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Abstract

An interactive sulphate aerosol chemistry module has been incorporated in the Labo-
ratoire de Météorologie Dynamique General Circulation Model (LMD-GCM) to simulate
the sulphur chemistry during the Indian Ocean Experiment (INDOEX) Intensive Field
Phase-1999 (INDOEX-IFP). The originality of this module is its ability to predict particle5

mass and number concentration for the Aitken and accumulation modes. The model
qualitatively reproduces the spatial patterns of observations on sulphate aerosol during
INDOEX. On the basis of size distribution retrieved from the observations made along
the cruise route during 1998 and 1999, the model successfully simulates the order of
magnitude and the general north-south gradient in aerosol number concentration. The10

result shows the southward migration of minimum concentrations, which follows ITCZ
(Inter Tropical Convergence Zone) migration. Sulphate surface concentration during
INDOEX-IFP at Kaashidhoo (73.46◦ E, 4.96◦ N) gives an agreement within a factor of
2 to 3. Predicted sulphate aerosol optical depth (AOD) matches reasonably with mea-
sured values, indicating the capability of this model to predict the vertically integrated15

column sulphate burden. The Indian contribution to estimated sulphate burden over
India is more than 60% with values upto 40% over the Arabian Sea.

1. Introduction

The aerosol effects on climate can be large and complex due to the fact that aerosols
chemical composition, abundance and size distribution are highly variable, both spa-20

tially and temporally. Most of the earliest investigations on direct aerosol forcing have
focused on sulphate aerosols because of their importance as an anthropogenic aerosol
component (Charlson et al., 1992; Kiehl and Briegleb, 1993). Sulphate aerosols are
capable of modifying the climate not only by scattering incoming sunlight back to space
(direct effect) but also by altering the properties of clouds (indirect effect). In order to25

further understand sulphate aerosol-climate interactions, the present study is carried
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out with the Laboratoire de Météorologie Dynamique global model to produce the sim-
ulation of INDOEX-IFP. The sulphate aerosol/chemistry is interactively included in the
model. The three fundamental objectives of this study are

1. to develop a tool for simulating sulphate aerosol dynamics,

2. to compare and evaluate model-derived physical, optical, and radiative properties5

of sulphate aerosols with observations during INDOEX-IFP,

3. to examine sulphate aerosol transport and radiative forcing, and the contribution
of Indian emissions to the regional burden using the emission inventory developed
by Reddy and Venkataraman (2002a,b).

INDOEX was conducted during the winter monsoon season, when pristine air-mass10

from the southern hemisphere and not-so-clean air from the Indian subcontinent meet
over the tropical Indian Ocean and provide a natural laboratory for studying aerosol
influences. Primarily, its goal was to assess the natural and anthropogenic climate
forcing due to aerosols and to examine the underlying feedback mechanisms on scales
relevant to regional and global climate. Ramanathan et al. (2001) have presented the15

INDOEX results for the oceanic regions adjacent to the Indian subcontinent, which
reveal the presence of a dense anthropogenic aerosol layer over China, South and
Southeast Asia. While INDOEX suggests south/southeast Asia as the regions of major
sources of aerosols for the Indian Ocean, the controversy still persists regarding the
formation, movement, persistence and effects of this regional haze on the regional and20

global climate (the South Asian Atmospheric Brown Cloud) (UNEP and C4, 2002). In
order to address such high priority issues of concern to climate change, this study, in
logical continuation of earlier studies (Krishnamurthy et al., 1998; Rajeev et al., 2000;
Satheesh and Ramanathan, 2000; Verver et al., 2001; Rasch et al., 2001; Ramanathan
et al., 2001), deals with the INDOEX region. An attempt has been made here to repro-25

duce the observed variations in the sulphate aerosol mass and number concentration
during the Indian Ocean Experiment from January to March 1999. The unique aspects
of this study are the following:
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(i) In most of the global sulphur models only sulphate mass is estimated as a prognostic
variable. The number concentration is inferred assuming a constant size distribution.
In contrast, in our implementation the sulphate number concentration is also treated as
a prognostic variable. The knowledge of the sulphate aerosol number concentration
is important to understand the indirect radiative forcing of the aerosols and to refine5

estimates of the direct radiative forcing.
(ii) A comprehensive scheme, where the concentrations of radicals like OH, HO2 and
gases like O3, H2O2, NH3 and NOx are computed within the GCM, is introduced in the
zoom version (LMDZ) of LMD-GCM.

2. Model description10

2.1. The atmospheric global model

The LMDZ is a development of previous LMD model described by Sadourny and Laval
(1984), which was utilised along with other global models of major meteorological cen-
tres, to achieve the AMIP I objective of atmospheric model intercomparison (Boer,
1992; Cess et al., 1989) and also to carry out long-term simulations for certain cli-15

mate and aerosol studies (Le Treut et al., 1994; Boucher and Lohmann, 1995; Sharma
et al., 1998; Boucher et al., 1998, 2002, etc.). The LMDZ has the capability to zoom
with a finer resolution over a specific region of interest over the globe and relatively a
coarser resolution over rest of the globe, which gives a unique opportunity to study the
regional aspects of aerosols. The model solves the primitive equations of meteorology20

and mass continuity for fifteen tracers viz., dimethylsulphide (DMS), hydrogensulphide
(H2S), dimethylsulphoxide (DMSO), methanesulphonic acid (MSA), sulphur dioxide
(SO2), nitrogen oxides (NOx), carbon monoxide (CO), ozone (O3), hydrogen perox-
ide (H2O2), sulphate aerosol mass and number for Aitken and accumulation modes,
water vapour, and liquid water. The discrete analogues of the dynamical equations are25

obtained using finite difference formulations on Arakawa-C grid and the physical pack-
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age of the model includes a set of parameterisations for convection, radiative transfer,
planetary boundary layer (PBL), gravity wave drag and ground hydrology with no veg-
etation. For a complete description of the atmospheric model dynamics and physical
parameterisation of physical processes one may refer to Sadourny and Laval (1984),
Le Treut et al. (1994) and Hourdin and Armengaud (1999). The climatology of this5

model has been presented by Li (1999) and Lott (1999). An important addition to
LMDZ in the version used here is the inclusion of a prognostic sulphur-cycle scheme.
Except for some parameterisations, it should be noted that the chemistry module has
been developed independently from that of Boucher et al. (2002) and Hauglustaine
et al. (2004).10

2.2. Chemistry and aerosol modules

2.2.1. Gas phase chemistry

The chemistry module includes natural and anthropogenic emissions, treatment of sul-
phur and nitrogen sources, their chemical transformations and deposition processes.
The basic chemistry module consists of 21 most important reactions in the gas-phase15

comprising the photolytic dissociations of O3, formaldehyde (HCHO), H2O2, NOx and
DMS. The gas phase reactions and reaction rates are those described in Chen and
Crutzen (1994) and Lawrence et al. (1999). The parameterisation of DMS oxidation
has been constructed assuming that DMS reacts only with OH, ignoring its reaction
with NO3 and other species. DMS is oxidised by OH radical producing SO2 and DMSO,20

which is further oxidised to produce SO2 and MSA. The reactions and reaction rates for
DMS are prescribed from Atkinson et al. (1989) and Chatfield and Crutzen (1990). The
gas phase reactions with corresponding rates are presented in Table 1. It calculates the
concentration of hydroxyl radicals (OH, HO2) – which act as important oxidising agents
to convert sulphur dioxide to sulphuric acid in vapour form by series of chain reactions25

initiated by them. It is worthwhile to mention here that along with OH and HO2, the
model also predict H2O2 and O3 concentrations which have a role in aqueous-phase
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SO2 oxidation.

2.2.2. Aqueous phase chemistry

The gas phase concentrations of SO2, H2O2 and O3 are estimated in the cloud phase
assuming Henry’s law and used to calculate the amount of sulphate formed in the
cloudy regions. While the sulphuric acid produced by gas phase oxidation is split into5

two parts: one going into Aitken and the other one condensing onto the existing parti-
cles (accumulation mode) as described in Sect. 2.2.3, the sulphate produced by aque-
ous phase oxidation remains dissolved in cloud droplets. However, when the clouds
disappear, the sulphate in the dissolved state is added to the accumulation mode mass.
Therefore all new sulphate mass produced by aqueous production is added to the ac-10

cumulation mode but the number of accumulation mode particles remains unchanged
(Fig. 1). The model represents a simplified version of the aqueous model of Walcek and
Taylor (1986) and is similar to an earlier equilibrium model of Ohta et al. (1981). The
equations for chemical equilibrium of the SO2-NH3-CO2-HNO3-H2O system are those
from Chen and Crutzen (1994). The rates for aqueous phase reactions are given in15

Table 2. For the solution of chemical reactions (Tables 1 and 2), the model uses a
numerical method (Hesstvedt et al., 1978) giving the forward time concentration as

C(t + ∆t) =
P
L

+
[
C(t) − P

L

]
exp(−L∆t) (1)

C(t) denotes the concentration of species at time t. P is the production term (molec
cm−3 s−1) and L denotes the loss rate (s−1) of the chemical species. Note that a20

set of very stiff equations can be efficiently handled by the expression (Eq. 1). In the
present model the gas phase reactions are evaluated for 30 min time step with the
above-mentioned scheme. Because the reaction rates of aqueous O3 with SO2 are pH
dependent, the 30 min time step is split into 15 time steps of 2 min each, for which the
oxidation reaction rates and the cloud pH are computed (Boucher et al., 2002; Snider25

and Vali, 1994; Hegg and Hobbs, 1981).
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2.2.3. Aerosol module

The aerosol module of this model, based on the particle transport model of Binkowski
and Shankar (1995), is also a part of Model-3 of U.S. Environment Protection Agency
(EPA). The present approach utilises sulphuric acid produced in the gas phase as an
input to the aerosol module which calculates aerosol mass and number density. In5

the aerosol model, the size distribution of sub-micron particles is represented by two
overlapping lognormal distributions (Eq. 2). The two modes correspond to the particles
with diameter less than 2.5µm (PM2.5) and are called the nucleation (Aitken) and
accumulation modes. The Aitken mode includes particles up to 0.1µm diameter while
the accumulation mode covers the range from 0.1 to 2.5µm.10

n(lnD) =
N

√
2π lnσg

exp

−0.5

 ln D
Dg

lnσg

2
 (2)

where D is the particle diameter, Dg and σg are the geometric mean diameter and
geometric standard deviation, respectively. The values of σg are fixed at 1.6 (Aitken
mode) and 2.0 (accumulation mode). The module includes growth due to the addition
of new mass, as well as the formation of new particles (Harrington and Kreidenweis,15

1998a,b; Kulmala et al., 1998) from gas phase reactions (nucleation). Coagulation rate
for the Aitken and accumulation mode is calculated using Gauss-Hermite numerical
quadrature. Both intramodal and intermodal coagulations are considered for particle
growth. For each mode, three integral properties are calculated viz., the total particle
number concentration, the total surface area concentration and the total mass concen-20

tration. A detailed description of this aerosol module may be found in Binkowski and
Roselle (2003). To compare the model results in terms of number and mass within the
size intervals bounding the two modes, it is necessary to treat both number and mass
for each mode separately as prognostic variables in the model. This model therefore
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treats aerosol mass and number in Aitken mode, and aerosol mass and number in
accumulation mode as individual tracers.

2.3. Dry and wet deposition

Dry deposition is parameterised through deposition velocities, which are prescribed for
each chemical species and surface types. The model uses a simple parameterisation5

scheme, which assumes that the rate of deposition at the surface is directly proportional
to the mixing ratio (i.e., concentration) of the respective species in the lowest model
layer. The flux to the surface fd (kg m−2 s−1) is expressed as:

fd = ρair µs vd (3)

where, ρair is the density of air (kg m−3), µs is the mixing ratio of species (kg per kg10

of air) and vd is the dry deposition velocity (m s−1) which was prescribed depending
upon the chemical constituents and the underlying surface (Table 3). The wet removal
scheme considers two processes, in-cloud and below-cloud scavenging. Rainfall is
computed at every time step in the GCM. Removal of gases and aerosols by rain was
parameterised using the model generated precipitation formation rate following Giorgi15

and Chameides (1986). The scavenging rate, Sin (s−1) is given by:

Sin = φ fc Faq (4)

where, φ is the rate of conversion of cloud water to rainwater (kg kg−1s−1), fc is the
cloud volume fraction, and Faq is the fraction of the chemical species that is in the
aqueous phase (Table 4). The parameter Faq was obtained assuming Henry’s law of20

equilibrium for gases and for SO2 subsequent dissociation in HSO−
3 and SO2−

3 . It is set
to 0.7 and 0.5 for sulphate mass concentrations for accumulation and Aitken modes,
respectively. This reflects the fact that a fraction of sulphate aerosols can be interstitial
in clouds as shown by number of measurements (Boucher and Lohmann, 1995). In
view of measurements given in Pruppacher and Klett (1997), Faq is taken to be smaller25
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for sulphate number concentration at 0.5 and 0.3 for accumulation and Aitken modes,
respectively. The parameter φ at model level k was computed from the precipitation
flux (Pr , stratiform or convective, in kg m−2 s−1) and a prescribed liquid water content
(ql=0.5 and 1.0 g kg−1 for stratiform and convective clouds, respectively)

φk =
Pr,k − Pr,k+1

ρair,k zk ql
(5)

5

where ρair is the air density (kg m−3), zk is the thickness of layer k. It was not distin-
guished between liquid and ice precipitation as far as in-cloud scavenging is concerned.
Below-cloud scavenging is considered for aerosols only. Integrating over the population
of raindrops for the volume space that is swept by a raindrop during its fallout, gives
the expression for the scavenging rate, Sbc (s−1)10

Sbc =
3 Pr η

4Rr ρwater
(6)

where Rr is an average raindrop radius (set to 1 mm), ρwater is the density of water and
η is the efficiency with which aerosols are collected by raindrops. Based on measure-
ment compiled by Pruppacher and Klett (1997), values of parameter η for raindrops
and snowflakes were selected as 0.001 and 0.01, respectively. Three dimensional15

precipitation fluxes are computed in the GCM, obviating the need to assume vertical
profiles of precipitation. Scavenged gases and aerosols are released back to the envi-
ronment upon evaporation of raindrops. The release of a gas at a level k is equal to its
amount scavenged at higher levels, multiplied by the fraction of precipitation, which is
evaporated. For the release of aerosols, a factor of 0.5 was applied to account for the20

fact that raindrop can shrink without evaporating totally. In the event of total evaporation
of the precipitation flux, whole of the aerosols are released to the atmosphere as well.
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2.4. Convective transport

The mass fluxes, simulated by the Tiedtke (1989) scheme, are used to parameterise
convective transport of gases and aerosols. Vertical transport of trace species is in-
corporated in updrafts and downdrafts, accounting for entrainment and detrainment.
Convective transport is performed after the wet scavenging calculation, in order to5

avoid upward transport of material that is scavenged by precipitation. Convective trans-
port is applied in a bulk manner without distinguishing between the interstitial and the
dissolved fraction of trace gases and aerosols. Moreover, a fraction (Cv ) of aerosol
mass and number, as well as soluble gases, which are detrained to the environment is
scavenged (Table 4). This additional term accounts for the processing of air from the10

environment in convective updrafts (Crutzen and Lawrence, 2000; Reddy et al., 2004).
Note that Cv is taken larger for the accumulation mode as compared to the Aitken
mode, and larger for aerosol number as compared to aerosol mass concentration.

2.5. Aerosol optical and radiative properties

Mie theory is employed to compute the optical properties with prescribed size distribu-15

tion and refractive indices. Optical properties are computed over the entire shortwave
spectrum (0.25–4.0µm) at 24 wavelengths and grouped into the two model wavebands
as weighted averages with a typical spectral distribution of the incoming solar radiation
flux at the surface. Depending upon their chemical nature aerosol take up water and
grow in size with relative humidity (RH). Thus RH affects both the particle size and20

density of sulphate aerosols. In the radiative code of LMDZ, the shortwave spectrum
is divided into two intervals: 0.25–0.68 and 0.68–4.0µm. The model accounts for
the diurnal cycle of solar radiation and allows fractional cloudiness to form in a grid
box. The shortwave radiative fluxes at the top of atmosphere (TOA) and at the surface
are computed every two hours with or without the presence of clouds and aerosols.25

The clear-sky and all-sky radiative forcing can then be estimated as the differences in
shortwave radiative fluxes with and without aerosols. The cloud droplet number con-
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centration (Nd ) is determined using the relation of Jones et al. (1994)

Nd = max{3.75 × 108(1 − exp[−2.5 × 10−9A]), Nmin} (7)

where A is the sulphate number concentration in the accumulation mode and Nmin has
been set to a value 5×106 m−3. The droplet number Nd obtained from Eq. (7) is then
used for calculating the effective cloud drop radius (re) in the model, which is further5

used to calculate the cloud optical thickness (τ) and cloud emissivity (ε) as

τ =
3W

2ρwater re
, ε = 1 − e−κW (8)

The effective radius of cloud drop radius (re) is calculated from the radii of warm clouds
and ice clouds. The absorption coefficient (κ) is set equal to 0.13 (m2 g−1) for all cloud
types. W represent the cloud liquid path in Eq. (8). However, we do not show any result10

on the sulphate indirect effect in this study.

2.6. Emissions

Three SO2 scenarios, which differ over India only, are used in the present study,
i) SCN-GEIA : emissions given for India in the Global Emission Inventory Activity (GEIA)
inventory,15

ii) SCN-RV : emissions of Reddy and Venkataraman (2002a,b) inventory (RV) for India,
iii) SCN-zero : emission from all over the world except India (i.e. emissions over India
are set to zero). The global sulphur emissions in GEIA database include emissions
from fossil fuels combustion and industrial processes. The biomass burning sulphur
emissions are from Pham et al. (1995). A fixed 5% of sulphur from combustion sources20

is assumed to be emitted directly as sulphate mass in accumulation mode. The num-
ber concentration in the accumulation mode is not affected by these 5% emissions.
The annual anthropogenic SO2 emissions (man-made) from fossil fuel combustion and
industrial activities are 66.31 Tg S yr−1globally with a contribution from India of 1.44 Tg
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S yr−1 which increases to 2.38 Tg S yr−1 if RV inventory is used (Table 5). For biomass
burning, the emission inventory for India is constructed using a spatially resolved data
sets, which results in 0.33 Tg S yr−1 as projection of SO2 emission for the INDOEX
period (1998–1999).

3. Results5

3.1. Numerical simulations

The model simulations have been performed using 72 parallels between North and
South Poles with 96 points on each parallel. There are 19 vertical levels and a basic
time step of half an hour is used for the model physics and chemistry. For this study,
the LMDZ was run in zoomed mode over the INDOEX study domain (25◦ S–35◦ N,10

50–100◦ E) with a uniform resolution of 1.25◦ in longitude and 1.25◦ in latitude at best
around the zoom centre (60◦ E, 0◦). The model initial state is prepared from 20 Decem-
ber 1998 ECMWF analysis and appropriate boundary conditions are set up, which are
also specified from the ECMWF analyses of the IFP duration.

3.2. Model evaluation15

3.2.1. The Kaashidhoo Climate Observatory

The simulated sulphate concentrations at the surface are compared with measured
concentrations during INDOEX-IFP (February–March 1999) at Kaashidhoo Climate
Observatory (KCO), Maldives in the Indian Ocean. KCO was established as a part
of INDOEX in the island of Kaashidhoo (4.965◦ N, 73.466◦ E) about 500 km southwest20

of the southern tip of India, where the aerosol chemical, radiative, and microphysical
properties were continuously measured since February 1998. The observatory serves
as a key platform in the Arabian Sea. The aerosol characteristics observed at this loca-
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tion, from December to March, include both aerosols transported from the continents
to the ocean and naturally produced at the ocean surface. The concentrations and
properties of aerosols depend on the prevailing meteorological conditions. During the
winter monsoon, the air mass over KCO mostly (about 90% of the time) originates from
India and South Asia (Krishnamurthy et al., 1998).5

3.2.2. Sulphate mass concentration and AOD at KCO

Here we compare the simulated sulphate concentration with corresponding measured
concentration at KCO during INDOEX-IFP (Fig. 2). The emission inventory developed
by Reddy and Venkataraman (RV) gives a better estimate of measured concentrations.
Modelled surface sulphate concentrations agree with the measured values within a fac-10

tor of 1–2. However, model simulation shows an increase in concentration in the month
of February with RV inventory. This result is in general agreement with the meteorolog-
ical conditions at KCO as most of the air mass during February originated from India
in contrast to March when the air mass originated from East Asia (Verver et al., 2001)
flows towards it. In contrast to surface concentrations, aerosol optical depth (AOD) is15

a measure of the aerosol entire column. The measured AOD from all aerosol species
averaged over IFP at KCO was 0.37±0.11. Model simulated sulphate AOD at KCO
ranged from 0.05 to 0.11 during the IFP period. The KCO aerosol measurements re-
veal that sulphate is responsible for 29% (Satheesh and Ramanathan, 2000; Satheesh
et al., 1999) of the observed aerosol optical depth. Taking this fact into account, the20

model simulates the observed sulphate aerosol optical depth at KCO (Fig. 3) reason-
ably well.

3.2.3. Sulphate number concentration

Figure 4 illustrates the modelled and observed nucleation and total number concentra-
tions along the cruise routes of the First Field Phase (FFP-98) and IFP-99. Kamra et al.25

(2003) observations show that more than 70% of the submicron aerosols advecting off

407

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/395/acpd-5-395_p.pdf
http://www.atmos-chem-phys.org/acpd/5/395/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 395–436, 2005

Tropospheric
distribution of

sulphate aerosol

S. Verma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

the continent consists of sulphate aerosols and for this reason we report 70% of their
concentrations for the sake of comparing with the sulphate only modelled concentra-
tions. The model is not expected to reproduce the variability in concentrations since the
model meteorology is different from the actual one. However the model simulates the
order of magnitude and the general north-south gradient in aerosol number concen-5

trations. The fraction of total aerosols in the Aitken mode is quite different in 1999 as
compared to 1998 and Kamra et al. (2003) do not have a clear explanation for this. The
model simulates a fraction which is much more consistent than the values observed in
1998 as compared to 1999. The sources of uncertainty in simulating aerosol number
concentrations are also reported in the literature, in particular, by Wilson et al. (2001)10

in a global model and Ackermann et al. (1998) in a mesoscale model using a similar
approach and are worthy of further study.

3.3. Latitudinal variations

The latitudinal variation of sulphate number concentration and AOD in the Arabian Sea
and Bay of Bengal for each month is discussed in this section. The latitudinal variations15

are obtained by separately averaging the variable values in the longitude ranges 60–
80◦ E (Arabian Sea – Indian Ocean sector) and 80–100◦ E (Bay of Bengal – Indian
Ocean sector).

3.3.1. Sulphate aerosol number concentration

Figure 5 represents latitudinal variations of sulphate aerosol number distributions20

during IFP 1999 over the Arabian Sea and Bay of Bengal sectors. One of the important
feature captured by the model is that much lower concentrations are observed south
of the Intertropical Convergence Zone (ITCZ). Latitudinal variations in the Arabian Sea
sector of Aitken mode concentration (Fig. 5a) show a peak around 10–15◦ N region
with a value of 8×103 particles cm−3 while in the Bay of Bengal sector the peak occurs25

around 25–30◦ N region with a maximum of 6.5×103 particles cm−3, which decreases
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to the order of about 3×103 particles cm−3 upon reaching 5◦S. This result is consistent
with the finding of Lelieveld et al. (2001) who also report a drastic decrease in sulphate
aerosols on crossing the ITCZ from north to south. The latitudinal variations of the
accumulation mode concentration (Fig. 5b) show a larger magnitude over the Arabian
Sea sector than the Bay of Bengal sector with elevated values in the interval 10–25◦ N.5

This indicates a strong influence of continental aerosols in the marine boundary
layer over the Arabian Sea. The model predicts large aerosol concentrations ranging
between 102 and 103 particles cm−3 over the North Indian Ocean during IFP and the
contribution of Aitken mode concentration along north of ITCZ is significantly higher
than that of the accumulation mode. These results generally agree with those of10

Lelieveld et al. (2001) and Kamra et al. (2003) who showed that the large number
concentration during the IFP mostly consists of particles in the Aitken mode.

An observation on the number concentration and mass in the two modes is inter-
esting. It may be noted that the number concentration in the Aitken mode over the15

Arabian sea reaches a peak value of 8×103 particles cm−3 with the corresponding
mass of 0.6µg m−3. On the contrary the number concentration in the accumulation
mode reaches a maximum value of 1800 particles cm−3 and the corresponding mass
there is about 4.6µg m−3. This result is consistent with other studies, which have men-
tioned that most of the sulphate mass resides in the accumulation mode (Binkowski20

and Roselle, 2003).

3.3.2. Sulphate AOD

Figure 6 shows the latitudinal variations of aerosol optical depth during January, Febru-
ary and March 1999. The AOD is significantly larger in the Northern Hemisphere com-
pared to the Southern Hemisphere during all three months, with maximum AOD near25

the continents. The latitudinal variation of sulphate AOD over the Arabian Sea sector
(Fig. 6a) with Reddy and Venkataraman (RV) inventory shows a highest value (0.12) at
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around 25◦ N. A secondary peak is also observed at 10◦ N during the months of Febru-
ary and March. While in GEIA (Fig. 6c), latitudinal sulphate aerosol AOD is larger over
(10–15◦ N), minimum in ITCZ and noticeably rises over the southern Indian Ocean (0–
5◦ S) which then decreases linearly further southwards. The highest AOD is observed
in the month of February with a value of 0.08 close to Arabia and the west coast of5

India. The plume extends from 15◦ N to 5◦ S in the month of January and March with
highest values of 0.06 and 0.08, respectively. Over the Bay of Bengal sector (Fig. 6b)
AOD is generally comparable to that over the Arabian Sea with superior values during
January. For all three months, a plume lies in the region 20–25◦ N while another plume
is also visible at 0–5◦ S region. The general features revealed by Fig. 6 are as follows:10

(i) the results show a southward migration of the AOD minimum in consonance with
the migration of the ITCZ; (ii) there is a visible rise in sulphate AOD in the Arabian Sea
sector over 0–10◦ S region with the Indian inventory (RV) suggesting the role of Indian
emissions in these concentrations; (iii) the AOD in the Northern Hemisphere is larger
than that of Southern Hemisphere by about 30–50%. These patterns derived from15

model-simulated values are mostly confirmed by satellite observed patterns especially
the maxima over 10–25◦ N regions (Chowdhury et al., 2001; Quinn et al., 2002; Reddy
et al., 2004).

3.4. Regional distribution for INDOEX-IFP

The equatorial Indian Ocean region provides a unique opportunity to observe anthro-20

pogenic sulphate effects. From January to April, the predominant circulation in this
region consists of a low-level flow from the northeast (Krishnamurthy et al., 1998). This
NE monsoon (Asian winter monsoon) should facilitate the formation and transport of
new sulphate particles to oceanic regions far away from urban centres. The above
feature is very crucial as atmospheric circulation and aerosol lifetimes are the domi-25

nant factors controlling both spatial distribution and transport of aerosols that could be
evaluated through a chemistry-transport model.
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3.4.1. SO2 concentration

The model simulated spatial distribution of SO2 concentration over surface and column
burden are shown (Fig. 7) over the INDOEX domain averaged for January, February
and March 1999. The largest values at surface are found over southeastern China,
western and eastern parts of India (8–10µg m−3). Concentrations of SO2 over ocean5

are low indicating the short chemical lifetime.

3.4.2. Sulphate mass and number concentrations

The average surface concentrations (Fig. 8a) over SE China (>5µg SO2−
4 m−3) are

higher than over India (3–4µg SO2−
4 m−3) with elevated values 4–5µg m−3 over north-

east India. The plume extends over the Arabian Sea (2–3µg SO2−
4 m−3), the Bay of10

Bengal (1–3µg SO2−
4 m−3) and the Northern Indian Ocean (0.5–2µg SO2−

4 m−3) indi-
cating advection of sulphate from continents to ocean. The sulphate column burden
(Fig. 8b) show a high over south and east India (8–10 mg SO2−

4 m−2). The average
vertical profile of sulphate aerosol loading (Fig. 9) also looks reasonable with constant
concentration up to a level of about 900 hPa and then a substantial decrease by at15

least a factor of 2 at about 3 km (700 hPa). Notably, the observations reported by
Rasch et al. (2001) also support the simulated average sulphate concentration for the
entire INDOEX region during IFP and are consistent with earlier modelling studies. The
Aitken mode average concentration (4×103–6×103 particles cm−3) over India (Fig. 10)
is more as compared to the accumulation mode (1×103–2×103 particles cm−3) with a20

maximum over western India (3×103–4×103 particles cm−3) extending to the Arabian
Sea region. Since the precursor gases for the formation of these sub-micron parti-
cles comes mostly from the continents, the model reveals SE China and Indian region
as important contributors to anthropogenic sulphate aerosol production. The observed
decrease in the concentration of particles in the accumulation mode from north to south25

is due to the removal of these particles by dry and wet deposition (Kamra et al., 2003).
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Wind vectors at the surface (Fig. 11a) show strong outflows from north and east In-
dia into the Arabian Sea and Northern Indian Ocean. These strong flows explain the
plausible cause of advection of SO2 and sulphate from continents and contribute to
sulphate column burden over oceanic regions.

3.4.3. Sulphate AOD and its radiative properties5

In Fig. 12a, the geographical distribution of the sulphate aerosol optical depth during
the INDOEX period is presented. The largest values in AOD lie over SE China where
the anthropogenic source of sulphur is very intense. An area of large AOD (0.1–0.14)
and radiative forcing at top of atmosphere (−1.25 to −2.0 m−2) is observed (Fig. 12b)
from this region covering India; AOD over northern India (0.04–0.1) extends deep into10

the Arabian Sea and the Indian Ocean region (down to 10◦ S). Higher AOD values are
also noted over southeastern part of India with a maximum reaching 0.12. From coast
to the central Bay of Bengal lower values of AOD occur, where aerosol transport both
from India and South-East Asia, is insignificant and reflects the impact of anticyclonic
circulation near South India (Rajeev et al., 2000), which does not allow the offshore15

flow from eastern India to penetrate deep into the Bay of Bengal. Smaller magnitude
of radiative forcing (<0.75 W m−2) and AOD (<0.04) are present south to 5◦ S, near the
ITCZ (Quinn et al., 2002).

3.5. Indian source contribution to sulphate burden

The Indian emissions are carried deep down into the Arabian Sea sector and to the20

coastal Bay of Bengal region. Thus the air from India contributes more strongly to Ara-
bian Sea and to the near coastal region of Bay of Bengal. The large aerosol plume
off the southwest coast is particularly noticeable (Fig. 13). There is a visible Asian
plume entering at about 15–25◦ N, 90◦ E, contributing significantly to sulphate burden.
Atmospheric circulation and trajectory analysis for INDOEX region has shown large25

southwestward transport of air from peninsular India at lower tropospheric levels. As
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a consequence, large amount of sulphate off the west coast of India has been trans-
ported over to oceanic regions. Over the Bay of Bengal region there is considerable
transport of air from southeast Asia due to prevailing easterly and northeasterly winds
(Krishnamurthy et al., 1998; Rajeev et al., 2000; Rasch et al., 2001).

4. Conclusions5

In this study, a newly developed interactive sulphur chemistry (gas-phase and aque-
ous phase) with a comprehensive aerosol module is implemented in Laboratoire de
Météorologie Dynamique General Circulation model (LMD-GCM). The model simulates
the sulphate AOD, mass and number concentration to reasonably acceptable levels in
the entire INDOEX region for the IFP. At Kaashidhoo, the model simulated sulphate10

values agree with observations within a factor of 2–3. In general, the plume of sulphate
mass, number concentration and aerosol optical depth in the Northern Hemisphere is
larger than that of Southern Hemisphere by ∼30–50%, which follows the migration of
ITCZ with a minimum centred around this region.

In conclusion, Indian emissions however are not the sole cause for the high sulphate15

and AOD concentrations over the Indian Ocean. The Indian contribution is more than
60% over India and 30–50% over the Arabian Sea. Over the Bay of Bengal in addition
to Indian emissions, aerosols transported from the East Asia also contribute signifi-
cantly to sulphate burden. Transport of aerosol by northwesterly winds from Arabia
and northeasterly winds from the Indian subcontinent are the major sources of higher20

concentrations over the Arabian Sea; whereas over the Bay of Bengal, the transport is
mainly from Southeast Asia. It is finally remarked that the results reported have been
produced for single aerosol type (sulphate) and considers the contribution from total
emission (anthropogenic as well as natural).
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Table 1. Rate reactions for gas-phase chemistry.

S.No. Reaction Rate

1. O3 + hν →O(1D) + O2 J1 = 1.5×10−5

2. O(1D) + O2 (+M) → O3 (+M) k2 = 3.2×10−11exp(67/T)
3. O(1D) + H2O → 2 OH k3 = 2.2×10−10

4. CH4 + OH + O2 → CH3O2+ H2O k4 = 3.9×10−12exp(−1885/T)
5. CH3O2 + NO → CH3O + NO2 k5 = 4.2×10−12exp(180/T)
6. CH3O + O2 → CH2O + HO2 k6 = 7.2×10−14exp(−1080/T)

7a. CH2O + hν → CO + H2 k7a = 70% of k6
7b. CH2O + hν + 2O2 → CO + 2HO2 k7b = 30% of k6

8. CO + HO + O2 → CO2 + HO2 k8 = 1.5×10−13(1+0.6P)
9. HO2 + NO → OH + NO2 k9 = 3.7×10−12exp(240/T)

10. HO2 + O3 → OH + 2O2 k10 = 1.4×10−14exp(−600/T)
11. HO2 + HO2 → H2O2 + O2 k11 = 2.2×10−13exp(600/T)+1.9e−33exp(980/T) M
12. H2O2 + hν → 2HO J12 = 5×10−6

13. H2O2 + OH → HO2 + H2O k13 = 2.9×10−12exp(−160/T)
14. HO + SO2 → H2SO4 + HO2 k14 = 2.×10−12

15. OH + NO2 + M → HNO3+ M k15 = 6×10−11

16. NO + O3 → NO2 + O2 k16 = 1.8×10−12exp(−1370/T)
17. NO2 + hν → NO + O J17 = 7×10−3

18. DMS + OH → SO2 + 2HCHO k17 = 9.6×10−12exp(−234/T)
19. H2S + OH → SO2 + HO2 k18 = 1.9×10−13exp(500/T)
20. DMSO+OH → 0.6SO2+0.4MSA+1.5HCHO k19 = 5.8×10−11

21. DMS + OH → 0.6SO2+0.4DMSO+1.5HCHO k20 = 3.04×10−12exp(350/Tα (1+α)
where α = 1.15×10−31exp(7460/T)

J is given in s−1; k in cm3 molecule−1 s−1; P is pressure in atm; T is in K; M represents N2 or O2 or another third
molecule.
The reaction rates are from Chen and Crutzen (1994) and Lawrence et al. (1999) except reactions (18–21), which are
from Atkinson et al. (1989) and Chatfield and Crutzen (1990).
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Table 2. Rate reactions for aqueous-phase chemistry.

S.No. Reaction Rate

1. H2O ↔ H+ + OH− Kw = exp(−9.731−6710/T)
2. CO2(g) ↔ CO2.H2O H2 = exp(−11.50+2420/T)
3. CO2.H2O ↔ H+ + HCO−

3 K3 = exp(−18.98−1000/T)
4. HCO−

3 ↔ H+ + CO2−
3 K4 = exp(−17.86−1760/T)

5. SO2(g) ↔ SO2.H2O H5 = exp(−10.26+3120/T)
6. SO2.H2O ↔ H+ + HSO−

3 K6 = exp(−10.97+1960/T)
7. HSO−

3 ↔ H+ + SO2−
3 K7 = exp(−21.56+1500/T)

8. H2SO4(g) ↔ H2SO4.H2O H8 = exp(−25.73+17339/T)
9. H2SO4.H2O ↔ H+ + HSO−

4 K9 = 1000
10. HSO−

4 ↔ H+ + SO2−
4 K10 = exp(−13.71+2720/T)

11. HNO3(g) ↔ HNO3.H2O H11 = 2.1×105

12. HNO3.H2O ↔ H+ + HNO−
3 K12 = exp(−26.46+8700/T)

13. NH3(g) ↔ NH3.H2O H13 = exp(−7.086+3400/T)
14. NH3.H2O ↔ OH− + NH+

4 K14 = exp(−9.444−450/T)
15. O3(g) ↔ O3.H2O H15 = exp(−12.20+2300/T)
16. H2O2(g) ↔ H2O2.H2O H16 = exp(−10.99+6620/T)
17. S(IV) + O3 → S(VI) + O2 J17a= 2.4×104

J17b= exp(31.37−5530/T)
J17c= exp(38.84−5280/T)

18. S(IV) + H2O2 → S(VI)+ H2O J18 = exp(34.33−4751/T)

Kw is given in M2; H is in M atm−1; J17 is in M−1s−1; J18 is in M−2s−1 and T is in Kelvin. Reactions
rates are from Chen and Crutzen (1994). The rate expression and rate constants for S(IV) with
O3 and H2O2 (reactions 17 and 18) are given as: d[S(IV)]aq /dt=−{J17a[SO2.H2O] + J17b[HSO−

3 ]

+ J17c[SO2−
3 ]} [O3]aq;

d[S(IV)]aq /dt=−J18[H+][HSO−
3 ][H2O2]aq/(1+k[H+]), where k=13 M−1
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Table 3. Dry deposition velocities vd (cm s−1).

Surface DMS H2S DMSO MSA SO2 NOx CO O3 H2O2 Sulphate Mass Sulphate Number
Aitken Accum. Aitken Accum.

Ocean 0.0 0.0 1.0 0.05 0.7 0.001 0.0 0.0 0.01 0.05 0.05 0.05 0.05
Land 0.0 0.0 0.0 0.20 0.20 0.01 0.04 0.0 0.01 0.20 0.20 0.20 0.20
Ice 0.0 0.0 0.0 0.20 0.20 0.0 0.0 0.0 0.01 0.20 0.20 0.20 0.20
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Table 4. Wet deposition properties.

Parameter Cv Faq

DMS 0.2 Henry’s law
H2S 0.2 Henry’s law
DMSO 0.2 Henry’s law
MSA 0.5 0.7
SO2 0.2 Henry’s law
NOx 0.0 Henry’s law
CO 0.0 Henry’s law
O3 0.2 Henry’s law
H2O2 0.2 Henry’s law
Sulfate mass Aitken 0.3 0.5
Sulfate mass accum. 0.5 0.7
Sulfate number Aitken 0.2 0.3
Sulfate number accum. 0.4 0.5

Faq: fraction in aqueous phase;
Cv : fraction of detrained species which
is scavenged during convective transport;
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Table 5. Global annual sulphur emissions in the model (Tg S yr−1).

Source Global Indian Indian
Emission Emission Emission
(GEIA) (GEIA) (RV)

Biomass Burning 3.39 0.24 0.33
Fossil-Fuel 66.31 1.44 2.38
Total 70.30 1.68 2.71
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Fig. 1. The schematic representation of the sulphur module in the LMDZ.
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Fig. 2. Modelled (squares and triangles) and observed sulphate (diamonds) concentration at
Kaashidhoo [73.46◦ E, 4.96◦ N] during INDOEX-IFP.
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mentioned.
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Fig. 4. Modelled and observed latitudinal variation of the total number and nucleation mode
concentrations of sulphate aerosol particles along the cruise routes of FFP-98 and IFP-99.
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Fig. 5. Latitudinal variation of
sulphate number concentration
(particle cm−3) in the (a) Aitken
and (b) accumulation modes
over the Bay of Bengal and Ara-
bian Sea sectors.
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Fig. 6. Latitudinal variations of simulated sulphate AOD. (a) and (c) Arabian Sea sector (60◦ E–
80◦ E), (b) and (d) Bay of Bengal sector (80◦ E–100◦ E). (a) and (b) are obtained from SCN-RV
while (c) and (d) are from SCN-GEIA.
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Fig. 7. Average SO2 distribution for January to March 1999 for the INDOEX domain: (a) surface
concentration (µg SO2 m−3); (b) column burden (mg S m−2).
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Fig. 8. Average sulphate distribution for January to March 1999 over the INDOEX domain: (a)
surface concentration (µg SO2−

4 m−3); (b) sulphate column burden (mg SO2−
4 m−2).
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Fig. 10. Spatial distribution of particle number concentration (divided by 100) for January to
March at surface in (a) Aitken mode and (b) accumulation mode concentration (particle cm−3).
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Fig. 11. Average wind field for January to March 1999 over the INDOEX domain at (a) the
surface and (b) 850 hPa pressure level.
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Fig. 12. (a) Sulphate aerosol optical depth during INDOEX-IFP, and (b) direct sulphate radiative
forcing at top of atmosphere (Wm−2).
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Fig. 13. Contribution (%) of the Indian sources to sulphate burden over the INDOEX region
during the IFP.
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