOD (columnar) also showed conspicuous
longitudinal gradients, increasing eastward, as represented by the lines joining the points in the middle panel
of the same figure. Nearly threefold to fourfold increase
occurs in the columnar AOD and near-surface extinction coefficients as we move from ;578 to 938E over the
oceanic regions (separated by the Indian peninsula).
Such a feature has not been reported from any of the
earlier field experiments primarily because of the absence of such exhaustive spatial coverage. In the bottom
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FIG. 3. Longitudinal variations of columnar water vapor and RH
measured during ICARB, and change in AOD attributable to RH
estimated for the ICARB aerosol model.

FIG. 2. Longitudinal and latitudinal variations of aerosol
properties over the AS and the BoB measured during ICARB.
(a) Longitudinal variation of BC mass concentration at 500 and
1500 m measured on board aircraft, (b) longitudinal variation of
AOD and extinction coefficient measured on board a ship, and
(c) latitudinal variation of AOD and extinction coefficient measured on board a ship.

panel of Fig. 2, we show the latitudinal gradients of
AOD and extinction coefficients separately for the
Arabian Sea and the Bay of Bengal, in which the measurements are averaged over the respective longitudes
covered by the cruise. Even though some of the earlier
cruises (such as INDOEX) have examined the latitudinal

gradients in aerosol properties (Moorthy et al. 2001;
Ramanathan et al. 2001) over the western Indian Ocean,
the ICARB experiment clearly delineated for the first
time the gradients in all three dimensions: latitudinal,
longitudinal, and vertical. This is important in the backdrop of several modeling studies because the gradients in
aerosol loading over the oceanic regions around India
will have a large influence on the circulation pattern and
precipitation over this region (Chung et al. 2002; Chung
and Zhang 2004).
The optical properties of aerosols, and hence the radiative forcing, strongly depend on the ambient relative
humidity (RH) (Im et al. 2001; Jeong et al. 2007). So, it is
important to understand the contribution of hygroscopic
growth of particles to the observed gradients in aerosol
optical properties. To examine this, we have analyzed
the columnar water vapor content measured using a sun
photometer and the RH measurements made on board
the ship during ICARB 2006. The longitudinal variations of water vapor and RH (thus obtained) are shown
in Fig. 3. Even though the column water vapor and
RH showed an eastward increasing trend west of 808E,
the variations are not one to one; on several occasions
the variations are out of phase, indicating a change in the
water vapor scale height. The frequency of occurrence
of RH values during ICARB peaks at ;72.5%, and RH
values greater than 85% were less than 2% of the total
number of observations. The longitudinal variation of
RH varied from 66% to 78% with a mean value of 72 6
3%, and the columnar water vapor content varied from
1.8 to 4.0 cm with a mean value of 2.6 6 0.6 cm. In general, low values are seen over the far west (,658E) and
east (.908E). Nevertheless, to estimate the effect of this
RH change on the observed longitudinal gradients in
aerosol optical depth, we have estimated the change in
optical depth attributable to RH [DAOD(RH)] for the
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aerosol model derived from the ICARB measurements
(Moorthy et al. 2009). More details about the aerosol
model developed using the physical and optical properties
of aerosols are described in Moorthy et al. (2009) and
hence not repeated here. The longitudinal variation of
RH (averaged over 08–228N) from 66% to 78% leads to an
AOD increase of 0.02 only. Hence, the contribution of
relative humidity to the threefold to fourfold increase in
AOD observed in the present study from west to east
is negligibly small. From the longitudinal variation of
AOD (Fig. 2b) and the variation in AOD estimated
using the observed RH variation (Fig. 3) it is clearly
indicated that the contribution to the observed longitudinal gradients in AOD due to hygroscopic growth of
aerosols is inconspicuous.

b. Persistent feature: MODIS data (2000–10)
Despite its inherent advantages and measurements at
a high spatial resolution carried out during a short yet
finite duration, shipborne measurements are not fully
adequate for delineating the spatial and temporal heterogeneities, because these get coupled during the finite
length of the campaign period. As such, continuous
(time series) measurements of spectral AOD were being
made from two island stations, Port Blair (11.648N,
92.718E) and Minicoy (8.28N, 738E), as part of a longterm monitoring program under the Aerosol Radiative
Forcing over India (ARFI) project, and these data
provided information on the trend in the temporal variations of aerosols during ICARB. These island measurements supplemented with the spatial data from the
ship (Nair et al. 2008a; Moorthy et al. 2009) were useful
to delineate the temporal variations. Nevertheless, the
spatially resolved measurements on board the ship were
available only for year 2006. With a view to examine the
long-term nature of the gradients revealed during the
ICARB (to examine whether the gradients were a persistent feature or specific to 2006), we have used the
AOD (at 550 nm) derived from the MODIS for the
premonsoon (March–May) period of 2000–10. To validate the MODIS-retrieved AOD over the region with the
in situ measurements, we have used shipborne measurements of the AOD made during several campaigns over
the oceanic regions surrounding the Indian peninsula
during 2003–10. Figure 4 depicts the scatterplot of AOD
between the shipborne measurements using a calibrated
Microtops sun photometer with concurrent MODISderived AOD values. This exercise involved ;171 daily
mean AODs from the shipborne measurements (the total
number of individual measurements exceeded more than
9000), spanning over different seasons over the Arabian
Sea, the Bay of Bengal, and the northern Indian Ocean,
and it is perhaps the most exhaustive compilation over

FIG. 4. Intercomparison of AOD measured during various ship
cruises using a Microtops sunphotometer with MODIS-derived
AOD. Shipborne measurements include data collected during
(i) the second phase of ARMEX (ARMEX II), 2003 (Moorthy
et al. 2005); (ii) ARMEX IIA, 2005 (Nair et al. 2008c); (iii) ICARB2006, (Moorthy et al. 2009); (iv) Winter-ICARB, 2009 (Moorthy et al.
2010); (v) unpublished data (collected during the very short cruise
experiments over the BoB). Shown is the linear best fit between
MODIS and Microtops AODs (dotted line) and the ideal 1:1 line
(solid line).

South Asia. Even though these measurements were
made during different seasons at multiple locations over
oceans, the very good agreement between the measured
and MODIS-derived AOD (with a slope of 0.95) values
demonstrate the usefulness of MODIS data for examining the spatial gradients.
The mean latitudinal and longitudinal variations of
MODIS-derived AOD (at 550 nm) for the premonsoon
(March–May) season are shown in Fig. 5 in the top and
bottom panels, respectively, for the 11-yr period. Each
data point is the average of more than 10 000 individual
AOD values, and the vertical bars are the standard deviations, depicting the interannual variations of the AOD.
Examination of the bottom panel reveals that the latitudinal gradients, though generally show a northward
increase in AOD, are quite steeper over the Bay of
Bengal compared to that over the Arabian Sea. In the
case of longitudinal variations, AOD values increases
gradually from west to east with a gradient of ;0.08
increase in every 108 longitude. Even though the spatial
pattern of AOD variations remains the same, longitudinal gradients are weaker in MODIS data compared to
ICARB observations, probably because of the averaging over multiple years. It is seen that even though there
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FIG. 5. Latitudinal and longitudinal variations of AOD at 550 nm
derived from the MODIS measurements for the period 2000–10.
Vertical bars on the mean indicate the standard deviation of the
data.

exists large interannual variabilities in the gradient of
AOD, the west–east increasing pattern remained consistent throughout the last decade. Based on the four years
of MODIS data, Satheesh et al. (2006a) have reported
that north–south gradients in AOD over the Arabian Sea
maximize during summer monsoon (June–September) in
association with the dust transport from the west Asian
regions over the northern Arabian Sea. In contrast, over
the Bay of Bengal, the northward increasing trend in
AOD is seen in all the seasons (Satheesh et al. 2006b).
While all these pertained to the columnar AOD, its
vertical structure remained unexplored over this region
and it was not clear whether the gradients persist above
the atmospheric boundary layer and if so, were they
steeper or shallower?

c. Vertical structure
The altitude variation has been examined using the
vertical profiles of aerosol extinction retrieved from the
Cloud–Aerosol Lidar with Orthogonal Polarization
(CALIOP) on board CALIPSO. We have estimated the
layer AODs for 0–1, 1–2, and 2–3 km and averaged
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FIG. 6. Latitudinal and longitudinal variations of layer AOD
(weighted with MODIS AOD) derived from CALIPSO at altitudes (i) 0–1, (ii) 1–2, and (iii) 2–3 km for the period 2007–08.
Values given in the labels indicate the corresponding regression
coefficient of the linear fit to the gradients at three heights.

along the latitudes (08–228) for examining the longitudinal variations as shown in the top panel of Fig. 6 and
along the longitudes (508–1008E) for examining the latitudinal variations (bottom panel of Fig. 6). It is seen
that, while aerosol extinction increased with latitudes
(bottom panel of Fig. 6) at all three altitude bins, which
is in line with the columnar features (Fig. 2), the longitudinal gradients in aerosol extinction (increasing from
west to east) becomes steeper above the boundary
layer. This indicated the presence of higher abundance
of aerosols in the lower free-tropospheric altitudes as
we moved eastward, especially over the far eastern Bay
of Bengal.
Based on airborne lidar measurements during ICARB,
Satheesh et al. (2008) have reported an increased aerosol
extinction in the 2–4-km-altitude region over the east
coast of peninsular India compared to the west coast.
They also have reported a northward increase in the extinction associated with ‘‘elevated layers’’ of aerosols, the
altitude and magnitude of which increased from south to
north Satheesh et al. (2008). Similar gradients (eastward
and northward) over Bay of Bengal have been observed
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TABLE 1. Instruments used and parameters measured during ICARB.

Parameter measured
Spectral AOD
Spectral SSA
Asymmetry parameter and phase function
Meteorological profiles, water vapor, and ozone

Instruments

Reference

Sunphotometer
Integrating nephelometer and multiwavelength
Aethalometer
Integrating nephelometer
Radiosonde, ozonesonde, and sun photometers

Moorthy et al. (2010)
Nair et al. (2008b)

during winter season also (Sreekanth et al. 2011). Analyzing the CALIPSO profiles over the Arabian Sea,
Rajeev et al. (2010) have also reported a south–north
gradient in aerosol vertical distribution during the premonsoon and summer monsoon season.

d. Aerosol radiative forcing and heating rates
Making use of extensive measurements of aerosol
optical properties [aerosol optical depth, single scattering albedo (SSA), and asymmetry parameter] made on
board ship and aircraft (Table 1), Moorthy et al. (2009)
have estimated the spatial distribution of diurnally averaged clear-sky aerosol radiative forcing at the top of
the atmosphere and surface over the oceanic regions
around India. The aerosol radiative forcing is estimated
from the radiative fluxes simulated using the Santa
Barbara Discrete Ordinate Radiative Transfer model
(DISORT) Atmospheric Radiative Transfer (SBDART)
model with and without aerosol conditions. For both the
cases, we have used measured meteorological conditions
such as the vertical profiles of temperature, pressure and
humidity, column-integrated values of ozone, and water
vapor. For aerosol simulations, measured values of
spectral AOD and SSA were used along with semiempirically estimated phase functions as shown in Table 1.
Aerosol phase functions were estimated from the assumed aerosol chemical model, which reproduces the
measured optical properties (spectral AOD and SSA)
exactly. More information regarding the estimation of
aerosol radiative forcing using the measured aerosol
parameters is described in Moorthy et al. (2009). The
spatial gradients seen in the aerosol properties result in
similar gradients in the aerosol radiative forcing (ARF):
the aerosol-induced atmospheric heating and surface
cooling. The heating rate (K day21) due to aerosols was
estimated as the ratio of atmospheric radiative forcing
(ARFatm) to the layer depth of (DP) multiplied by the
dry adiabatic lapse rate (Moorthy et al. 2009). Based on
the vertical profiling during the campaign, it is found
that most of the aerosols are confined in the first 3–4-km
region (Satheesh et al. 2009) and hence we have used
a steady value of DP 5 300 hPa for the entire analysis.
The average latitudinal and longitudinal variations of
aerosol-induced heating rate and surface forcing (ARFsur)

Moorthy et al. (2010)
Moorthy et al. (2008)

are shown in Fig. 7. Over the Bay of Bengal, the aerosol
heating rate values increased northward from 0.1 K day21
at 98N to as high as 0.5 K day21 at 198N followed by a
weak decrease. A similar trend is observed in the magnitude of surface cooling also. In contrast to the Bay of
Bengal, the atmospheric heating rate over the Arabian
Sea was lower in magnitude and showed an opposite
gradient (increases southward) because of the higher
abundance of absorbing aerosols over the southern latitudes. In contrast, however, a consistent and systematic
increasing trend is seen longitudinally in the atmospheric

FIG. 7. (bottom) Latitudinal and (top) longitudinal variations of
ARFsur and aerosol-induced atmospheric heating rate over the AS
and BoB during ICARB.
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heating rate and surface cooling rate. This, thus, creates
a very interesting situation above the Indian peninsula in
which the aerosol-induced atmospheric heating (and
surface cooling) increases steadily from ;588 to 938E,
which showed an opposite latitudinal structure on either
side of the peninsular landmass. The heating rate gradient reversed, being southward to the west and northward to the east of the peninsula. This is believed to
modify the lower-level circulation system with implications to the regional climate.
As such, the large-scale heterogeneity in aerosolinduced heating rate might lead to the meso-/synopticscale perturbations to the atmospheric circulations (Ming
and Ramaswamy 2011) by modulating the horizontal
pressure gradient forcing. Matsui and Pielke (2006) have
also reported that spatial heterogeneity in aerosol forcing
could influence the atmospheric circulations via modulating the horizontal pressure gradients. This could lead
to altering the regional climate through the dynamical
feedbacks (Chung et al. 2002; Menon et al. 2002; Lau
et al. 2006). Recently, Bollasina et al. (2011) have shown
that spatially heterogeneous anthropogenic aerosol
forcing dynamically induce circulation changes and that
could explain the decrease in monsoon precipitation
over central-northern India. Slowdown of tropical circulation in association with anthropogenic forcing was
reported earlier by Vecchi et al. (2006). Following
Chung and Ramanathan (2006), the meridional gradient
in aerosol forcing and its influence on the weakening of
sea surface temperature gradient over the Indian Ocean
and north of it led to weakening of the monsoon system.
Present investigations have shown strong eastward gradients in aerosol-induced atmospheric heating not only in
the marine atmospheric boundary layer but in the freetropospheric heights as well. Based on the airborne lidar
measurements of extinction profiles over the Arabian
Sea and Bay of Bengal, Satheesh et al. (2008) have reported a meridional gradient of heating rate over the
Indian region. Compared to the longitudinal gradients,
the latitudinal gradients are stronger over the Bay of
Bengal, which formerly persisted over a much wider spatial extent. Large-scale climate simulations incorporate
these realistic gradients in three dimensions to understand
the regional circulation pattern and rainfall.

e. Natural or anthropogenic?
From previous discussions, it is clear that aerosol
properties and their radiative impacts over the oceanic
regions around the Indian peninsula depict systematic
and significant longitudinal gradients, superposed on the
well-known latitudinal gradients. This results in a significant eastward gradient in the diabatic heating of
the lower atmosphere (up to 6 km) and cooling at the
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FIG. 8. Intercomparison of longitudinal variations of GOCART
AOD with MODIS AOD at 550 nm averaged over 08–228N latitudes.

surface. However, it remained unresolved whether these
gradients are associated with natural or anthropogenic
processes. To investigate this, we have analyzed the
GOCART model simulations for the period March–
May 2006 (ICARB period). As a first step, we examined
the AOD (at 550 nm) simulated by GOCART against
those retrieved from MODIS, in Fig. 8. It clearly
emerges that (i) the nature of spatial variations in the
AOD agree fairly well between GOCART and MODIS
and (ii) the GOCART-simulated AODs are considerably lower than the MODIS values (by a factor of 4 in
the western Arabian Sea, decreasing down to a factor of
2.5 in the eastern Bay of Bengal). Earlier studies have
also reported the significant underestimation of aerosol
properties over the Indian region by chemical transport
models and regional and global climate models (Menon
et al. 2010; Nair et al. 2012).
To delineate the possible source mechanisms behind
the longitudinal and latitudinal gradients, we have analyzed the columnar AOD of the different aerosol species,
such as black carbon, organic carbon, sulfate, dust, and
sea salt simulated using GOCART for the premonsoon
period of 2006. The latitudinal variations, averaged for
508–1008E, of aerosol species are shown in the bottom
panel of Fig. 9. Though all the aerosol species, except sea
salt, showed a southward decreasing trend (since most of
the aerosol sources are located on the continental landmass), the rate of decrease varied with species: dust and
organics depicted steeper gradients. Even though several
earlier cruise measurements also reported a north–south
decreasing trend in composite aerosol properties over
this region (Moorthy et al. 2001; Ramanathan et al. 2001;
Satheesh et al. 2006b; Nair et al. 2008a, 2010), the gradients of different aerosol species, except BC, are still
not examined in detail (Nair et al. 2010). Based on the

Unauthenticated | Downloaded 01/09/23 05:17 AM UTC

1 OCTOBER 2013

NAIR ET AL.

7619

Indian peninsula, BC and OC concentrations peak in the
East Asian region probably because of the open biomass
and residual burning activities being stronger there.
The longitudinal variations of the anthropogenic species
appear to dominate the gradients of natural (by dust
aerosols) components, so that the longitudinal gradients
seen in composite aerosol properties are in general
agreement with those of anthropogenic components. It
appears that the anthropogenic activities during the past
few decades reversed the longitudinal gradients and reinforced the latitudinal gradients.

4. Conclusions
Spatially resolved measurements of optical and physical properties of aerosols, made over the oceanic regions
around India during premonsoon period, revealed strong
gradients in the latitudinal and longitudinal distribution
of aerosol loading within the marine atmospheric
boundary layer, free troposphere, and in the entire column.
Supplementing these in situ observations with long-term
multisatellite data, the three-dimensional distribution
of aerosol-induced radiative effects is examined. This
study has brought out several interesting findings that
have strong implications to regional climate:
FIG. 9. Longitudinal (averaged over 08–228N) and latitudinal
(averaged over 508–1008E) variations of AOD simulated using
GOCART model for different chemical species. (a) Longitudinal
variation of AOD of sea salt and dust; (b) longitudinal variation of
AOD of BC, OC, and sulfate; and (c) latitudinal variations of AOD
of dust, sea salt, BC, OC, and sulfate.

ICARB and INDOEX measurements, several investigators have reported a significant dominance of anthropogenic aerosols over the oceans around India
(Ramanathan et al. 2001; Kumar et al. 2008; Nair et al.
2010). Assuming that most of the BC, OC, and sulfate
are anthropogenic and that dust and sea salt are natural,
it emerges that the anthropogenic aerosols reinforce the
latitudinal gradient induced by the dust (natural) aerosols.
The longitudinal variations of sea salt and dust (natural
components) AOD are shown in top panel of Fig. 9 and
AOD of BC, OC, and sulfate (mostly anthropogenic
components) are shown in the middle panel. The longitudinal variations of natural (sea salt and dust) aerosols
are distinctly different from that of the anthropogenic
(BC, OC, and sulfate) species as well as what emerged
from the measurements (Figs. 2, 5, 6, 7, 8). In general, the
longitudinal variations of the anthropogenic aerosols well
resemble the pattern seen from the measurements of
composite aerosol properties. Notwithstanding this,
while sulfate aerosols show very high values over the

(i) Significant gradients are seen in all the climatesensitive parameters of aerosols (scattering coefficient, absorption coefficient, columnar AOD, etc.).
While all these parameters increased steeply with
latitude over the Bay of Bengal, the variations were
highly subdued, in general, over the Arabian Sea
and in some instances showed an opposite trend.
(ii) An increase in the AOD at the rate of ;0.08 per
every 108 longitude is observed from west to east
across the domain from ;588 to 1008E. This gradient, superposed over the latitudinal variation, has
been a persistent feature, as revealed by the longterm (11 years) satellite data.
(iii) Over the Bay of Bengal, the aerosol heating rate
values increased northward from 0.1 K day21 at
98N to as high as 0.5 K day21 at 198N followed by
a weak decrease. Aerosol-induced atmospheric
heating rates (surface dimming) increased eastward from the southwestern Arabian Sea to the
northeastern Bay of Bengal, across the peninsula
landmass.
(iv) The GOCART simulations of species-resolved
spatial gradients have revealed that the observed
gradients are a result of the strong modulations by
anthropogenic species over the natural gradients,
thereby emphasizing the role of human activities in
imparting regional forcing.
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These gradients in atmospheric heating or surface
cooling could significantly influence the synoptic circulations over the regions when the winds are in transition
from northeasterly to southwesterly over the oceanic
regions around India. Extensive studies using the regional climate models are essential to resolve the effect
of meridional and zonal gradients in aerosol-induced
atmospheric warming and surface cooling on the regional circulation pattern and on large-scale monsoon.
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