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[1] We study the relative influence of aerosols emitted from different sectors and
geographical regions on aerosol loading in south Asia. Sectors contributing aerosol
emissions include biofuel and fossil fuel combustion, open biomass burning, and natural
sources. Geographical regions include India (the Indo-Gangetic plain, central India, south
India, and northwest India), southeast Asia, east Asia, Africa-west Asia, and the rest of
the world. Simulations of the Indian Ocean Experiment (INDOEX), from January to
March 1999, are made in the general circulation model of Laboratoire de Météorologie
Dynamique (LMD-ZT GCM) with emissions tagged by sector and geographical region.
Anthropogenic emissions dominate (54—88%) the predicted aerosol optical depth (AOD)
over all the receptor regions. Among the anthropogenic sectors, fossil fuel combustion
has the largest overall influence on aerosol loading, primarily sulfate, with emissions from
India (50—80%) and rest of the world significantly influencing surface concentrations and
AOD. Biofuel combustion has a significant influence on both the surface and columnar

black carbon (BC) in particular over the Indian subcontinent and Bay of Bengal with
emissions largely from the Indian region (60—80%). Open biomass burning emissions
influence organic matter (OM) significantly, and arise largely from Africa-west Asia. The
emissions from Africa-west Asia affect the carbonaceous aerosols AOD in all receptor
regions, with their largest influence (AOD-BC: 60%; and AOD-OM: 70%) over the
Arabian Sea. Among Indian regions, the Indo-Gangetic Plain is the largest contributor
to anthropogenic surface mass concentrations and AOD over the Bay of Bengal and India.
Dust aerosols are contributed mainly through the long-range transport from Africa-west
Asia over the receptor regions. Overall, the model estimates significant intercontinental
incursion of aerosol, for example, BC, OM, and dust from Africa-west Asia and sulfate from
distant regions (rest of the world) into the INDOEX domain.

Citation: Verma, S., C. Venkataraman, and O. Boucher (2008), Origin of surface and columnar Indian Ocean Experiment (INDOEX)
aerosols using source- and region-tagged emissions transport in a general circulation model, J. Geophys. Res., 113, D24211,

doi:10.1029/2007JD009538.

1. Introduction

[2] Aerosol emissions on a regional scale over India arise
from fossil fuel combustion (primarily sulfate) and biofuel
combustion and open biomass burning (organic carbon, OC,
and black carbon, BC) [e.g., Reddy and Venkataraman,
2002a, 2002b; Venkataraman et al., 2005, 2006; Streets et
al., 2003; Bond et al., 2004]. Sources and geographical
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regions influencing the atmospheric loading of aerosols
during recent observational campaigns have been analyzed
qualitatively. Investigators of the Indian Ocean Experiment
(INDOEX) used Lagrangian back trajectories to identify
different geographical regions influencing their observa-
tions [Mayol-Bracero et al., 2002; Quinn et al., 2002;
Dickerson et al., 2002] and linked aerosol chemical and
optical properties to broad source categories of anthropo-
genic, dust and sea-salt aerosols. General circulation model
(GCM) simulations over south Asia during the INDOEX
period with newly available regional emissions information
[Reddy et al., 2004; Verma et al., 2007] indicate likely
contribution of emissions from regions outside India to
aerosol loading over the Indian subcontinent and adjoining
oceans. While south Asian emissions were the primary
contributor to carbonaceous aerosol surface concentrations
over India, these emissions accounted for less than half their
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columnar loading, in terms of aerosol optical depth (AOD),
over India and adjoining ocean regions [Reddy et al., 2004],
implying intrusion of carbonaceous aerosol in elevated
plumes. The frequent occurrence of high-altitude aerosol
plumes over the INDOEX region is well documented from
lidar profiles and aircraft measurement [Leon et al., 2001;
Chazette,2003; Miiller et al., 2001a, 2001b]. High-resolution
GCM simulations to examine the role of sea breeze in
acrosol lofting [Verma et al., 2006] showed episodic intru-
sion of organic carbon aerosols in elevated atmospheric
plumes from Africa recirculating over the Indian subconti-
nent and the northern Indian Ocean.

[3] Elevated aerosol plumes may be transported over
large distances so the contribution of emissions from a
given geographical region or source may be different for
aerosol surface or column concentrations. Again, such
regional and source contributions may be varied over
different receptor locations in the south Asian region.

[4] The Indian Ocean Experiment linked regional radia-
tive forcing to aerosol loadings and their chemical and
optical properties and raised several interesting questions.
These include the extent of aerosol incursion into south Asia
and the relative influence of local and long-range trans-
ported emissions on aerosol loading over the Indian sub-
continent and adjoining oceans, during different seasons. In
this work, we make quantitative estimates of source and
regional contributions to surface and columnar INDOEX
aerosols (winter monsoon season), using simulations of the
intensive field phase of Indian Ocean Experiment
(INDOEX-IFP) in the general circulation model of Labo-
ratoire de Météorologie Dynamique (LMD-ZT GCM), with
source- and region-tagged emissions. Source classifications
included biofuel combustion for energy, open biomass
burning, industrial fossil fuel combustion and natural sour-
ces (dust and sea salt). Geographical regions include the
Indian subcontinent and adjoining continental regions in
Asia and Africa. The specific objectives of the present study
are to examine the relative influence of (1) natural and
anthropogenic aerosols and (2) emissions from near and
distant geographical regions on surface and columnar aero-
sol loadings over South Asia, during the period of study.

2. Method of Study
2.1. Short Description of the LMD-ZT GCM

[5] The study of region- or source-tagged aerosol trans-
port is carried out with the help of the LMD-ZT general
circulation model (GCM), version 3.3. A description of the
atmospheric model is given by Li [1999] and a specific
description of aerosol treatment and atmospheric transport is
given by Boucher et al. [2002] and Reddy et al. [2004]. A
short description of the model is presented here. The
atmospheric transport in LMDZT GCM is calculated on
the basis of the finite-volume second-order scheme for large-
scale advection [van Leer, 1977; Hourdin and Armangaud,
1999] a scheme for turbulent mixing in the boundary layer,
and a mass flux scheme for convection [7Ziedtke, 1989]. The
time step is 1 min for resolving the dynamical part of
primitive equations. Mass fluxes are cumulated over five
time steps so that large-scale advection is applied every
5 min. The physical and chemical parametrization are
applied every 30 time steps or 30 min. The different
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processes are handled through operator splitting. The model
has a resolution of 96 points in longitude and 72 points in
latitude. There are 19 vertical layers extending from surface
up to about 3 hPa, with a hybrid sigma-pressure coordinate,
with 5 layers below about 600 hPa and 9 layers above about
250 hPa. A zoom is applied over the Indian region; it is
centered at 75°E and 15°N and extends from 50°E to 100°E
in longitude and from 5°S to 35°N in latitude. Zoom factors
of 4 and 3 are applied in longitude and latitude, respectively,
resulting in a resolution of about 1° in longitude and 0.8° in
latitude over the zoomed region. Details of aerosol emission
inventories incorporated in the model are described in
section 2.2.

2.2. Experimental Setup of the LMD-ZT GCM

[6] Geographical regions are identified on the basis of
differences in composition of their aerosol emission fluxes
and their proximity to the Indian Ocean [Verma et al.,
2007]. They include the Indo-Gangetic Plain (IGP), central
India (CNI), south India (SI), northwest India (NWI),
southeast Asia (SEA), east Asia (EA), Africa-west Asia
(AFWA), and rest of the world (ROW). The classified
geographical regions are implemented in the GCM.
Figure 1 shows the masked regions on GCM zoom grid.

[7] Aerosol sources were classified as fossil fuel (FF),
biofuel (BF), open burning (OB), and natural. Sectors for
these categories of fuel include coal-fired electric utilities,
diesel transport, brick kilns, industrial, transportation,
domestic in fossil fuel; wood and crop waste for residential
cooking and heating in biofuel; forest biomass and agricul-
tural residues in open burning [Reddy and Venkataraman,
2002a, 2002b]. Emissions from natural sources included
sulfur from volcanic and biogenic sources [Boucher et al.,
2002], terpenes from the vegetation [Reddy and Boucher,
2004], dust from arid regions [Tegen and Fung, 1995], and
sea salt [Monahan et al., 1986]. Aerosol emissions over
India (SO,, BC, and organic matter (OM), and inorganic
matter (IOM) (fly-ash emissions from coal combustion)) are
from the high-resolution (0.25° x 0.25°) emission invento-
ries of Reddy and Venkataraman [2002a, 2002b]. Emissions
of SO,, BC, and organic carbon (OC) from fossil fuel and
biomass sources over Asia are from Streets et al. [2003].
Global carbonaceous aerosol emissions used here are the
same as described by Reddy and Boucher [2004].

[8] Carbonaceous aerosols are predominantly emitted in
the hydrophobic form, but some fraction of the emissions
may be in hydrophilic form as well. Here, we assume that
black carbon (BC) emissions from both fossil fuel and
biomass burning occur as 80% hydrophobic and 20%
hydrophilic, whereas organic matter (OM) emissions occur
as 50% hydrophobic and hydrophilic. The aging process of
BC and OM is represented by a transfer of the hydrophobic
to hydrophilic form with an exponential lifetime of 1.63 days.
We provide more details on estimation of the seasonal
variability of biomass burning emissions and aerosol param-
eterization as auxiliary material (see Text S1).!

[9] The sulfur cycle has been incorporated and processes
of convective transport, wet scavenging, and aqueous-phase
chemistry have been parameterized as consistently as pos-

'Auxiliary materials are available in the HTML. doi:10.1029/
2007JD009538.
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Figure 1. Masked regions on the GCM zoom grid

representing tagged geographical regions considered in this
study: IGP (light green), CNI (orange), SI (yellow), NWI
(red), SEA (green), EA (blue), AFWA (purple), and ROW
(dark green).

sible with the model physical parameterization [Boucher et
al., 2002]. The concentration of oxidants (except H,O,)
required in the process of oxidation of SO, and the
photodissociation rates of H,O, are prescribed from the
IMAGES model [Miiller and Brasseur, 1995]. The H,0,
concentration is prognostic as it is significantly affected by
sulfur cycle [Boucher et al., 2002; Boucher and Pham,2002].
Aerosol scheme is a mass-only scheme. Aerosol optical
properties (mass extinction efficiency, single-scattering
albedo, and asymmetry factor) for all aerosol species are
computed using Mie theory with prescribed size distributions
and refractive indices. We consider the relative humidity
(RH) effects on particle size and density of sulfate, hydro-
philic OM, and sea salt. The refractive index of sulfate,
hydrophilic OM, and sea salt as a function of RH are
calculated as the volume weighted average of the refractive
indices of each of the aerosol species and water. Aerosol
optical properties for all aerosol species are computed
assuming an external mixing. More details on the aerosol
treatment processes are given as auxiliary material Text S1.

[10] Two sets of experiments were carried out for the
present work. In the one setup, aerosol emissions including
sulfur dioxide (SO,), organic matter (OM), black carbon
(BC), inorganic matter (IOM), dust, and sea salt (SS) were
tagged for each of the classified geographical source regions
(IGP, CNI, SI, NWI, SEA, EA, AFWA, ROW). The
INDOEX IFP was simulated for each of the geographical
region with the emissions outside that region being switched
off. In the other setup, aerosol emissions were tagged for
each of the combustion (BF, OB, FF) and natural sources
and the INDOEX IFP was simulated for each of the
combustion and natural source with the other emission
sources being switched off. Horizontal model winds are
nudged to 6-hourly wind fields from European Centre for
Medium-Range Weather Forecasts (ECMWF) with a relax-
ation time of 0.1 days [Hauglustaine et al., 2004]. This
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ensures that the simulated transport is reasonably con-
strained by ECMWF meteorology while the rest of the
dynamical and physical processes are driven by model
parametrization. GCM simulations with emissions tagged
by fuel sources or geographical regions are evaluated to
understand the contribution of emissions from the different
fuel sources and geographical regions to the aerosol surface
mass concentration and optical depth averaged during
INDOEX over five receptor regions (Figure 2). The receptor
regions as shown in Figure 2 consist of oceanic regions
adjoining the Indian subcontinent as Arabian Sea (AS) and
Bay of Bengal (BOB), and the remote part of the Indian
Ocean consisting of west tropical Indian Ocean (TIOW) and
the east tropical Indian Ocean (TIOE). Indian subcontinent
(IS) is also taken as one of the receptor regions to analyze
the pollution contribution from the Indian and distant
geographical regions.

2.3. Model Evaluation

[11] It is to be noted that the INDOEX-IFP was simulated
in LMD-GCM and the model has been extensively evalu-
ated [Reddy et al., 2004] with the INDOEX measurements
made on various platforms (e.g., ship cruise, satellite). We
have used the same version of model with the emissions in
the model tagged by geographical regions or fuel sources to
evaluate the regional and source contributions to INDOEX
aerosols. Comparison of modeled surface mass concentra-
tions for various species of sulfate, black carbon (BC),
organic carbon (OC), inorganic matter, and sea salt as a
function of latitude for the Ronald Brown cruise showed
that the model captured the north to south gradient in
measured concentrations with smaller values over the
Southern Indian Ocean (SIO) and Intertropical convergence
zone (ITCZ) and larger values over the Arabian Sea.
However, over the region of largest concentrations (5°N—
10°N), modeled estimates averaged between 5°N and 10°N
for sulfate and BC concentrations were estimated a factor of
2 to 3 lower than measured values. There is a better

Latitude

T
70°E BO*E

Longitude
Figure 2. Classified receptor regions: TIOW (black), AS

(green), Indian subcontinent (blue), BOB (magenta), and
TIOE (red).
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Figure 3. Spatial distribution of (a) total aerosol optical depth at 550 nm and (b) relative contribution
(%) of biofuel to total AOD, (c) same as Figure 3b but of open burning, and (d) same as Figure 3b but of

fossil fuel combustion during the INDOEX-IFP.

agreement between the modeled OM and sea salt and
measurements. Modeled dust was underestimated by a
factor of 2 as compared with measurements at Kaashidhoo
averaged over the days of March. A comparison of modeled
acrosol optical depth (AOD) with measurements onboard
the Sagar Kanya during the INDOEX-IFP (see auxiliary
material Figure S1) showed that the model agreed relatively
well with measurements during the months of January and
February except during the days of March (days of the year
between 60 to 70) when ship cruised between latitudes 5°N
and 15°N where the model values were lower by a factor of
2 to 3. Detailed analysis on model evaluation with INDOEX
measurements are presented by Reddy et al. [2004]. We also
present the spatial distribution of modeled aerosol optical
depth (Figure 3a) averaged during the INDOEX-IFP. Fol-
lowing INDOEX-IFP during the year 1999, several field
campaigns have been carried out during the recent years
over the Indian Ocean and the subcontinent [e.g., Satheesh
et al., 2005, 2006; Vinoj et al., 2007] to understand the

spatial and temporal features of aerosol characteristics. The
model estimates from INDOEX-IFP simulations
corresponding to the winter northeast monsoon period from
January to March 1999, when compared with the measure-
ments during field campaigns in the subsequent years
during the winter (November to April), showed that the
model captured well the latitudinal gradient inferred in
AOD measurements from northern Arabian Sea to Antarc-
tica during January to April 2006 [Vinoj et al., 2007] and
concurs with the low and steady values (less than 0.1)
measured in the Southern Indian Ocean (20°S—40°S) and
higher AOD values measured north of 20°S (Figure 3a).
The modeled AOD (Figure 3a) averaged during January to
March 1999 over the Arabian Sea (0.15 to 0.25) and Bay of
Bengal (0.15 to 0.2) agrees well with the measurement
features compiling data collected from various platforms
during the winter from 1995 to 2004, over the Arabian Sea
(November to March) (0.29 + 0.12) [Satheesh et al., 2005],
and over Bay of Bengal (October to November) (0.19 +
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0.02) [Satheesh et al., 2006]. The spatial distribution of
modeled AOD (Figure 3a) shows AOD over the Indo-
Gangetic plain to be in the range 0.15 to 0.25 which is
lower by a factor of 2 to 3 in comparison to observational
studies from satellite-based measurements [Jethva et al.,
2005] which showed AOD averaged during November to
January from 2000 to 2003 over the Indo-Gangetic plain to
be in the range 0.4 to 0.6. Some discrepancy between
modeled and measured values is expected to be due to
different yearly time periods used for comparison. We
also believe that refinement in the spatial distribution of
emissions from residential biomass energy use and the
spatial and temporal distribution of emissions from open
burning of forest and agricultural biomass may help in
closing some of the discrepancy between model predictions
and measurements.

[12] We have discussed in detail the reasons of model
underestimation in comparison to the measurements during
the INDOEX-IFP and possible ways to improve it in our
recent work [Verma et al., 2007]. The model underestima-
tion of aerosol surface concentrations and AOD particularly
in March was attributed to inaccuracies in ECMWF mete-
orological analyzes [Bonazzola et al., 2001] which are used
to nudge the model, spurious overestimation of precipitation
rate in the model over the Arabian Sea and tropical Indian
Ocean with a more pronounced effect during the month of
March, but there is likely to be as well an underestimation
of aerosol sources in the model. We have attached the
rainfall pattern from the Global Precipitation Climatology
Project (GPCP), as simulated by LMDZT GCM, and from
the ECMWF analysis (see auxiliary material Figure S2) and
associated discussion (see lines 151 to 163 in auxiliary
material Text S1) as auxiliary material with this manuscript.
Though model estimates are underestimated, it can be used
as a valuable tool to understand the transport of surface and
columnar aerosols, and evaluate their origin from the
various fuel sources and geographical regions. This is
because the pattern of emissions consisting of emission flux
composition (SO,, BC, OM, IOM, dust, sea salt) of regions
or combustion sources in the model are expected to be
reasonably accurate [Verma et al., 2007]. Emissions have
been derived in a consistent way for all the regions although
we cannot rule that the emissions are homogeneously
underestimated across all regions. Recently, we have also
evaluated the source region information from the model
with the back trajectory analysis for the days and locations
of Sagar Kanya during its INDOEX-IFP cruise. The regional
influence evaluated through region-tagged model estimates
corroborated the probable source region evaluated through
back-trajectory analysis [Verma et al., 2007].

[13] The present work is aimed to assess the origin of
surface and columnar INDOEX aerosols from natural or
anthropogenic sources, and their transport from adjoining
Indian regions or distant geographical regions.

3. Source Contributions to Aerosol Over the
Continent and Ocean: Natural Versus
Anthropogenic

[14] Table 1 shows the spatially and temporally averaged

model estimates of aerosol species surface mass concentra-
tion and optical depth from the selected source categories
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over the receptor regions (TIOW, AS, IS, BOB, TIOE)
during the INDOEX-IFP from January to March 1999.
Surface concentrations were dominated over the oceanic
regions by natural aerosols (69—94%), primarily sea salt,
but over the Indian subcontinent by anthropogenic sources
(68%). In contrast, AOD over all receptor regions, including
the ocean regions, was significantly influenced by anthro-
pogenic aerosols (54—88%). This corroborates the recent
observational studies which inferred the presence of high
AOD primarily of anthropogenic origin over the Indo-
Gangetic plain during the winter (November to January)
[Jethva et al., 2005].

[15] Over the Indian subcontinent, anthropogenic sources
contribute 68% to surface concentrations and 84% to AOD
with an almost equal contribution from fossil fuel sources
compared to biofuel and open biomass burning sources put
together. We also present the spatial distribution of the total
aerosol optical depth (AOD) at 550 nm (Figure 3a) and
relative contributions (%) to the total AOD from combus-
tion sources (Figures 3b, 3c, and 3d). A larger influence was
seen from open biomass burning on AOD (Table 1 and
Figure 3c), and biofuel combustion on surface concentra-
tions (Table 1), consistent with more elevated emissions
from open burning, which are introduced into a higher level
in the model [Reddy et al., 2004]. Fossil fuel combustion for
industrial production and transport had the largest fractional
influence, among the anthropogenic sources, on total surface
aerosol concentration and AOD (Table 1 and Figure 3d) in all
receptor regions. While the influence of this source on
surface concentrations is low over ocean regions and
modest over the Indian subcontinent, its influence on
AOD was substantial over all receptor regions, and higher
over the Bay of Bengal (54%) than over the Indian sub-
continent (44%). Figure 4 provides a comparison between
the relative contribution of a fuel source (shown by different
symbols) to surface concentration and columnar loading
(taken as AOD) of aerosols averaged over the receptor
regions (shown by colors as represented in Figure 2) during
the INDOEX-IFP. Data points above the 1:1 line in the
scatter plot shown in the Figure 4 indicate a higher relative
contribution from the sector (fuel source) in the free and
upper atmosphere than at the surface, possibly related to
long-range transport.

[16] Fossil fuel combustion had the largest influence on
sulfate surface concentrations as well as AOD over all
receptor regions (Figure 4a). Fossil fuel sources contribute
significantly to IOM (coal fly ash) emissions (Figure 4b),
and influence AOD more than surface concentrations in the
AS and BOB regions, but influence both in the other receptor
regions with a maximum of about 65% over the Indian
subcontinent. This is consistent with emissions of SO, both
from surface sources such as transport, and of SO, and IOM
from stacks of large industrial point sources like coal-fired
electric utilities in the region [Reddy and Venkataraman,
2002a]. The greater influence of sulfate over ocean regions
than over the subcontinent [Reddy et al., 2004], and its
primary origin from fossil fuel combustion, leads to the
larger spatial influence of this source on AOD, including
ocean regions. The extent of incursion of fossil fuel emis-
sions from outside India is discussed in section 4.

[17] Biofuel combustion as a domestic source of energy
has a significant influence on the Indian subcontinent
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Table 1. Source Contributions to Aerosol Surface Mass Con-
centration and AOD at 550 nm (x100) Averaged During the
INDOEX Over the Receptor Regions®

Fuel Source

Anthropogenic Biofuel Open Burning Fossil Fuel
Receptor
Region Sur AOD Sur AOD Sur AOD Sur AOD
TIOW 1.7(11)  3.4(60) 0.2(1) 0.4(7) 0.6(4) 1(18) 0.9(6) 2(35)
AS 3.7(23.6) 11(84) 0.5(0.6) 1(10) 1.2(8) 4(34) 2(15) 6(40)
India  7.6(68) 10(88) 2(18) 2(14) 1.6(14) 3(30) 4(36) 5(44)
BOB  5.2(31) 13(88) 0.7(4) 2(12) 1.5(9) 3(22) 3(18) 8&(54)
TIOE  1.3(5.5) 4.4(54) 0.1(0.5) 0.4(7) 0.5(2) 1(15) 0.7(3) 3(32)

Aerosol surface mass concentration (Sur) given in yig m . The values
within the brackets represent the percentage contributions.

affecting surface aerosol concentrations to 18% and AOD to
14%, with a smaller contribution of 10—12% on AOD in the
AS and BOB regions (Table 1 and Figure 3b). This is
consistent with biofuel combustion being a dispersed source
leading to surface emissions and less prone to long-range
transport, unless lofted above the boundary layer by air
mass convergence and lofting, for example, shown along
the west coast of India during parts of the INDOEX-IFP
[Verma et al., 2006]. Biofuel combustion contributes 35—
55% of BC surface concentrations and AOD in all receptor
regions (Figure 4c) with the largest influence over the
Indian subcontinent. While the large influence of biofuel
combustion on surface BC concentrations is consistent with
its predominance as a source of BC emissions from India
[Venkataraman et al., 2005], it is interesting that it also
influences columnar BC over the subcontinent to a large
extent. Biofuel combustion influences OM surface concen-
trations (Figure 4d), but contributes less to OM AOD
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(scatters lie below the 1:1 line) implying a higher relative
contribution from BF at the surface as compared to the free
and upper atmosphere. It contributes negligibly to sulfate
and IOM, making it primarily an important source of both
surface and columnar BC and surface OM in the region.

[18] Open burning of forest and crop residues influences
total aerosol surface concentration (14%) over the Indian
subcontinent and AOD (15—-34%) over all receptor regions
(Table 1 and Figure 3c). It also has a larger influence on
AOD than aerosol surface concentrations (Table 1 and
Figures 4c and 4d; BC and OM scatters from OB source
lie above 1:1 line, indicating a higher relative contribution
from OB in free and upper atmosphere as compared to the
surface), consistent with thermal lofting of emissions from
open fires. It has a larger influence on OM than BC, based
on the composition of aerosols from large fires, which
contain more OC than BC, reflected in its larger contribu-
tion in the Indian emission inventory to OC than BC
[Venkataraman et al., 2006]. Its influence on total and
carbonaceous aerosol AOD is especially large over the AS
region (Figures 4c and 4d) consistent with measurements of
pollutants originating from biomass burning in elevated
layer plumes measured from aboard the C-130 aircraft
[Mayol-Bracero et al., 2002; Gabriel et al., 2002]. The
regional origin of this source is largely outside the Indian
subcontinent as discussed in section 4.

[19] In summary, significant influences of emissions
source categories on aerosols include fossil fuel emissions
on sulfate and IOM concentrations and AOD, biofuel and
open biomass burning on BC and OM surface concentra-
tions and open biomass burning on BC and OM optical
depth. This is consistent with the recent studies by Koch et
al. [2007] using the Goddard Institute for Space Studies
(GISS) GCM which showed large contribution of sulfate
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Figure 4. Scatterplot of the percentage contribution of emissions from biofuel combustion for energy,
open biomass burning, and fossil fuel combustion to the time mean and spatial mean of aerosol surface
mass concentration and optical depth during INDOEX for (a) sulfate, (b) IOM, (c) BC, and (d) OM. Two

sources are shown in each plot, and the third can be

computed. The colors represent the receptor regions:

TIOW, black; AS, green; India, blue; BOB, magenta; and TIOE, red.
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Figure 5. Scatterplot of the percentage contribution of
(a) world regions (IND-TOT, SEA, EA, AFWA, and ROW),
and (b) Indian regions to the anthropogenic (sum of BC,
OM, IOM, and sulfate) aerosol surface mass concentration
and optical depth at 550 nm averaged during January to
March 1999 over the receptor regions. The colors represent
the receptor regions: TIOW, black; AS, green; India, blue;
BOB, magenta; and TIOE, red. IND-TOT represents the
contribution from all Indian regions (sum of IGP, CNI, SI,
and NWI).

from industrial and power sector, BC from residential
sector, and OM from biomass burning.

4. Regional Contributions to Aerosol: Adjoining
Regions Versus Distant Regions

[20] We further evaluate the contribution of emissions
from the different geographical regions, defined in section
2, to the aerosol surface and column loading, as discussed in
section 3. The contribution of emissions arising from India
(IND-TOT), and other regions (east Asia EA, southeast Asia
SEA, Africa and west Asia AFWA, and the rest of the world
ROW) are shown for the total anthropogenic (sum of BC,
OM, sulfate, IOM) aerosol (Figure 5a) along with a further
breakdown (Figure 5b) of Indian emissions to the Indo-
Gangetic Plain (IGP), central India (CI), south India (SI)
and northwest India (NWI). The sum of emissions from all
Indian regions (IND-TOT) has the largest influence over
receptor regions of India (blue), Arabian Sea (green) and
Bay of Bengal (magenta) with a larger influence on AOD
than surface concentrations over the ocean regions, but an
equal influence over the continent, which had higher mean
surface concentrations of aerosols (Table 1). In addition,
anthropogenic AOD is almost equally contributed by the
emissions from Africa and west Asia (about 30%) over the
Arabian Sea and the Indian subcontinent. Interestingly,
emissions from distant regions, for example, “rest of the
world,” contribute primarily to anthropogenic AOD over
the west (TIOW) and the east tropical Indian ocean (TIOE)
with a secondary contribution from India. Among the Indian
regions (Figure 5b), the emissions from the Indo-Gangetic
Plain primarily contribute to the anthropogenic surface and
columnar aerosol loading over the Bay of Bengal. However,
the Arabian Sea and west tropical Indian Ocean are impacted
by almost equal contributions from the Indo-Gangetic Plain,
Central India, and South India. The emissions from both the
central India and Indo-Gangetic Plain contribute almost
equally to the anthropogenic aerosol loading over the Indian
subcontinent.

[21] Figure 6 represents the contributions from emissions
arising from India (IND-TOT), and other regions (east Asia
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EA, southeast Asia SEA, Africa and west Asia AFWA, and
the rest of the world ROW) for the four anthropogenic
acrosol species (Figure 6, left) along with a further break-
down (Figure 6, right) of Indian emissions to the Indo-
Gangetic Plain (IGP), central India (CI), south India (SI)
and northwest India (NWI). The scatter plot as shown in the
Figure 6 provides a comparison between the relative con-
tribution of emissions from a region (shown by different
symbols) to surface concentration and columnar loading
(taken as AOD) of aerosols averaged over the receptor
regions (shown by colors as represented in Figure 2) during
the INDOEX-IFP. As mentioned earlier, data points above
the 1:1 line in the scatter plot indicate a higher relative
contribution from the region in the free and upper atmo-
sphere than at the surface, possibly related to long-range
transport. Figures 7 and 8 show the spatial distribution of
aerosol optical depth at 550 nm (Figures 7a, 7b, 8a, and 8b)
and the relative contributions (%) from key geographical
regions (regions which show significant contribution) for
sulfate, BC, OM, and dust, respectively.

[22] Indian emissions (IND-TOT) significantly influence
sulfate loadings (Figures 6a and 7c¢) over the receptor
regions in the Indian subcontinent, the Arabian Sea and
the Bay of Bengal (see caption of Figure 6 for color code)
with a secondary contribution from the rest of the world
(ROW). In contrast, sulfate loadings in the western and
castern tropical Indian Ocean are primarily influenced by
emissions from the rest of the world (ROW) with a
secondary contribution from Indian emissions (Figures 6a
and 7g). This influence is somewhat more on sulfate AOD
than surface concentrations, consistent with its long-range
transport in elevated atmospheric layers. Interestingly, emis-
sions from southeast Asia and east Asia (Figure 7¢) influ-
enced sulfate concentrations mainly over the Bay of Bengal
and did not contribute significantly to sulfate concentrations
over the Indian subcontinent and other ocean regions during
the winter monsoon of 1999, implying sulfate transport
from more distant geographical regions. Among Indian
regions, the Indo-Gangetic Plain and central India
(Figure 6b) are primary regions of origin for sulfate acrosols
where fossil fuel combustion exists in coal-fired electric
utilities, refineries, cement and metals production in India
[Reddy and Venkataraman, 2002a]. While the IGP influence
on surface sulfate (40%) is somewhat larger than that on
sulfate AOD, emissions from CNI affect almost equally to
both surface and columnar sulfate (20%). This probably
reflects the higher SO, flux from surface sources in the IGP
than in CNI [Reddy and Venkataraman, 2002a]. Emissions of
SO, from the large industrial sources in both regions are
emitted into a higher level in the model [Reddy et al., 2004]
and would have a greater influence on AOD and long-range
transport.

[23] The emissions of inorganic matter in the GCM are
only from the Indian emissions [Reddy and Venkataraman,
2002a, 2002b] with no emissions assigned to the other
world regions, because of unavailability of a global emis-
sion inventory. Hence, as represented in Figure 6c, only
Indian emissions contribute to IOM loading in all receptor
regions. Among the Indian regions (Figure 6d), the Indo-
Gangetic plain mainly contribute to the IOM surface and
columnar loadings over the Bay of Bengal, east tropical
Indian Ocean, and the Indian subcontinent. However, the
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(left) Scatterplot of the percentage contributions of world regions (IND-TOT, SEA, EA,

AFWA, and ROW) to aerosol surface mass concentration and optical depth averaged during January to
March 1999 over the receptor regions due to (a) sulfate, (¢c) IOM, (e) OM, (g) BC, and (i) dust. (b, d, f, h,
and j) Same as left plots but from Indian regions (IGP, CNI, SI, and NWI). The receptor regions are
represented by different symbols and colors (same as in Figure 2) as following: TIOW (circle and black),
AS (diamond and green), India (square and blue), BOB (triangle up and magenta), and TIOE (triangle
down and red). The fill inside the symbols (see legends) represents the different source regions. IND-
TOT represents the contribution from all Indian regions (sum of IGP, CNI, SI, and NWI).

central India contributes primarily to the IOM surface and
columnar loadings over the Arabian Sea. The west tropical
Indian Ocean is equally influenced by contributions from
both the Indo-Gangetic Plain and the central India. Similar
to the sulfate transport, the emissions from central India
have a higher impact to the aerosol optical depth as
compared to the surface mass concentration.

[24] Emissions from Africa and west Asia significantly
influence carbonaceous aerosols (Figures 6e and 6g), espe-
cially organic matter loadings, over all receptor regions
during the winter monsoon of 1999. The spatial distribution
of relative contributions (%) to the AOD due to BC and OM
originating from Africa and west Asia are represented in

Figures 7h and 8e respectively. Biomass burning in wood-
land, shrub land and broad leaf forest are likely from
northern sub-Saharan Africa during December to March
[Tansey et al., 2004; Simon et al., 2004]. Transport channels
from Africa into the Indian region during the INDOEX
period have been suggested in earlier studies [Rasch et al.,
2001; Reddy et al., 2004; Verma et al., 2006]. The simu-
lations with region-tagged emissions here present the first
quantitative estimate of the extent of carbonaceous aerosol
incursion from Africa and west Asia into the Indian region
during this period. Emissions from Africa and west Asia are
important contributors to surface BC (Figure 6¢) over the
Arabian Sea and the western tropical Indian Ocean (30—
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Figure 7. Spatial distribution of (a) total aerosol optical depth due to sulfate at 550 nm, (b) total aerosol
optical depth due to BC at 550 nm, (c) relative contribution (%) to the AOD due to sulfate for the aerosols
originating from India (sum of IGP, CNI, SI, and NWI), (e) same as Figure 7c but from east Asia, (g)
same as Figure 7c but from ROW, (d) relative contribution to the AOD due to BC for the aerosols
originating from India, (f) same as Figure 7d but from east Asia, and (h) same as Figure 7d but from
Africa-west Asia.

9of 13



D24211 VERMA ET AL.: ORIGIN OF INDOEX AEROSOLS D24211

40°N 0.25 40°N 0.25
3OON 0.16 3OON 0.16
0.12 0.12
20°N 20°N
0.08 0.08
10°N 10°N
0.04 0.04
0° 0.02 0° 0.02
10°S 0.01 10°S 0.01
20°S o 20°S o
40°E BO0°E B80°E 100°E 120°E 40°E 60°E B80°E 100°E 120°E
(a) AOD—OM (Total) (b) AOD—Dust (Total)
40°N 100 40°N e : =5 100
90 20
30°N 80 30°N 80
70 70
° 60 ° 60
20°N 20 20°N 20
40 40
10°N 35 10°N 35
30 30
0° 25 0° 25
20 20
loos 15 loos 15
10 10
20°S o 20°S o
40°E 60°E B80°E 100°E 120°E 40°E 60°E B80°E 100°E 120°E
(c) AOD—OM (India) (d) AOD—Dust (AFWA)
40°N 100 40°N 100
20 20
30°N 80 30°N 80
70 70
° 60 ° 60
20°N 20 20°N 20
40 40
10°N 35 10°N 35
30 30
0° 25 0° 25
20 20
IOOS 15 loos 15
10 10
20°S o 20°S o
40°E 60°E B8O0°E 100°E 120°E 40°E 60°E B80°E 100°E 120°E
(e) AOD—OM (AFWA) (f) AOD—Dust (EA)
40°N 100 40°N 100
20 20
30°N 80 30°N 80
70 70
o 60 o 60
20°N 50 20°N 50
40 40
10°N 35 10°N 35
30 30
0° 25 0° 25
20 20
IOOS 15 loos 15
10 10
20°S o 20°S o
40°E 60°E 80°E 100°E 120°E 40°E 60°E 80°E 100°E 120°E

(g) AOD—OM (SEA) (h) AOD—Dust (ROW)

Figure 8. Spatial distribution of (a) total aerosol optical depth due to OM at 550 nm, (b) total aerosol
optical depth due to dust at 550 nm, (c) relative contribution (%) to the AOD due to dust for the aerosols
originating from India (sum of IGP, CNI, SI, and NWI), (¢) same as Figure 8c but from Africa-west Asia,
(g) same as Figure 8c but from southeast Asia, (d) relative contribution to the AOD due to dust for the
aerosols originating from Africa-west Asia, (f) same as Figure 8d but from east Asia, and (h) same as
Figure 8d but from ROW.
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Table 2. Relative Contributions of the Classified Geographical
Source Regions to the AOD at 550 nm Averaged Over the Same
Regions as the Receptor Regions®

Receptor Region

Source

Region India SEA EA AFWA ROW
India 40 14 7 1 2
SEA 1 20 5 0 1
EA 1 23 51 0 4
AFWA 46 20 15 88 12
ROW 12 23 22 11 81

“Relative contributions are given as percent. Geographical source regions
are shown in Figure 1.

40%) and BC optical depth (Figures 6e and 7h) over all
receptor regions (=30—60%). Emissions from Africa-west
Asia strongly influence OM optical depth (Figures 6g and
8¢) over the Indian subcontinent, Arabian Sea and the
western tropical Indian Ocean (50—60%) and OM surface
concentrations (=50%) in the ocean regions (Figure 6g). It
is to be noted that most of the points for BC and OM
originating from Africa and west Asia (plus symbol in
Figures 6e and 6g) lie above the 1:1 line indicating a higher
relative contribution from Africa-west Asia in the free and
upper atmosphere than at the surface in corroboration to the
recent studies by Koch et al. [2007] inferring the transport
of lofted layer of aerosols from Africa over the southern
hemisphere. This indicates significant incursion of long-
range transported carbonaceous aerosols in elevated atmo-
spheric layers over the Indian subcontinent. The emissions
from southeast Asia (Figure 8g) influence OM concentra-
tions (as high as 30%) mainly over the parts of Bay of
Bengal and east tropical Indian ocean.

[25] Figures 7d and 8c show the spatial distribution of the
relative contribution (%) to AOD due to BC and OM,
respectively, originating from India (sum of IGP, CNI, SI,
NWI). Emissions from India are the largest contributor to
surface BC (Figure 6e) over the subcontinent and the Bay of
Bengal (70—80%). Emissions from India strongly influence
OM surface concentrations (50—60%) (Figure 6g), espe-
cially over the subcontinent and Bay of Bengal, but have
less impact on AOD due to OM (Figures 6g and 8c).
Interestingly, most points related to aerosols originating
from IND-TOT lie below the 1:1 line (Figure 6g) indicating
a higher relative contribution from India at the surface than in
the free and upper atmosphere. This is consistent with large
organic matter fluxes from surface sources such as biofuel
combustion and brick making in the Indo-Gangetic Plain
[Reddy and Venkataraman, 2002a, 2002b; Venkataraman et
al., 2005] and the transport patterns into the Bay of Bengal.
Among Indian regions, the Indo-Gangetic Plain is the
largest contributor to surface BC (60%), especially in the
Bay of Bengal (Figure 6f), consistent with transport patterns
pointed out in several studies [e.g., Verver et al., 2001] from
the IGP into the Bay of Bengal and over south India. The
IGP (Figure 6h) influences OM surface concentrations (40
to 50%) and the CNI has a larger influence on OM AOD.
Biofuel combustion for energy is predominant in the IGP,
while forest burning takes place in central India in March
[Venkataraman et al., 2005, 2006].
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[26] We also evaluate the relative contributions (see
Table 2) of emissions from the classified geographical
source regions (shown in Figure 1) to the AOD spatially
averaged over themselves. Table 2 shows that emissions
from each region have the largest influence on AOD over
the same region. Indian emissions have significant effects
on AOD over India (40%), a small effect over southeast
Asia (14%) and east Asia (7%), and negligible effects over
Africa-west Asia (1%) and rest of the world (2%). The
spatial distribution of relative (%) contributions to AOD
from India as represented in Figures 7c, 7d, and 8c show
that the plume from the Indian regions has maximum impact
within the zone of 10°S to 40°N and from 40°E to 100°E
(which includes our defined receptor regions over oceanic
regions of the ROW including TIOW, AS, BOB and TIOE;
details of Indian contributions which ranges from about
30% to 60% are discussed in the previous paragraphs). This
shows that emissions from India have a large regional
impact but a minimal impact on other parts of the world
continental and oceanic regions (excluding Indian subcon-
tinent and Ocean), consistent with a recent study by Koch et
al. [2007].

[27] We also show the contributions from different
regions to the natural aerosols mainly composed of dust
(Figures 61 and 6j) and sea salt over the receptor regions.
The spatial distribution for AOD due to dust at 550 nm and
relative contributions (%) from key geographical regions are
shown in Figure 8 (right). Figure 8b shows that the dust
AOD has a larger influence over the Arabian Sea and the
Indian subcontinent as compared to the other receptor
regions in corroboration with the recent observational stud-
ies inferring the presence of high dust aerosols over India
during March through retrieving regional characteristics of
dust aerosols from the infrared radiance acquired from
METEOSAT-5 [Deepshikha et al., 2006a, 2006b]. Sea salt,
primarily from oceanic regions (contained in the rest of the
world category (figure not shown)), dominate the surface
mass concentration over oceanic receptor regions as
expected. It is also interesting to note the sea-salt transport
from oceanic regions of rest of the world over the Indian
subcontinent with a much higher impact over the sea-salt
AOD as compared to the surface concentration indicating its
transport in higher layer over the subcontinent. Dust is
primarily transported from Africa and west Asia over the
Arabian Sea, Bay of Bengal and the Indian subcontinent
(Figures 61 and 8d) with a small contribution (30%) from
east Asia (Figure 8f) over the parts of Bay of Bengal and
east tropical Indian Ocean. Dust loadings from Africa and
west Asia also shows a higher influence to the optical depth
as compared to the surface mass concentration (Figure 61)
indicating its transport in higher layers. Interestingly, dust
over the east tropical Indian ocean is primarily contributed
from rest of the world (Figures 6i and 8h) with a somewhat
higher influence to columnar as compared to the surface
dust loadings. Among the Indian regions (Figure 6j),
northwest India contributes to about 30% to surface dust
concentration over the Indian subcontinent.

[28] In summary, emissions from different regions influ-
ence surface and columnar loadings of different aerosol
species. India and distant regions, (i.e., “rest of the world™)
influence sulfate concentrations and AOD. India influences
surface concentrations of BC and OM, while Africa-west

11 of 13



D24211

Asia influences BC and OM AOD. Africa-west Asia con-
tributes to dust concentrations and AOD. The model esti-
mates the presence of significant intercontinental transport
of aerosol, for example, BC, OM and dust from Africa-west
Asia in higher layers over the Indian subcontinent and
sulfate from rest of the world over the Indian Ocean. This
could be a reason why measurements, especially high
concentrations of carbonaceous aerosols, could not be fully
explained by current Indian emissions inventory estimates
[Reddy and Venkataraman, 2002a, 2002b].

5. Conclusions

[29] The extent of aerosol incursion into south Asia and
the relative influence of local and long-range transported
emissions was investigated during the winter monsoon of
1999 (January to March 1999) corresponding to the
INDOEX-IFP, using region- and source-tagged emissions
transport in the LMD-ZT GCM, aggregated over five
receptor regions of the tropical Indian Ocean-west (TIOW),
Arabian Sea (AS), Indian subcontinent (India), Bay of
Bengal (BOB), and tropical Indian Ocean-east (TIOE).
The model estimates showed the presence of distinct source
and regional contribution to the surface and columnar
carbonaceous aerosols over the receptor regions which
could be the reason for the lack of reconciliation between
INDOEX measurements and local emission inventory esti-
mates [Reddy and Venkataraman, 2002a, 2002b]. Biofuel
combustion for energy is the primary source of surface
black carbon and organic matter and of black carbon AOD
over the Indian subcontinent. Open burning of forest and
crop residues is the prime contributor to organic matter
aerosols and influences AOD more than surface concen-
trations over all the receptor regions, with the largest impact
over the Arabian Sea.

[30] Model estimates tagged with the geographic regions
showed that the surface BC (60—80%) is mainly contributed
by emissions from the Indian regions. In contrast, emissions
from Africa and west Asia significantly influenced the
carbonaceous acrosol optical depth with their transport in
elevated atmospheric layers. They were important contrib-
utors to surface BC (30—40%) and OM (50%) over the
Arabian Sea and west tropical Indian Ocean and were the
prime contributors to OM optical depth (60—70%) over all
the receptor regions including the Indian subcontinent.
Industrial fossil-fuel combustion transported from the Indi-
an regions (40—60%) dominate sulfate aerosols over all the
receptor regions. However, emissions from rest of the world
largely influenced the sulfate (50—60%) optical depth over
the west and east tropical Indian Oceanic regions.

[31] Among the Indian regions, the Indo-Gangetic Plain,
is the largest contributor to anthropogenic surface mass
concentration and AOD, especially over the Bay of Bengal
and the subcontinent. Aerosol loadings over the Arabian
Sea and tropical Indian Oceanic regions are influenced
almost equally from Indo-Gangetic Plain, central India,
and south India. Emissions from central India also showed
a larger influence to columnar aerosol as compared to the
surface, especially over the Bay of Bengal. Dust aerosols
were mainly contributed through the long-range transport
from Africa and west Asia over all the receptor regions
except over the east tropical Indian Ocean where it was

VERMA ET AL.: ORIGIN OF INDOEX AEROSOLS

D24211

primarily contributed from rest of the world. Model esti-
mates showed that the emissions from India had a large
regional impact but a minimal impact on the other parts of
the world continental and oceanic regions (excluding Indian
subcontinent and Ocean).

[32] In summary, three main source-receptor links were
identified for aerosol species over the Indian Ocean and
Indian subcontinent: (1) open biomass burning from Africa-
west Asia and biofuel and fossil fuel sources from India
contributing black carbon and organic matter (2) India
emissions transported over synoptic scales influencing sul-
fate over India and adjoining oceans, but emissions from
distant regions transported over intercontinental scales to
the tropical Indian Ocean, and (3) dust from Africa-west
Asia over most of the receptor domain, and distant dust
sources over the east tropical Indian Ocean.

[33] The present work addressed the origin of aerosols in
terms of their emission sources and geographic region
during the INDOEX-IFP (Indian winter monsoon season)
which remained to be understood over the Indian Ocean and
subcontinent. However, sensitivity studies of the aerosol
transport simulations with GCM using a refined temporal
and spatial distribution of emissions and meteorological
fields need to be further undertaken to assess confidence
intervals for the source and regional attribution to the
aerosols examined in the present study.
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