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Abstract. The sulphate aerosols mass and number concent Introduction

tration during the Indian Ocean Experiment (INDOEX) In-

tensive Field Phase-1999 (INDOEX-IFP) has been simulated he aerosol effects on climate can be large and complex
using an interactive chemistry GCM. The model considersdue to the fact that aerosols chemical composition, abun-
an interactive scheme for feedback from chemistry to meteodance and size distribution are highly variable, both spa-
rology with internally resolving microphysical properties of tially and temporally. Most of the earliest investigations on
aerosols. In particular, the interactive scheme has the abilit@irect aerosol forcing have focused on sulphate aerosols be-
to predict both particle mass and number concentration foi€ause of their importance as an anthropogenic aerosol com-
the Aitken and accumulation modes as prognostic variablesponent Charlson et al.1992 Kiehl and Briegleb 1993.

On the basis of size distribution retrieved from the ob- Sulphate particle is an important component of atmospheric
servations made along the cruise route during IFP-1999aerosols. Sulphate make up a substantial fraction of tropo-
the model successfully simulates the order of magnitude ofpheric aerosol in both urban and remote/rural areas (Barth
aerosol number concentration. The results show the southand Church, 1999; Ramanathan et al., 2001; Mallet et al.,
ward migration of minimum concentrations, which follows 2004). Sulphate aerosols are capable of modifying the cli-
ITCZ (Inter Tropical Convergence Zone) migration. Sulphate mate not only by scattering incoming sunlight back to space
surface concentration during INDOEX-IFP at Kaashidhoo (direct effect) but also by altering the properties of clouds (in-
(73.46 E, 4.96 N) gives an agreement within a factor of direct effect). In order to further understand sulphate aerosol-
2 to 3. The measured aerosol optical depth (AOD) from allclimate interactions, the present study is carried out with the
aerosol species at KCO wa80+0.11 while the model sim-  Laboratoire de Mtorologie Dynamique interactive chem-
ulated sulphate AOD ranged from 0.05 to 0.11. As sulphatestry global model (Verma et al., 2007) to produce the simu-
constitutes 29 % of the observed AOD, the model predictedation of INDOEX-IFP. The three fundamental objectives of
values of sulphate AOD are hence fairly close to the meathis study are
sured values. The model thus has capability to predict the
vertically integrated column sulphate burden. Furthermore,
the model results indicate that Indian contribution to the es-
timated sulphate burden over India is more than 60 % with
values upto 40 % over the Arabian Sea.

1. to simulate sulphate aerosol dynamics as prognostic
variables,
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2. to compare and evaluate model-derived physical, opti-signed to assess impacts of sulphate aerosols on INDOEX
cal, and radiative properties of sulphate aerosols withregion.
observations during INDOEX-IFP,

3. to examine sulphate aerosol transport and radiative forc2  Model description
ing, and the contribution of Indian emissions to the re-
gional burden using the emission inventory developed2.1 The atmospheric global model

by Reddy and Venkataraman (2002a, b).
) . The LMDZ is a development of previous LMD model de-
INDOEX was conducted during the winter monsoon seasongiped bySadourny and Lava(1984, which was utilised
when pristine air-mass from the Southern Hemisphere and, g \ith other global models of major meteorological cen-

not-so-clean air from the Indian subcontinent meet over the,qg “to achieve the AMIP | objective of atmospheric model
tropical Indian Ocean and provide a natural laboratory forinte;comparison Boer, 1992 Cess et a).1989 and also

studying aerosol influences. Primarily, its goal was 10 as-, carry out long-term simulations for certain climate and

sess the natural and anthropogenic climate forcing due tQq og0 studied e Treut et al, 1994 Boucher and Lohmann
aerosols and to examine the underlying feedback mecha1995 Sharma et a).1998 Boucher et al. 1998 Boucher

nisms on scales relevant to regional and global clim@ge. o 4. 2002 etc). The LMDZ has the capability to zoom
manathan et af200) have presented the INDOEX results \yith 4 finer resolution over a specific region of interest over
for the oceanic regions adjacent to the Indian subcontinenty,e gi0he and relatively a coarser resolution over rest of the

which reveal the presence of a dense anthropogenic aerosgjqpe \hich gives a unique opportunity to study the regional
layer over China, South and Southeast Asia. While INDOEXaspects of aerosols. The model solves the primitive equa-

suggests south/southeast Asia as the regions of major sourcggns of meteorology and mass continuity for sixteen trac-

of aerosols for the Indian Ocean, the controversy still per-o.¢ The discrete analogues of the dynamical equations are

sists regarding the formation, movement, persistence and efpained using finite difference formulations on Arakawa-C
fects of this regional haze on the regional and global cllmategrid and the physical package of the model includes a set

e.g. the South Asian Atmospheric Brown CIoWNEP and 4 harameterisations for convection, radiative transfer, plan-

C*, 2002. In_order to_address_ such_ high pr?ority_issues of etary boundary layer (PBL), gravity wave drag and ground
concern to climate, this study, in logical continuation of ear- hydrology with no vegetation. For a complete description of

lier studies Krishnamurti et al.1998 Rajeev et a.l.ZOOQ the atmospheric model dynamics and physical parameterisa-
Satheesh and Ramanathaf0g Verver et al, 200% Rasch  yion of physical processes one may refer@adourny and

et al.200% Ramanathan et 2001, Andronache et ak002 Laval (1984, Le Treut et al.(1994 and Hourdin and Ar-
Lawrence and Lelievel@010and references therein), deals mengaud(1999. The climatology of this model has been

with the INDOEX region. The main motivation of this study presented byi (1999 and Lott (1999. An important ad-
is to reproduce the observed variations in the sulphate aerosqition to LMDZ in the version used here is the inclusion of a

mass and number concentration during the Indian Ocean EX}:‘)rognostic sulphur-cycle scheméetma et al, 2007). In par-
periment from January to March 1999 using LMD interactive ic,ar, the model considers an interactive scheme for feed-

chemisry GCM. . . back from chemistry to meteorology with internally resolv-
The present model uses a comprehensive numericahg microphysical properties of aerosols for radiative transfer
scheme to deal with the gas-phase and aqueous-phase reagmpytations. Thus, it is a step towards correcting the defi-
tions in a GCM, where_ the concentrations of radicals like jencies where the microphysics and feedbacks are run off-
OH, HO; and gases like § H20z, NH3 and NG are jine Except for some parameterisations, it should be noted

computed within the zoom version of LMD-ZT GCM. The 5 the chemistry module has been developed independently
sulphate aerosol/chemistry is interactively included in thef.om that of Boucher et al(2002 and Hauglustaine et al.
model. The model considers both sulphur mass and numb 004.

concentrations as a truly interactive part and not merely a
passive component in atmospheric chemistfgrina et al, 2.2 Chemistry and aerosol modules
2007). The knowledge of the sulphate aerosol number con-
centration is important to understand the indirect radiativeThe chemistry module includes natural and anthropogenic
forcing of the aerosols and to refine estimates of the direcemissions, treatment of sulphur and nitrogen sources, their
radiative forcing. chemical transformations and deposition proces¥est{a

The model design therefore differs from the earlier stud-et al, 2007). The basic chemistry module consists of over
ies of Lawrence et al(1999, Rasch et al(2000, Boucher 50 gas/aqueous phase chemical reactions (33 gas phase and
et al.(2002, Hauglustaine et a(2004), Vignati et al.(2004) 18 aqueous phase) along with the sources and sinks of
and Stier et al. (2005 which employ analyzed meteorol- chemical species. The prognostic chemical species in the
ogy/observations or prescribed three-dimensional short lived MDZ model are water vapour, liquid water, dimethylsul-
radical fields to drive the CTM. The experiments are de-phide (DMS), hydrogensulphide §i8), dimethylsulphoxide
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Fig. 1. The schematic representation of the sulphur module in the(10°mg S
LMDZ.

(DMSO), methanesulphonic acid (MSA), sulphur dioxide
(SO), oxides of nitrogen (N¢), nitric acid (HNG;), carbon
monoxide (CO), ozone (§), hydrogen peroxide (40,) and  aerosols. Vertical transport of trace species is incorporated
sulphate aerosol mass and number for Aitken (0.005-0.1 umin updrafts and downdrafts, accounting for entrainment and
and accumulation modes (0.1-2.5um). The gas phase cometrainment. All chemical species along with aerosol mass
centrations of S@ H»O, and @ are estimated in the and number concentration in the two modes are advected in
cloud phase assuming Henry’'s law and used to calculate théhe model. These species evolve consistently with dynamical,
amount of sulphate formed in the cloudy regio8siiwartz physical, cloud and chemical processes as the model state in-
1986. The model does not explicitly take into account masstegrates forward with each time step. Convective transport is
transfer rates between the gas and the aqueous phase in vi@erformed after wet scavenging calculation, in order to avoid
of an examination on mass transfer effecSphwart21986 upward transport of material that is scavenged by precipita-
and Venkataraman et a(2001) who have shown that the tion.
mass transfer effect does not limit the rate of sulphate for- Dry deposition is parameterised through deposition veloc-
mation. ities, which are prescribed for each chemical species and
The present approach utilises sulphuric acid produced irsurface types. The model uses a simple parameterisation
the gas phase as an input to the two-mode, two-momenscheme, which assumes that the rate of deposition at the sur-
aerosol moduleRinkowski and Shankarl995 which cal-  face is directly proportional to the mixing ratio (i.e. concen-
culates aerosol mass, number concentration and particle sutration) of the respective species in the lowest model layer.
face area for the Aitken and accumulation modes. The vapouifo account for the effect of clouds in the grid box, the clear
sulphuric acid produced by gas phase oxidation is split intosky photolytic rates are multiplied by a correction factor.
two parts: one going into Aitken and the other one con-The wet removal scheme considers both in-cloud and below-
densing onto the existing particles (accumulation mode). Thecloud scavenging in the model. Rainfall is computed at every
sulphate produced by aqueous phase oxidation remains disime step in the GCM. Removal of gases and aerosols by rain
solved in cloud droplets. However, when the clouds disap-was parameterised using the model generated precipitation
pear, the sulphate in the dissolved state is added to the adermation rate followingGiorgi and Chameided 989.
cumulation mode mass. Therefore all new sulphate mass The CQ concentration is held constant (370 ppm)
produced by aqueous production is added to the accumulahroughout the model integration. Mie theory is employed
tion mode but the number of accumulation mode particlesto compute the optical properties with prescribed size dis-
remains unchanged (Fig. 1). The model represents a simtribution and refractive indices. Optical properties are com-
plified version of the aqueous model Wfalcek and Taylor puted over the entire shortwave spectrum (0.25-4.0 um) at
(1986 and is similar to an earlier equilibrium model©hta 24 wavelengths and grouped into the two model wavebands
et al.(1981). The equations for chemical equilibrium of the as weighted averages with a typical spectral distribution of
SO»-NH3-COp-HNO3-H20 system are those fro@hen and  the incoming solar radiation flux at the surfaderma et al.
Crutzen(1994. 2006. The physical, cloud and chemical processes consid-
The mass fluxes, simulated by thiedtke(1989 scheme, ered in the present model are described in detail¥émnga
are used to parameterise convective transport of gases ared al, 2007).
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Table 1. Global annual sulphur emissions in the model (TgSyr ~ at best around the zoom centre {&) 0°). The model ini-
tial state is prepared from 20 December 1999 European Cen-

Source Global Indian Indian tre for Medium-Range Weather Forecast (ECMWF) analysis.
Emission Emission Emission The surface albedo, soil moisture and sea-ice were also spec-
(GEIA) (GEIA) (RV) ified from the ECMWF analysis.
Biomass Burning 3.39 0.24 0.33 )
Fossil-Fuel 66.31 1.44 2.38 3.2 Model evaluation
Total 70.30 1.68 2.71

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 Obser-
vatory (KCO), Maldives in the Indian Ocean. KCO was es-
tablished as a part of INDOEX in the island of Kaashidhoo
i. SCN-GEIA: emissions given for India in the Global (4.965 N, 73.466 E) about 500 km southwest of the south-
Emission Inventory Activity (GEIA) inventory, ern tip of India, where the aerosol chemical, radiative, and
microphysical properties were continuously measured since
i. SCN-RV: emissions of Reddy and VenkataramanFebruary 1998. The observatory serves as a key platform in
(20024, b) inventory (RV) for India, the Indian Ocean. The aerosol characteristics observed at this
o location, from December to March, include both aerosols
iii. SCN-zero: emission from all over the world except In- ransported from the continents to the ocean and naturally
dia (i.e. emissions over India are set to zero). produced at the ocean surface. The concentrations and prop-
The global sulphur emissions in GEIA database includeerties. .Of aerosc_)ls depenq on the prevailing meteorological
conditions. During the winter monsoon, the air mass over

emissions from fossil fuels combustion and industrial pro- 0 . D .
cesses. The biomass burning sulphur emissions are frorﬁCO mostly (about 90 % of the time) originates from India

Pham et al(1999. A fixed 5% of sulphur from combus- ang;gutheAséﬂ(rl:Pen?&urst_l;t 3&229?] hate concentration
tion sources is assumed to be emitted directly as sulfuric W P 'mu uip :

acid gas and condenses immediately on ambient aeros It[r)]ocgzi?:%or(]gimg3Teaiﬁ:|?egogsr?‘2tcr:tg; italfecgggg:_g

particles. The annual anthropogenic ;S€missions (man- tration " wﬂh th‘ m red val wti)hin factor of

made) from fossil fuel combustion and industrial activities ations agree € measureg va'ues a factor o
1 : S . 2-3. The inventory developed by Reddy and Venkataraman

are 66.31Tg Syr- globally with a contribution from India RV) has fine resolution (@5 0.25) with specific emission

of 1.44 Tg Syr! which increases to 2.38 Tg Syrif RV in- (RV) ! ution (@5 x 0.25) with specifi ISsi

veiony i used (Tabe 3, The simulte Serissons n_ SC118 or e egions, The aenifealon o arge pot
the RV and GEIA inventories averaged for the INDOEX-IFP inventories. where th m)i/ ‘ons ar t?m ted at 9 nir

period are shown in Fig. 2. The RV emission inventory is entories, where the emissions are estimated at country

: . . level. The aerosol concentrations downwind of Indian sub-

constructed with very high source resolution. The sulphur ontinent are sensitive to the geographical location of the
emissions are estimated using plant specific fuel Combusnorimission sources over the subgcor?tingnt Model simulation
(Reddy and Venkataramg2002}. For biomass burning, the shows an increase in concentration in thé month of Febru-
emission inventory for India is constructed from spatially re-

solved data sets, which results in 0.33 Tg Shas projection ary with RV inventory. This result is in general agreement
of SO, emission ,for the INDOEX périod (1998-1999) with the meteorological 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 ASarger

2.3 Emissions

Three SQ scenarios, which differ over India only, are used
in the present study,

3 Results et al, 2001) flows towards it. The resolution of RV inventory
thus gives a better agreement of sulphate concentrations with
3.1 Numerical simulations measurements at KCO.

In contrast to surface concentrations, aerosol optical depth
The model simulations have been performed using 72 paral(AOD) is a measure of the entire aerosol column. The mea-
lels between North and South Poles with 96 points on eaclsured AOD from all aerosol species averaged over IFP at
parallel. There are 19 vertical levels and a basic time step oKCO was 0.370.11. Model simulated sulphate AOD at
half an hour is used for the model physics and chemistry. FoKCO ranged from 0.05 to 0.11 during the IFP period. The
this study, the LMDZ was run in zoom mode over the IN- KCO aerosol measurements reveal that sulphate is respon-
DOEX study domain (25535 N, 50-100 E) with a uni-  sible for 29 % Gatheesh and Ramanath&00Q Satheesh
form resolution of 1.25in longitude and 1.25in latitude et al, 1999 of the observed aerosol optical depth. Taking

Atmos. Chem. Phys., 12, 618%196 2012 www.atmos-chem-phys.net/12/6185/2012/
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phate aerosol optical depth at KCO (Fig. 4) well. Further, to
see the agreement of model simulated trace gases concentigy g Modelled and observed latitudinal variation of the total num-

tion to 0bservation§, we plot i.n Fig. 5 (upper panel) th.e COper and nucleation mode concentrations of sulphate aerosol parti-
surface concentration. The simulated CO concentration recles along the Sagar Kanya cruise routes of IFP-99. Observations

markably agrees with observations between day-62 and dayare fromKamra et al(2003 and are decreased by 30 % for the sake
82 while the model underestimates the observations by a facef comparing with sulphate only modelled number concentrations.
tor of 2 between day-42 and day-62. Next, we plot simulated

latitudinal ozone mixing ratios from 0-3 km altitude range.

It is evident from Fig. 5 (lower panel) that model is able to 3.2.2 Sulphate number concentration

simulate the general north-south gradient in the ozone con-

centration in lower tropospherdd Gouw et al.2001). The  Figure 6 illustrates the modelled and observed nucleation and
model simulated ozone concentrations of 8 to 31 ppbv agre¢otal number concentrations along the Sagar Kanya cruise
well with the observed ozone profile (5 to 25 ppbv) obtainedroutes of IFP-99. Th&amra et al(2003 observations show
after averaging in the region lying betweehSto 8 N. that more than 70 % of the submicron aerosols advecting off
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6190 S. Verma et al.: Tropospheric distribution of sulphate aerosols

the continent consists of sulphate aerosols and for this rea- 9000 :
son we report 70% of their concentrations for the sake of § e o Benal Sector (30 100E)
comparing with the sulphate only modelled concentrations. (@)8000+
In general, a strong northeasterly flow has been observed
over the Indian continent in February and March 1999 lead- 7000
ing to a greater transport of atmospheric pollutants over
. ; . . £ 6000
oceanic regions downwind of source regiokgrfer et al, 2
2001 Rasch et a).2001). The simulated wind pattern in 25000_
Fig. 13 depicts the above fact very well with a strong north- g
easterly flow and anti-cyclonic motion near the oceanic re- & 4000
gions resulting in higher number concentrations in northern S
cruise track. The model simulates the order of magnitude © 3000
and the general north-south gradient feature in aerosol num- E
ber concentrations very well. The feature is thus in general £ 2000
agreement with the transport pattern prevalent over the re-
. . 1000
gion (Fig. 13).
0 : | : : .
3.2.3 Sulphate mass concentration and AOD at KCO -3 -2 -0 0 1020 30
Latitude
3.3 Latitudinal variations 1800{ 2 ~gArablen Sea sector (0-80E)
b
The latitudinal variation of sulphate number concentration ( )1600-
and AOD in the Arabian Sea and Bay of Bengal for each
month is discussed in this section. The latitudinal variations - 14007
are obtained by separately averaging the values of a vari- 2 12001
able in the longitude ranges 608D (Arabian Sea — Indian g
Ocean sector) and 80-10B (Bay of Bengal — Indian Ocean 51000 1
sector). E 800
O
3.3.1 Sulphate aerosol number concentration E 600
£
Figure 7 presents latitudinal variations in the sulphate aerosol Z 400
number distribution during IFP-99 over the Arabian Sea and
Bay of Bengal sectors. One of the important features noted 2001
here is that much lower concentrations are observed south of 0

-30 -20 -10 0 10 20 30

the Intertropical Convergence Zone (ITCZ). Latitudinal vari-
Latitude

ations in the Arabian Sea sector of the Aitken mode concen-
tration (Fig. 7a) show a peak around 10=hbregion with

a value of 8x 10° particles cnt? while in the Bay of Bengal
sector the peak occurs around 25%Bregion with a maxi-
mum of 65 x 10® particles cnm3, which decreases to the or-
der of about 3« 103 particles cnm? upon reaching 5S. This
result is consistent with the finding believeld et al.(2007)
who also reported a drastic decrease in sulphate aerosoisith those ofLelieveld et al.(2001) andKamra et al(2003

on crossing the ITCZ from north to south. The latitudinal who showed that the large number concentration during the
variations of the accumulation mode concentration (Fig. 7b)IFP mostly consists of particles in the Aitken mode. The sim-
show a larger magnitude over the Arabian Sea sector thamlated aerosol number concentration very well illustrates that
the Bay of Bengal sector with elevated values in the inter-the average aerosol concentration over the Northern Hemi-
val 10-2% N. This indicates a strong influence of continen- sphere is much larger than the southern Indian odéam(a

tal aerosols in the marine boundary layer over the Arabiaret al, 2003.

Sea. The model predicts large aerosol concentrations ranging An observation on the number concentration and mass
between 18 and 18 particles cn® over the North Indian in the two modes is interesting. For example, the num-
Ocean during IFP and the contribution of Aitken mode con-ber concentration in the Aitken mode over the Arabian sea
centration along north of ITCZ is significantly higher than reaches a peak value o6&8103 particles cn? with the cor-

that of the accumulation mode. These results generally agreeesponding mass of 0.6 ugth On the contrary the number

Fig. 7. Latitudinal variation of sulphate number concentration (par-
ticle cm™3) in the (a) Aitken and(b) accumulation modes over the
Bay of Bengal and Arabian Sea sectors.
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concentration in the accumulation mode reaches a maximum
value of 1800 particles cii? and the corresponding mass (a)
there is about 4.6 ugn¥. This result is consistent with other

0.24

studies, which have mentioned that most of the sulphate mass % 0221 o _Jan
resides in the accumulation modgirtkowski and Roselle & 021 o -TFeb

_, 0.184 ——Mar
2003. S

g
3.3.2 Sulphate AOD ~
Figure 8 shows the latitudinal variations of aerosol optical B
depth during January, February and March 1999. The AOD

=30 -20 -10 0 10 20 30

is significantly larger in the Northern Hemisphere compared ,
Latitude

to the Southern Hemisphere during all three months, with
maximum AOD near the continents. The latitudinal varia- (b)
tion of sulphate AOD over the Arabian Sea sector (Fig. 8a)
with Reddy and Venkataraman (RV) inventory shows a high-
est value (0.12) at around 2W. A secondary peak is also
observed at 10N during the months of February and March.
While in GEIA (Fig. 8c), latitudinal sulphate aerosol AOD
is larger over (10—15N), minimum in ITCZ and noticeably
rises over the southern Indian Ocean (0Shwhich then de-
creases linearly further southwards. The highest AOD is sim-
ulated in the month of February with a value of 0.08 close

©——Jan
H——Feb

Aerosol Optical Depth

to Arabia and the west coast of India. The plume extends -0 20 -l 0 o2 g0
from 15° N to 5° S in the month of January and March with Latitude
highest values of 0.06 and 0.08 respectively. Over the Bay (c)
of Bengal sector (Fig. 8b) AOD is generally comparable to o 0.24]
that over the Arabian Sea with superior values during Jan- B 0221 o—Jan
uary. For all three months, a plume lies in the region 20— = o181 ijﬁ
25° N while another plume is also visible at 0-S region. 8
The general features revealed by Fig. 8 are as follows: (i) ;Q
the results show a southward migration of the AOD mini- —
mum in consonance with the migration of the ITCZ; (ii) there %
is a visible rise in sulphate AOD in the Arabian Sea sector E
over 0-10 S region with the Indian inventory (RV) suggest- . ‘ ‘ ‘ ‘
ing the role of Indian emissions in these concentrations; (iii) -0 -2 -10 0 10 20 30
the AOD in the Northern Hemisphere is larger than that of Latitude
Southern Hemisphere by about 30-50 %. These patterns de- (d)
rived from model-simulated values are mostly confirmed by = 024/
satellite observed patterns especially the maxima over 10— E} 0221  o__j.n
25° N regions Chowdhury et al.200% Quinn et al, 2002 S el G--Fev
Reddy et al.2004. Towy
£H
3.4 Regional distribution for INDOEX-IFP = Oodé:
§ 0:067
The equatorial Indian Ocean region provides a unique op- 2 o
portunity to observe anthropogenic sulphate effects. From 0

=30 ~20 -10 0 10 20 30

January to April, the predominant circulation in this region Latitude

consists of a low-level flow from the northeakrishnamurti

et al, 1998. This NE monsoon (Asian winter monsoon) Fig. 8. Latitudinal variations of simulated sulphate AO@) and
should facilitate the formation and transport of new sulphate(c) Arabian Sea sector (60-8€), (b) and(d) Bay of Bengal sector
particles to oceanic regions far away from urban centres. Thgd0-100 E). (a) and(b) are obtained from SCN-RV whilg) and
above feature is very crucial as atmospheric circulation andd) are from SCN-GEIA.

aerosol lifetimes are the dominant factors controlling both
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The model simulated spatial distribution of §@oncentra-  and(b) accumulation mode concentration (particle T

tion over surface and column burden are shown (Fig. 9) over

the INDOEX domain averaged for January, February and

March 1999. The largest values at surface are found oveadvection of sulphate from continents to ocean. The sul-
southeastern China, western and eastern parts of India (8p-hate column burden (Fig. 10b) show a high over south
10 ug n®). Concentrations of SQover ocean are low indi-  and east India (8-10mg $Om~2). The average vertical
cating the short chemical lifetime. profile of sulphate aerosol loading (Fig. 11) shows a con-
stant concentration up to a level of about 900 hPa and then
a substantial decrease by at least a factor of 2 at about
. i 3 km (700 hPa). Notably, the observations reporte@Rbgch
The average surface concentrations (Fig. 10a) over Sk 5| (2001 also support the simulated average sulphate con-

3.4.1 SQ concentration

3.4.2 Sulphate mass and number concentrations

China &5ug sci— m~3) are higher than over India (3—
4pg SG~ m~3) with elevated values 4-5 pgThover north-

centration for the entire INDOEX region during IFP and
are consistent with earlier modelling studies. The Aitken

east India. The plume extends over the Arabian Sea (2-$node average concentration{40°—6x 10° particles cn3)

Hg SG~ m3), the Bay of Bengal (1-3pg SOm—2) and
the Northern Indian Ocean (0.5-2 ug $0n‘3) indicating

Atmos. Chem. Phys., 12, 618%196 2012

over India (Fig. 12) is more than that of the accumulation
mode (1x 10°—2x 10® particles cnT3) with a maximum over
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Fig. 13. Average wind field for January to March 1999 over the

INDOEX domain af(a) the surface an¢b) 850 hPa pressure level. Fig. 14. (a) Sulphate aerosol optical depth during INDOEX-

IFP, and(b) direct sulphate radiative forcing at top of atmosphere
(Wm2).

western India (3 10°—4 x 10° particles cnr3) extending to

the Arabian Sea region in diminishing magnitudes. Since the (a) (b)
precursor gases for the formation of these sub-micron parti- s,
cles come mostly from the continents, the model reveals SE
China and Indian region as important contributors to anthro-
pogenic sulphate aerosol production. The observed decreaseﬂg10
in the concentration of particles in the accumulation mode =,
from north to south is due to the removal of these particles by =
dry and wet depositiorKamra et al. 2003. During winter, 0
the near-surface flow is mostly northeasterly, and the regional -2
pollution forms a thick haze layer in the lower troposphere
which spreads out over millions of square km between south-
ern Asia and the Intertropical Convergence Zone (ITCZ), lo-
cated several degrees south of the equator over the Indiagig. 15. Simulated differences from the use of two inventolias
Ocean during this period_@wrence and Lelieve|d2010. Sulphate aerosol optical depth during INDOEX-IFP, goydirect
Wind vectors at the surface (Fig. 13a) also show strong outsulphate radiative forcing at top of atmosphere (

flows from north and east India into the Arabian Sea and

Northern Indian Ocean. These strong flows explain the plau-

sible cause of advection of S@nd sulphate from continents to penetrate deep into the Bay of Bengal. Smaller magni-
and contribute to sulphate column burden over oceanic retudes of radiative forcing< 0.75 W n12) and AOD (< 0.04)

' Latitude

H
o

50 60 70 _80 90 100 110 120

50 60 70 _80 90 100 110 120
ongitude L

ongitude

0.0050.01 0.02 0.04 0.06 0.08 -15 -1 -0.75-0.5-0.2 -0.1

gions. are present southwards t& S, near the ITCZQuinn et al,
2002.
3.4.3 Sulphate AOD and its radiative properties In order to assess the role of Indian emissions in increased

pollution levels, we emphasize and show the differences ob-
In Fig. 14a, the geographical distribution of the sulphatetained in the radiative forcing and AOD (Fig. 15) by the two
aerosol optical depth during the INDOEX period is pre- inventories. Our result indicates that Indian emission does
sented. The largest values in AOD lie over SE China wherecontribute significantly to the AOD and radiative forcing over
the anthropogenic source of sulphur is very intense. An areahe Arabian Sea while there is meagre to very small contri-
of large AOD (0.1-0.14) and radiative forcing at top of atmo- bution over the Bay of Bengal.
sphere £1.25 to—2.0 Wn1?) is observed (Fig. 14b) from
this region covering India: AOD over northern India (0.04— 3.5 Indian source contribution to sulphate burden
0.1) extends deep into the Arabian Sea and the Indian Ocean
region (down to 10S). Higher AOD values are also noted The Indian emissions are carried deep down into the Ara-
over southeastern part of India with a maximum reachingbian Sea sector and to the coastal Bay of Bengal region. Thus
0.12. From coast to the central Bay of Bengal lower valuesthe air from India contributes more strongly to Arabian Sea
of AOD occur where aerosol transport, both from India andand to the near coastal region of Bay of Bengal. The large
South-East Asia, is insignificant and reflects the impact of an-aerosol plume off the southwest coast is particularly notice-
ticyclonic circulation near South Indi&@jeev et al.2000), able (Fig. 16). There is a visible Asian plume entering at
which does not allow the offshore flow from eastern India about 15-25N, 9(° E, contributing significantly to sulphate
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lows the migration of ITCZ with a minimum centred around
this region.

In conclusion, Indian emissions are not the sole cause for
the higher sulphate concentrations and AOD over the Indian

35N
30N
25N

RON , Ocean. The Indian contribution is more than 60 % over India
o 19N and 30-50 % over the Arabian Sea. The aerosols transported
S 10N from the East Asia contribute significantly to sulphate bur-
= 5N den over the Bay of Bengal. Transport of aerosol by north-
3 EQ westerly winds from Arabia and northeasterly winds from
the Indian subcontinent are the major sources of higher con-
58 centrations over the Arabian Sea; whereas over the Bay of
108 Bengal, the transport is mainly from Southeast Asia.
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