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[1] This work presents an analysis of aerosol measurements made during the
Oceanographic Research Vessel Sagar Kanya cruise of January–March 1999, in the
Indian Ocean Experiment intensive field phase (INDOEX-IFP), with regard to the aerosol
chemical constituents and identification of source regions of their origin. This is done
through a hybrid approach which uses an Eulerian forward transport calculation in a
general circulation model (GCM) with region-tagged emissions along with an analysis of
Lagrangian back trajectories and emission inventory information, for overlapping time
periods. Back trajectory analysis showed that the ship was mainly influenced by air
masses from the Indo-Gangetic plain, central India, or south India during the early part of
its cruise with the GCM-predicted aerosol species composed of mainly sulfate and
organic matter, whereas dust species dominated during its cruise in late February and early
March over the Arabian Sea when the ship was influenced by air masses from Africa-
west Asia or northwest India. However, a typical clean marine aerosol dominated by sea
salt was encountered during February when the ship cruised in the tropical Indian
Ocean and was mostly influenced by marine air masses. The high aerosol optical depth
was due to roughly equal parts of organic matter and sulfate. Region-tagged GCM
estimates showed the presence of distinct transport at surface and higher layers for,
e.g., DOY 56–61 and 65–70, indicating strong signals of emissions of black carbon,
organic matter, and sulfate originating in central and northwest India, whereas elevated
transport channels of black carbon and organic matter from Africa-west Asia. This is
consistent with the back trajectory analysis and in corroboration with INDOEX
measurement studies which observed different aerosol properties from aircraft and ship
attributed to different transport pathways in surface and elevated flows. However,
back trajectory analysis is not sufficient to evaluate the major source regions contributing
to the transported aerosol. The fractional contribution of a source region also depended
upon the emission flux from the region and its proximity to the receptor domain.
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1. Introduction

[2] Observational studies during the Indian Ocean Exper-
iment or INDOEX [Ramanathan et al., 2001;Ramachandran
and Jayaraman, 2002] and more recent field campaigns in
the Bay of Bengal [Ramachandran, 2005; Lal et al., 2006]
Arabian Sea [Rao, 2005] have established the widespread

occurrence of aerosols and trace gases of anthropogenic
origin over ocean regions adjoining India. Several INDOEX
investigators analyzed transport pathways into the domain
and variations in pollution loading in air masses of different
origins. Four broad channels of flow were identified into the
INDOEX domain during the winter monsoon [Verver et al.,
2001], which arose from west Asia passing over northwest-
ern India, the Indo-Gangetic plain passing over the Bay of
Bengal and south India, central India passing over the west
coast and from southeast Asia, indicating contributions of
multiple regions to the measured pollutants. Back trajectory
analysis was used to qualitatively link variations in the
chemical and optical properties of aerosols [Reiner et al.,
2001;Mayol-Bracero et al., 2002;Quinn et al., 2002; Franke
et al., 2003] to sources, broadly biomass burning and fossil
fuel combustion, located in geographical regions traversed by
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air masses arriving in the Arabian Sea and tropical Indian
Ocean. Quinn et al. [2002] suggested eight source regions,
based on back trajectory pathways influencing the Ronald H.
Brown ship during its INDOEX cruise. They identified
periods when the boundary layer and elevated layer aerosols
were well mixed, and contrasting periods when they were not
well mixed, in both cases arising from the same or different
source regions. In situ chemical measurements showed the
presence of high sulfate, particulate organic matter, black
carbon, and inorganic matter in the air masses from Arabia
and the Indian subcontinent than in marine air masses.
Aircraft based measurements of trace gas concentrations,
aerosol chemical composition and optical effects over the
Indian Ocean during INDOEX showed the evidence of the
signatures of heavy pollution over the north Indian ocean
which was identified because of the outflow from the Indian
subcontinent as well as fromArabia and Southeast Asia based
on back trajectory calculations [Reiner et al., 2001; de Gouw
et al., 2001;Gabriel et al., 2002;Mayol-Bracero et al., 2002].
Leon et al. [2001] suggested the episodic transport of dust
from Arabia over the Indian Ocean region during INDOEX.
[3] Modeling methods for source-receptor resolution, or

quantitative estimation of the contribution of various sources,
source classes or source regions to measured atmospheric
pollution, e.g., mass concentrations of aerosol particles,
aerosol chemical constituents or gaseous pollutants, are
broadly classified as dispersion models and receptor models.
Dispersion models use mathematical descriptions of sources,
in the form of emission inventories, and of atmospheric
processes including dilution, chemical transformation and
transport to predict pollutant concentrations over space and
time, and form the basis of chemical transport models
[Seinfeld and Pandis, 1998]. Retrotransport and adjoint
modeling [Hourdin and Issartel, 2000] are used to estimate
source region contributions by running chemical transport

models backward in time. Receptor models use pollutant
characteristics, such as chemical composition and their time
series variation, at the receptor site, along with source
information, to identify sources and their quantitative con-
tributions to the measured pollution at the receptor site
[Friedlander, 1973; Hopke, 2003]. Receptor modeling
methods using back trajectories that arise from a receptor
site to identify contributing source regions, include resi-
dence time and area of influence analysis and the potential
source contribution function [Hopke, 2003]. Hybrid models,
e.g., trajectory cluster analysis with chemical mass balance
receptor modeling [Woo et al., 2003] and factor analysis or
positive matrix factorization with back trajectory analysis
[Kulkarni et al., 2005] are recently being tried for regional-
scale source-receptor resolution. Additionally, inverse
modeling [Kasibhatla and Arellano, 2002] uses optimiza-
tion methods to vary regional source strengths and minimize
errors between global measurement databases and predic-
tions from chemical transport models run in forward time, to
deduce potential errors in emission inventories.
[4] Dispersion models, i.e., chemical transport models,

have been used with newly available regional emissions
information for atmospheric simulations over south Asia
during the INDOEX period [Reddy et al., 2004; Verma et
al., 2006], and have shown a predominance of organic
carbon aerosols in addition to sulfate in the south Asian
region. Modeling studies have indicated the potential con-
tribution of regions outside India to INDOEX aerosols
[Rasch et al., 2001; Reddy et al., 2004], and of biomass
burning to carbon monoxide [de Laat et al., 2001; Lelieveld
et al., 2001]. A mesoscale chemical transport model has
been used to analyze sulfate, carbonaceous and dust trans-
port indicated the predominance of dust species over the
North while that of sulfate and carbonaceous species in the
south of the INDOEX area [Minvielle et al., 2004a, 2004b].
In this work, we analyze the aerosol species composition to
the aerosol distributions measured on board the Oceano-
graphicResearchVessel SagarKanya during its INDOEX-IFP
cruise.We carry out the source identification of the transported
aerosol using a hybrid method which involves region-tagged
emissions in an Eulerian forward transport calculation in a
general circulation model (GCM) along with analysis of
Lagrangian back trajectories and emission inventory informa-
tion, for overlapping time periods.

2. Method of Study

[5] The analysis carried out refers to the ship cruise
expedition of Oceanographic Research Vessel Sagar Kanya
(cruise 141) for the period from 20 January (DOY 20) to
12 March (DOY 71) 1999 covering a domain from 20�S to
17.2�N and 57.5�E to 77�E [Ramachandran and Jayaraman,
2002]. Figure 1 shows the map of Sagar Kanya cruise during
INDOEX-IFP with the ship position marked on the map on
individual days. In order to assess the influence of various
source regions on the spatial distributions of aerosols mea-
sured during the cruise, the following method is used in this
work: (1) In the absence of simultaneous aerosol chemical
measurements for the ship cruise, aerosol chemical species
composition is predicted through aerosol transport simula-
tions in the general circulation model of the Laboratoire de
Météorologie Dynamique (LMD-ZT GCM) for INDOEX

Figure 1. Map of the Sagar Kanya ship cruise during
INDOEX-IFP with the ship position marked on the map on
individual days.
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and sampling the estimates for the times and locations of
Sagar Kanya during its INDOEX-IFP cruise. (2) We use
source region aerosol flux composition, from the emission
inventory to deduce their potential influence on receptor
location. (3) We make quantitative predictions of source
region contributions to total aerosols and aerosol chemical
species, through aerosol transport experiments in the LMD-ZT
GCM with region-tagged emissions in conjunction with the
back trajectory analysis.

2.1. Aerosol Emission Fluxes From Source Regions

[6] Source regions were classified on the basis of differ-
ences in composition of their aerosol emission fluxes and
their proximity to the Indian Ocean [Rasch et al., 2001;
Ramachandran and Jayaraman, 2002; Reddy et al., 2004].
These source regions are the following: (1) Indo-Gangetic
plain (IGP), (2) central India (CNI), (3) south India (SI),
(4) northwest India (NWI), (5) southeast Asia (SEA),
(6) east Asia (EA), (7) Africa-west Asia (AFWA), and
(8) rest of the world (ROW). Emissions over India are from
the high-resolution (0.25� � 0.25�) emission inventories of

Reddy and Venkataraman [2002a, 2002b]. Emissions of
SO2, BC, and organic carbon (OC) from fossil fuel and
biomass sources over Asia are from Streets et al. [2003].
Global aerosol emissions used here are the same as
described by Reddy and Boucher [2004] and Reddy et al.
[2004]. Emission fluxes were aggregated spatially over each
source region for the aerosol species including BC, OM,
sulfur dioxide (SO2), inorganic matter (IOM) and dust.
Figure 2 shows the percentage composition of regional
emissions for the source regions. The total emission flux
averaged over the source regions for the given aerosol
species are indicated in the caption of Figure 2. Out of
the parts of Indian region (Indo-Gangetic plain, central
India, south India, northwest India), Indo-Gangetic plain
has the highest emission flux followed by that of northwest
India, central India, and south India. Emission fluxes from
the Indo-Gangetic plain, central India, south India are
mainly composed of sulfate, organic matter, inorganic
matter followed by black carbon. Northwest India emissions
are mainly dust followed by sulfate. Southeast Asia emis-
sions are mainly composed of organic matter followed by
sulfate. Africa-west Asia emissions are mainly composed of
dust and organic matter. Emission flux from east Asia and
rest of the world are mainly composed of dust followed by
sulfate. On looking at the emission map for the ratio of
fossil fuel to biomass burning sources for India and the
identified dominant sources of aerosols in Indian region
[Habib et al., 2006], it is seen that Indo-Gangetic plain,
central India are dominated by both the fossil fuel and
biomass burning sources with the predominant contribu-
tions from fossil fuel sources over south India and northwest
India. The characteristic emission composition of regions
can be used to deduce their potential influence on receptor
location or domain.

2.2. Back Trajectory Calculations

[7] Transport from source region to receptor locations can
be qualitatively assessed from a knowledge of pathways of
air mass movement between sources and receptor. Back
trajectories offer a method of tracking the path of an air
parcel. The back trajectories are calculated with the help of
NOAA HYSPLIT (Hybrid Single-Particle Lagrangian Inte-
grated Trajectory) (Version 4) model [Draxler and Hess,
1998]. The velocity field and temperature fields used to
calculate the trajectories are taken from NCEP data archives
(ftp://www.arl.noaa.gov/pub/archives/fnl). Back trajectories
integrate back in time to track the path of travel of an air
parcel arriving at a receptor location at a given time.
However, back trajectories do not take into account mixing
between air masses at various heights. A simple grouping of
various trajectory pathways can provide a more realistic
representation of plume dispersion to categorize the
source region. All the back trajectories were calculated at
1200 h Indian Standard Time (+0530 h GMT). As the
residence time of aerosols is of the order of a week in the
lower atmosphere, 7-days back trajectory analyzes were
performed. The 7-days back trajectories were calculated
for the days and positions of Sagar Kanya during its
INDOEX-IFP cruise from 20 January (DOY 20) to
11 March (DOY 70), 1999 at five heights (10 m, 100 m,
500 m, 1000 m, 5000 m). This corresponded to 250 back
trajectory data sets. Most of the trajectories at surface level

Figure 2. Regional emission composition of classified
source regions of IGP, CNI, SI, NWI, SEA, EA, AFWA,
and ROW based on emission of species from inventories
implemented in LMD-ZT GCM. The total emission flux
averaged over the source regions for the given aerosol
species in Tg yr�1 are as follows: IGP (4.88), CNI (3.25), SI
(0.83), NWI (4.7), SEA (3.02), EA (112), AFWA (566), and
ROW (462).
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(10 m to 500 m) originate from the Indian region and that at
higher heights (1000 m and above) from Africa-west Asia
and the Indo-Gangetic plain indicating the presence of long-
range transport from Africa-west Asia over to the Indo-
Gangetic plain.

2.3. Short Description of the LMD-ZT GCM

[8] The study of region-tagged aerosol transport 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 sulfur cycle
has been incorporated and processes of convective trans-
port, wet scavenging, and aqueous phase chemistry have
been parameterized as consistently as possible with the
model physical parameterizations [Boucher et al., 2002].
Sulfate formation, transport, and radiative forcing were
estimated byBoucher et al. [2002]. Aerosol optical properties
(mass extinction coefficient, ae; single scattering albedo, w;
and asymmetry factor, g) for all aerosol species are computed
using Mie theory as described by Reddy et al. [2004]. The
aerosol extinction coefficient is computed from all aerosol
species and associated water.
[9] The model has a resolution of 96 points in longitude

and 72 points in latitude. There are 19 vertical layers of a
hybrid sigma-pressure coordinate with eleven layers below

850 hPa and eight layers between 850 and 500 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. A short description of the technique
applied to use the GCM with tagged region as an Eulerian
forward transport approach is given here. The source
regions as classified in section 2.1 are implemented in
GCM. Figure 3 shows the masked regions on GCM zoom
grid. Aerosol emissions including sulfate (Sul), organic
matter (OM), black carbon (BC), dust, inorganic matter
(IOM), and sea salt (SS) are tagged for each of the source
region. INDOEX-IFP is simulated in the LMD-ZT GCM for
each of the source region with the emissions out of that
region being switched off. The GCM is nudged with
ECMWF wind fields. We sample the model outputs for
the different position and time of the Sagar Kanya during its
INDOEX-IFP cruise.

3. Source Region Influence and Contribution to
Aerosols Measured Aboard Sagar Kanya

3.1. Back Trajectory Analysis and Emission
Inventory Information

[10] Back trajectories were calculated as described in
section 2.2 and grouped on the basis of their origin and

Figure 3. Masked regions on GCM zoom grid representing tagged source regions taken under study;
the classification of source regions are as follows with different color scales indicated in bracket: (1) IGP
(light green), (2) CNI (orange), (3) SI (yellow), (4) NWI (red), (5) SEA (green), (6) EA (blue), (7) AFWA
(purple), and (8) ROW (dark green).
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traverse over the eight source regions shown in the Figure 3.
Source region groups were classified on the basis of both
reported geographical origin of air masses by previous
investigators [Reiner et al., 2001; Mayol-Bracero et al.,
2002; Quinn et al., 2002; Franke et al., 2003] and back
trajectory analysis for the days and locations of Sagar
Kanya cruise. Emissions flux composition from emissions
inventory information [Reddy and Venkataraman, 2002a,
2002b; Streets et al., 2003] indicated eight regions with
distinct emissions composition (Figure 2), as described in
section 2.1. Analysis of the back trajectories revealed that
they traversed more than one source region, e.g., Indo-
Gangetic plain/central India/south India, potentially entrain-
ing different aerosol chemical species from the different
regions. On this basis, six source region groups were
identified (Table 1) which corresponded with the major
pathways of air masses arriving over the Indian ocean
region, which are consistent with the regions identified by
INDOEX investigators in earlier work [Quinn et al., 2002;
Ball et al., 2003]. The path of back trajectories over the
source regions for the days sampled at heights of 10 m to
5000 m are represented in Figure 4. Air masses arising from
the Indo-Gangetic plain, passing over central and south
India (source region group 1, in Table 1) arrived at the
sampling platform on board Sagar Kanya, primarily in the
early part of the cruise, when the ship passed from coastal
India (CI) to the Arabian Sea (AS) and the tropical Indian
Ocean (TIO). In addition, these air masses once again
reached the ship during the ship’s return to coastal India
in early March. On the basis of emission inventory infor-
mation, the air masses would contain organic and black
carbon aerosols, inorganic oxidized matter (fly-ash) and
sulfate (see Figure 2). Air masses from northwest and
central Indian (source region group 2) reached the ship
largely toward the end of the cruise mostly in the Arabian
Sea and coastal India regions. These air masses would
contain significant mineral dust aerosols (Figure 2) in

addition to carbonaceous and fly-ash aerosols and sulfate.
Air masses came from Africa-west Asia (source region
group 3 in Table 1) largely in late February and early March
in the Arabian Sea region of the cruise. These air masses are
likely to carry mineral dust, and also organic carbon and
black carbon aerosols from open biomass burning activities
in Africa. Elevated air masses from Africa-west Asia,
passing over the Indo-Gangetic plain and central and south
India (source region group 4) arrived at the ship in late
January and once again in late February and early March.
These would transport highly mixed aerosols from desert
and biomass burning in Africa-west Asia (dust, BC, OM),
and from biofuel and fossil fuel combustion and biomass
burning (BC, OM, IOM, SO4), in the Indian regions. Air
masses from southeast Asia (source region group 5) arrived
at the ship during late January (at higher heights) and late
February (surface and elevated layers) and are likely to
carry organic carbon aerosols with some black carbon and
sulfate. Air masses from the rest of the world (source region
group 6) arrived at the ship largely when it was in the
tropical Indian Ocean both in late January and again in late
February and early March, both at surface and elevated
levels, likely to contain sulfate in addition to sea salt and
dust.

3.2. Species Composition of the Ship Cruise Aerosol
Measurements

[11] Model estimates are analyzed to evaluate the species
composition to aerosol surface mass concentration and
aerosol optical depth for the days of the ship cruise expedi-
tion of Sagar Kanya during INDOEX-IFP. Figure 5a shows
the time series of aerosol mass concentration (sum of
nucleation mode and accumulation mode) measured from
QCM (Quartz Crystal Microbalance) on board Sagar Kanya
during the INDOEX-IFP (20 January to 12 March 1999)
with measurements corrected to 0% relative humidity (RH).
These results are from Ramachandran and Jayaraman
[2002] and based on classifying the oceanic region into

Table 1. Sampling Days According to Back Trajectory Passing Through Different Identified Source Regions at 10, 100, 500,

1000, and 5000 m Heights for the Days of Year (DOY) of the Ship Cruise Expedition of Sagar Kanya During INDOEX-IFPa

Source Region Groups

Sampled Days of Year (DOY)

10–500 m 1000 m 5000 m

IGP/CNI/SI CI: 20–25 CI: 20–21 CI: 22–23, 66
IGP/CNI/SI AS: 26 AS: 26,63b AS: nil
IGP/CNI/SI TIO: 27–28 TIO: 28, 55b TIO: nil
CNI/NWI CI: 65–66 CI: 65–66, 67b CI: nil
CNI/NWI AS: 63–64 AS: 59b, 60b, 64 AS: 64
CNI/NWI TIO: 55 TIO: nil TIO: nil
AFWA/NWI CI: 67–68 CI: 68 CI: 20–21b

AFWA/NWI AS: 58, 59, 60–62, 69–70 AS: 61, 62, 69–70 AS: 59, 60–63
AFWA/NWI TIO: nil TIO: nil TIO: nil
AFWA/IGP/CNI/SI CI: nil CI: 22–24,b 25b CI: 65, 67b

AFWA/IGP/CNI/SI AS: nil AS: 58b AS: nil
AFWA/IGP/CNI/SI TIO: nil TIO: 27b TIO: nil
SEA CI: nil CI: nil CI: 24,b 25b

SEA AS: nil AS: nil AS: 26b

SEA TIO: 57 TIO: 57 TIO: nil
ROW CI: nil CI: nil CI: 68b

ROW AS: nil AS: nil AS: 69–70b

ROW TIO: 29–31, 32–54, 56 TIO: 29–31, 32–54, 56 TIO: 27, 28,b 29–31, 32–56, 57, 58b

aCI, days when the ship traversed over coastal India; AS, days when the ship traversed over Arabian Sea; TIO, days when the ship traversed
over tropical Indian Ocean.

bDOY when trajectories at 1000 m and 5000 m heights passed through different regions than at 10 m to 500 m heights.
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Figure 4. Path of back trajectories (10 m, 100 m, and 500 m (black lines with circles); 1000 m (red lines
with squares); and 5000 m (green lines with triangles)) over the different identified source regions (details
of back trajectories for all days of the ship cruise are given in Table 1). Numbers shown against the
legends represent days of the year (DOY).
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coastal India (CI), Arabian Sea (AS) and tropical Indian
Ocean (TIO). The nucleation mode particles (radius less than
0.1 mm) which are mainly due to the precursor gases from
anthropogenic sources carried by the winds influencing the
oceanic regions showed a good latitudinal gradient, while
the accumulation mode (radius between 0.1 and 1 mm)

particles which are longer-lived as compared to the nucle-
ation mode and can be dispersed to long distances showed
almost the same percentage contribution over all the regions
[Ramachandran and Jayaraman, 2002]. Figure 5b repre-
sents the model estimates for the time series of species
contributions to submicronic dry aerosol mass concentration

Figure 5. (a) Time series for the aerosol mass concentration (sum of nucleation and accumulation
modes) measured at ambient RH and corrected for 0% RH from QCM on board Sagar Kanya during the
INDOEX IFP and (b) species contribution to aerosol surface mass concentration from model estimates
for the days of the ship cruise expedition of Sagar Kanya during INDOEX-IFP. DOY represents days of
the year from 20 January to 11 March 1999. Traverse of the ship over the oceanic regions are represented
by CI (coastal India), AS (Arabian Sea), and TIO (tropical Indian Ocean).
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for the days of the ship cruise expedition of Sagar Kanya.
The model estimates dust (two size bins: submicronic and
supermicronic), and sea salt (in 10 size bins between 0.045 and
20 mm at 80% relative humidity), but do not have size
segregated estimations for the species of sulfate, OM and
BC. The submicron mass concentrations are compared from
model in relation with that of sum of accumulation and
nucleation mode from measurements. In general, the model
estimates of total dry surface mass concentration in compar-
ison to measurements corrected to 0% RH are underestimated
by a factor of 5 to 10. The model has been extensively
evaluated with the INDOEX measurements of Reddy et al.
[2004]. In the present work, we have used the same version of
model with the region tagged emissions to carry out source
evaluation of aerosols. Comparison of modeled surface mass
concentrations for various species of sulphate, black carbon
(BC), organic matter (OM), inorganic matter, and sea salt
(please refer to Reddy et al. [2004, Figures 2 and 3]) showed
that themodel captured the north to south gradient inmeasured
concentrations, but over the region of largest concentrations
(5 to 10�N), modeled sulphate, BC, and dust concentrations
were estimated a factor of 2 to 3 lower than the measured
values. The OM and sea salt showed a better agreement with
the measurements. It is to be noted that measurements of
aerosol surface mass concentration on board Sagar Kanya
were taken at ambient relative humidity. The correction for the
RH factor to the measurements were applied taking into
account scaling factors variation with relative humidity as
given byRamachandran and Jayaraman [2002, Table 3]. This
was done to scale the measurements taken at ambient RH to
0%RH. The scaling factor estimates did not take explicitly the
RH growth effects due to individual aerosol component such
as sulfate, organic matter. The scaling factors were derived for
aerosol size distributions made of water soluble aerosols (Hess
et al., 1998) and sea salt (accumulation) and sea salt (coarse)
modes. Another factor leading to large discrepancy could be
due to the differences in the mode radius of individual aerosol
component used in determining the scaling factors [Hess et al.,
1998] and the values used in LMD-GCM. We also compare
the modeled aerosol optical depth and Sagar Kanya measure-
ments which is discussed later in the text.
[12] On evaluating the species composition from model

estimates for the days of the ship cruise expedition of Sagar
Kanya, it is found that sulfate and organic matter contribute
mainly to the species composition on days from 20 January
(DOY 20) to 30 January (DOY 30) when the ship traverses
over coastal India and Arabian Sea and starts to traverse
toward the tropical Indian Ocean indicating the transport
mainly from the Indian region, based on emission compo-
sition analysis presented in Figure 2. Sea salt and sulfate
contribute mainly to the species composition from 1 February
(DOY 32) to 23 February (DOY 54) when the ship traverses
over tropical Indian Ocean, indicating transport mainly from
oceanic regions. Contribution from organic matter, sulfate
and dust to the total aerosol species composition starts to peak
up from 24 February (DOY 55) as the ship traverses near to
the Arabian Sea region so that on 25 February (DOY 56), dust
along with sulfate and organic matter contribute mainly to
species composition, indicating transport from both Indian
regions and Africa-west Asia, while that from 26 February
(DOY 57) to 28 February (DOY 59), sulfate channel
declines, and it is dust followed by organic matter which

mainly contributes to the species composition, indicating
transport mainly from Africa-west Asia. This is also
supported by back trajectory analysis shown in Table 1 and
is consistent with Ramachandran and Jayaraman [2002,
Figure 11a]. From 1 March (DOY 60), organic matter
channel declines and sulfate starts to peak up from 2 March
(DOY 61) so that aerosol species composition is mainly
contributed from both dust and sulfate species, indicating
transport mainly from northwest part of India. This is also
supported by back trajectory analysis shown in Table 1 and is
consistent with Ramachandran and Jayaraman [2002,
Figure 11b]. From 3 March (DOY 62) to 7 March (DOY 66)
dust channel declines and now the aerosol species compo-
sition is composed mainly of sulfate species, indicating
transport from Indian region. From 8 March (DOY 67) to
11 March (DOY 70), both dust and organic matter again
starts to peak up with species composition composed of
contributions from both sulfate and dust species mainly on
8 March (DOY 67), while sulfate, dust, and organic matter
on 10 March (DOY 69) and 11 March (DOY 70), indicating
transport from both Africa-west Asia and Indian region.
[13] Figure 6a shows the aerosol optical depth (AOD)

measured on board Sagar Kanya at 500 nm and from model
estimates (Figure 6b) at 550 nm sampled for the days of the
ship cruise expedition of Sagar Kanya. The model estimates
for AOD agrees relatively well with the Sagar Kanya
measurements on almost all days except on few days
(DOY 24, 60, 65, 66, 67) when the model estimates are
underestimated by a factor of 1.5 to 2. This factor of model
underestimation falls within the range of 2 to 3 as reported
by Reddy et al. [2004] on evaluation of model estimates
from measurements made from other platforms during
INDOEX. The reasons for underestimation of model was
attributed to a spurious overestimation of precipitation rate
in the model over the Arabian Sea and tropical Indian ocean
and inaccuracies in the wind fields of ECMWF which are
used to nudge the model, but there is likely to be as well an
underestimation of some of the aerosol sources in the model
[Reddy et al., 2004]. Though model estimates are under-
estimated, it is a valuable tool to understand the chemical
species composition and the source region evaluation to the
aerosol measurements of the Sagar Kanya. This is because
the pattern of emissions consisting of the regional emission
composition of aerosol species as shown in Figure 2 are
expected to be correct.
[14] In general, AOD species composition as estimated from

model is mainly contributed by sulfate and organic matter
on all days except on 10 and 11 March (DOY 69 and 70)
when dust also contributes almost equally to that of sulfate
and organic matter indicating elevated transport of dust
species on these days. A high AOD is estimated when the
ship traverses over coastal India followed by that over
Arabian Sea and a low value over tropical Indian Ocean.
Over CI and AS, species contribution to AOD comprises
mainly sulfate species followed by organic matter and black
carbon while over TIO, composition mainly comprises
contributions from sea salt and sulfate species. This is
consistent with measurements from Sagar Kanya which
showed the presence of more absorbing aerosols over CI
and AS as compared to that at TIOwith mean values of single
scattering albedo of 0.88 (CI), 0.93 (AS), and 0.99 (TIO)
[Ramachandran and Jayaraman, 2002]. Low values of

D11210 VERMA ET AL.: SOURCE EVALUATION OF AEROSOLS

8 of 14

D11210



single scattering albedo over CI and AS are due to the
presence of soot particles emanating from fossil fuel and
biomass burning and transported from the continent.
[15] Different features of AOD and that of surface mass

concentration are also estimated on some of the days (DOY
20, 59, 69, 70). A high AOD is estimated on 20 January

(DOY 20) as compared to that of 22 and 23 January (DOY 22
and 23) though the surface mass concentration showed low
value on 20 January (DOY 20) as compared to that on 22 and
23 January (DOY 22 and 23) inferring elevated transport of
aerosol species on 20 January (DOY 20). Peaked surface
mass concentration on 28 February (DOY 59) is due to an

Figure 6. (a) Time series for the aerosol optical depth measured at 500 nm on board Sagar Kanya
during the INDOEX IFP and (b) species contributions to aerosol optical depth at 550 nm from model
estimates for the days of the ship cruise expedition of Sagar Kanya during INDOEX-IFP. DOY
represents days of the year from 20 January to 11 March 1999. Traverse of the ship over the oceanic
regions are represented by CI (coastal India), AS (Arabian Sea), and TIO (tropical Indian Ocean).
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episodic transport of dust species while AOD shows maxi-
mum contributions from organic matter and sulfate species.
On 10 March (DOY 69) and 11 March (DOY 70), AOD
(largely contributed from dust species) shows a decline
though the surface mass concentration (largely contributed
from sulfate and organic matter) have high values as
compared to previous days indicating the elevated transport
of species with low extinction efficiency such as dust species.
[16] Overall, the estimates sampled for the times and

locations of Sagar Kanya cruise (Figures 5 and 6) captures
the latitudinal gradient as reported in INDOEX studies
[Rhoads et al., 1997; Gupta et al., 1999; Moorthy et al.,
2001] showing the presence of high aerosol surface mass
concentration and optical depth when the ship cruises over
coastal India and the Arabian Sea as compared to that over
the tropical Indian Ocean. Aerosol species is mainly
composed of sulfate and organic matter during the early
part of its cruise when the ship was mainly influenced by air
masses from the Indo-Gangetic plain, central India or south
India whereas dust species dominated during its cruise in
late February and early March over the Arabian Sea when
the ship was influenced by air masses from Africa-west
Asia or northwest India. However, a typical clean marine
aerosol dominated by sea salt was encountered during
February when the ship cruised in the tropical Indian Ocean
and was mostly influenced by marine air masses. This
corroborates the measurements analysis which showed the
presence of heavy pollution including high sulfate, organic
matter, black carbon, and inorganic matter in the air masses
from Arabia and the Indian subcontinent in addition to the
episodic transport of dust from Arabia than that from marine
air masses [Reiner et al., 2001; de Gouw et al., 2001;

Gabriel et al., 2002; Mayol-Bracero et al., 2002; Leon et
al., 2001; Quinn et al., 2002; Ball et al., 2003].

3.3. Identification of Source Regions

[17] Identification of source regions, contributing to both
the aerosol surface mass concentration and optical depth, is
done through the aerosol transport experiments in the
LMD-ZT GCM with region-tagged emissions from the
eight source regions defined earlier. The definition of
the spatial extent of ROW, results in local sea salt and
long-range transported aerosols from regions outside the
defined source regions, i.e., northern Asia, north and south
America, and Australia, being included in this category.
These predictions are evaluated with back trajectory analysis
at corresponding ship positions for overlapping time periods,
specifically to understand differences in transport pathways
at different heights in the atmosphere.
[18] Figure 7 shows the relative contributions of the eight

source regions to the submicron aerosol mass concentration
averaged between 0 to 500 m heights, corresponding to the
surface concentrations measured aboard Sagar Kanya, as
well as to the AOD, from the aerosol column. The simula-
tion results were sampled at times and various locations
during the cruise. Figures 8a–8c and Figures 8d–8f
disaggregate the information of Figure 7 for the species
of BC, OM and, sulfate. This analysis is presented for the
period from 20 January (DOY 20) to 31 January (DOY 31),
and from 23 February (DOY 54) to 11 March (DOY 70).
From DOY 31 to 54, typical clean marine aerosol dominated
by sea salt was encountered. During this period a near
uniform aerosol composition, when the ship was in the
tropical Indian Ocean, which consisted mostly of sea salt
from the local ocean regions and some sulfate (as seen from

Figure 7. Estimates of aerosol transport from classified source regions from region-tagged simulations
for (a) aerosol surface mass concentration and (b) aerosol optical depth averaged for the days of the ship
cruise expedition of Sagar Kanya during INDOEX-IFP. DOY represents days of the year from 20 January
to 11 March 1999.
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the Figure 5b) transported from the rest of the world
(ROW). Also, regional contributions to dust are not shown
in Figure 8, as it was mainly contributed from Africa-west
Asia (AFWA) with small contributions on some specific
days from northwest India (NWI) as discussed later in the
text.
[19] Distinct regional contributions to aerosols are seen

during the Sagar Kanya cruise (Figures 7 and 8). Aerosol
emissions from the Indian subcontinent were primarily
responsible for surface concentrations during the early part
of the cruise (DOY 20–25), when the ship was in the
coastal Indian region, and were composed largely of organic
matter, sulfate and some fly-ash (Figure 5b). About 50% of
the total surface-mass concentration on DOY 20 and 21 is
contributed from central India in corroboration with our
back trajectory analysis (back trajectories show that air
masses spent a long time over central India on these two
days) whereas south India contributes almost 20 to 50% to
the total surface mass concentration from DOY 22 to 25,
with contribution from Indo-Gangetic plain confined

between 10 to 30% for the period. The low contribution
from the Indo-Gangetic plain as compared to central India
and south India may be due to an underestimation of
emission flux over the IGP. The 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 as discussed in section 3.2.
[20] Surface BC, OM and sulfate were largely from

central India during DOY 20–22 and south India during
DOY 22–26 (Figure 8). The contribution from Africa-west
Asia to the aerosol optical depth (Figure 7) peaks up for
23 January (DOY 23) in agreement with back trajectory
transport at higher heights from Africa-west Asia. AOD due
to OM and BC (Figure 8) showed a greater contribution
from Africa west Asia and implying long-range transport in
elevated atmospheric layers of these species into the
INDOEX domain. Back trajectories at 10 to 500 m (refer
to Table 1 and Figure 4) passed over the Indo-Gangetic

Figure 8. Estimates for aerosol transport from classified source regions from region-tagged simulations
for (a–c) aerosol surface mass concentration and (d–f) aerosol optical depth for the aerosol species of
BC, OM, and sulfate averaged for the days of the ship cruise expedition of Sagar Kanya during
INDOEX-IFP. DOY represents days of the year from 20 January to 11 March 1999.

D11210 VERMA ET AL.: SOURCE EVALUATION OF AEROSOLS

11 of 14

D11210



plain/central India/south India, while those at higher heights
of 1000 m (on DOY 22 to 25) and 5000 m (on DOY 21 to 22)
passed over Africa-west Asia/Indo-Gangetic plain/central
India/south India. The model predictions for source region
contributions for the aerosol surface mass concentration and
optical depth corroborates the back trajectory analysis.
[21] The contributions from rest of the world (ROW) to

the total and sulfate aerosol mass concentration start to
increase on DOY 25 as the ship crosses the Arabian Sea and
approaches the tropical Indian Ocean with contribution
from rest of the world rising to 50% for the sulfate
(Figure 8) species on DOY 30 and 90% on DOY 31. The
back trajectories stay over oceanic regions. The ship contin-
ues to traverse cross the TIO for the period from 29 January
(DOY 29) to 27 February (DOY 58). Regional contributions
are not shown for DOY 32–53 in Figures 7 and 8, as they
were largely from the rest of the world. As seen from
Figure 5b, for the period from 1 February (DOY 32) to
22 February (DOY 53), the aerosol mass concentration and
optical depth are mainly composed of sea salt, from local
marine aerosols, and sulfate originating from ROW, i.e.,
outside the seven other defined regions. Back trajectories at
all heights originated over the Indian Ocean regions. Hence
the region-tagged model estimates showing the large influ-
ence of transport from oceanic regions is consistent with the
back trajectory analysis.
[22] A strong regional signal from Africa-west Asia

and from central and northwest India dominated during
DOY 56–61 and 65–70 (Figure 7). Surface aerosol concen-
trations were dominated by dust and AOD by organic matter
and sulfate (Figures 5b and 6b). Surface concentrations of
BC, OM and sulfate showed strong signals of emissions
originating in central and northwest India (Figures 8a–8c),
consistent with surface flows from the Indian subcontinent.
AOD of BC and OM were dominated by emissions origi-
nating in Africa-west Asia, indicating elevated transport
channels from this region. This is consistent also with
Verma et al. [2006], who found plumes of organic matter
entering the Indian ocean domain (for example during 20–
26 March (DOY 79–85), animation 1, showing the evolu-
tion of OM concentrations in the work by Verma et al.
[2006]). On both 4 and 5 March (DOY 63 and 64) an
enhanced contribution from central India (45% on DOY 63
and 60% on DOY 64 as compared to 20% on DOY 62) is
estimated and both central India and northwest India con-
tribute to the extent of 60 to 70% to the total surface mass
concentration with their contributions to BC, OM, and
sulfate species as high as 80%. Peak in contributions from
northwest India to surface mass concentration and AOD due
to dust (figure not shown) are also estimated on 4 and
5 March (DOY 63 and 64), though the largest contributions
come from Africa-west Asia due to high emission flux of
dust over it. The fractional contribution of a source region
also depends upon the emission density over it as for, e.g.,
large contributions from Africa-west Asia for OM (DOY 24
to 28) as compared to central India or south India and for
dust (DOY 63, 64) as compared to northwest India is due to
comparatively high emission flux of both OM and dust over
Africa-west Asia. This distinct transport at surface and
higher layers is consistent with the observed large variability
in the mass ratios of chemical species from aircraft and ship
[Clarke et al., 2002] in the INDOEX measurements studies

and was attributed to different transport pathways in surface
and elevated flows.
[23] On DOY 68–70 surface mass concentration showed

an enhanced contribution from central India/northwest
India, while the aerosol optical depth showed contributions
from Africa-west Asia. Back trajectories on all these three
days at all heights passes through Africa-west Asia/north-
west India. On these days the ship was traversing near to
central India. Stronger offshore surface transport from
central India and weaker transport from Africa-west Asia,
but stronger elevated transport from Africa-west Asia could
explain this observation. It is to be noted that Ramachandran
and Jayaraman [2002] could make two sets of fit between
measured and calculated extinction coefficients over the
Arabian Sea corresponding to measurements made for days
on 28 February (DOY 59), 9 and 10 March (DOY 68 and 69)
1999 and those for 2March (DOY61) and 3March (DOY63)
1999, respectively, inferring that refractive indices for these
two periods can be different. The model predicted surface
mass concentration is largely contributed from dust species
transported from Africa-west Asia on 28 February (DOY 59)
(Figure 5b) as compared to other days (DOY 61, 63, 68, 69)
when the chemical composition to surface mass concentra-
tion is contributed almost equally from sulfate, dust, and
organic matter. The model indicates distinct chemical com-
positions for the two periods, which explains the reason for
the two fits which could be made with the measurements.
[24] Source regions in this study were chosen on the basis

of distinct emission flux composition and observed trajec-
tory pathways and are dissimilar in spatial extent and
emission flux strength. In general, inaccuracies in the wind
fields used both for back trajectory calculations and to
nudge GCM simulations, or in model processes, could more
strongly affect the estimated influence of source regions
with larger spatial extent or emission flux. In this study,
proximate source regions, IGP, CNI, NWI, SEA are of
similar spatial extent and emission flux, while SI is both
small in extent and has a lower flux. The distant source
regions EA, AFWA and ROW are similar in spatial extent
and emission flux, but are significantly larger than the
proximate regions. The ECMWF winds used in this model
are believed to have some inaccuracies associated with them
[Reddy et al., 2004]. Model underestimation of surface
aerosols and AOD at the Kaashidhoo Climate Observatory
about 700 km west and south of the Indian subcontinent,
especially in March 1999, was attributed in part to inaccu-
racies in wind fields leading to lower transport of super-
micron dust from Arabia into the INDOEX region. Other
potential inaccuracies in the wind fields are not well
understood. This could affect the estimated regional con-
tributions (Figure 7) with a potential underestimation of the
influence of SI and overestimation of the contribution of the
larger distant regions. The consistency of the estimated
regional influences with the prevailing overall flow patterns,
does not point to a significant discrepancy. However, a
sensitivity study of region size and emission flux strength to
estimated regional contributions would be needed to examine
this further. It is to be noted that the two techniques applied in
the present study for the source evaluation of aerosols use the
different meteorological inputs. We use back trajectory
calculations with HYSPLIT using velocity and temperature
fields from NCEP data archives (ftp://www.arl.noaa.gov/
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pub/archives/fnl) while the GCM is nudged with the
ECMWF wind fields. Intercomparison of two reanalyses
(NCEP (1948–1998) and ECMWF (1978–1994)) as pre-
sented by Kistler et al. [1998] indicated that the reanalyses
have generally similar degree of agreement. The present
analysis with the GCM estimates and back trajectory analysis
showed consistent features on source region contributions.
We used a combination of methods to verify the aerosol
composition contributed from different regions as estimated
from GCM (emission inventory information, back trajectory
analysis, region-tagged GCM estimates) which are discussed
in sections 3.2 and 3.3. Hence we do not see any obvious
reason for discrepancy in the present work using the two
techniques with different meteorological inputs [NCEP and
ECMWF] in source region analysis. However, it is required
to carry out a sensitivity study with the meteorological fields
other than ECMWF, for, e.g., from NCEP (National Center
for Environmental Protection) and NMWRF (National Cen-
ter for Medium Range Weather Forecasting) to examine the
aerosol transport in GCM. We also believe that the refine-
ment 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.

4. Conclusions

[25] A hybrid approach combining chemical transport and
back trajectory modeling was used to evaluate the source
regions influencing aerosols measured during the INDOEX-
IFP aboard Sagar Kanya. In the absence of simultaneous
aerosol chemical measurements for the ship cruise, these
were predicted in a GCM simulation, which showed that
sulfate and organic matter are major constituents when the
ship track is close to the continental regions and is influenced
by air masses from the Indian subcontinent (DOY 20 to 30),
along with domination of mineral dust (DOY 57–59), when
the ship track is influenced by air masses from Africa-west
Asia, while sulfate and sea salt are major constituents when
the ship track is remote from the continent (DOY 40 to 53).
Back trajectory analysis showed that the ship cruise measure-
ments were largely affected, at lower heights (surface to
500 m) by air mass flow from regions of India and at higher
heights (1000 to 5000 m), by flow from Africa-west Asia
traversing northwest India or the Indo-Gangetic plain. The
distinct transport at surface and higher layers are estimated
from region-tagged GCM simulations for, e.g., DOY 56–61
and 65–70, showing strong signals of emissions of black
carbon, organic matter, and sulfate originating in central and
northwest India, whereas elevated transport channels of black
carbon and organic matter from Africa-west Asia. This is
consistent with the back trajectory analysis and in corrobo-
ration with INDOEX measurement studies which observed
different aerosol properties from aircraft and ship attributed
to different transport pathways in surface and elevated flows.
However, there is a discrepancy between the predicted
regional influence from the two approaches on surface
concentrations during 9 to 11 March (DOY 68 to 70),
potentially because of surface transport from multiple
regions, including long-range transport (Africa-west Asia)
along with offshore winds (central India or northwest India)

bringing aerosols to the receptor location. The fractional
contribution of a source region also depends upon the
emission density over it as for, e.g., large contributions from
Africa-west Asia for OM (DOY 24 to 28) as compared to
central India or south India and for dust (DOY 63, 64) as
compared to northwest India is due to comparatively high
emission flux of both OM and dust over Africa-west Asia.
[26] Model underprediction is likely both from inaccura-

cies in ECMWF surface wind fields, which do not transport
sufficient surface aerosols from the Indian subcontinent
over the ocean and in the emissions input to the model.
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.
Source regions in this study were chosen on the basis of
distinct emission flux composition and observed trajectory
pathways and are dissimilar in spatial extent and emission
flux strength. This could affect the estimated regional
contributions, with a potential underestimation of the con-
tribution from south India and overestimation of the con-
tribution of the larger, more distant regions. The consistency
of the estimated regional influences with the prevailing
overall flow patterns, does not point to a significant dis-
crepancy. However, a sensitivity study of region size and
emission flux strength to estimated regional contributions
would be needed to examine this further.
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