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Mass loading and chemical composition of atmospheric aerosols over the Arabian Sea during the
pre-monsoon months of April and May have been studied as a part of the Integrated Campaign for
Aerosols, gases and Radiation Budget (ICARB). These investigations show large spatial variabilities
in total aerosol mass loading as well as that of individual chemical species. The mass loading is
found to vary between 3.5 and 69.2µg m−3, with higher loadings near the eastern and northern
parts of Arabian Sea, which decreases steadily to reach its minimum value in the mid Arabian
Sea. The decrease in mass loading from the coast of India towards west is estimated to have a
linear gradient of 1.53µg m−3/◦ longitude and an e−1 scale distance of ∼2300 km. SO2−

4 , Cl− and
Na+ are found to be the major ionic species present. Apart from these, other dominating water-
soluble components of aerosols are NO−

3 (17%) and Ca2+ (6%). Over the marine environment of
Arabian Sea, the non-sea-salt component dominates accounting to ∼76% of the total aerosol mass.
The spatial variations of the various ions are examined in the light of prevailing meteorological
conditions and airmass back trajectories.

1. Introduction

The impact of aerosols on the weather and cli-
mate of the earth is one of the key research topics
of recent times (Charlson et al 1992; Ramanathan
et al 2001a; Kaufman et al 2002). Attempts are
being made all over the globe to characterize
the physical and chemical properties of aerosols
to provide realistic inputs to various radiative
forcing/climate prediction models. Critical assess-
ment of the role of aerosols in radiative forcing
is complicated by the fact that the physical and
chemical properties of aerosols are highly vari-
able in both time and space. For a complete
characterization of the aerosol system over a
region, information on their sources as well as the
source strength is essential. While the topogra-
phy decides the major natural aerosols originat-
ing over a region, the anthropogenic contribution

is decided by industries/human activities. Long-
range transport of aerosols caused by the prevail-
ing circulation systems make the situation even
more complex. Knowledge on the chemical com-
position of aerosols is crucial in identifying the
various sources and assessing the impact of long-
range transport over a region (Prospero et al 1985;
Carmichael et al 1997; Siefert et al 1999; Kul-
shrestha et al 2001; Rastogi and Sarin 2005; Yoon
et al 2007).

Oceans are the single largest sources of natural
aerosols. Through the mechanism of bubble burst-
ing at the surface of the ocean, large amounts of
sea-salt particles are injected into the atmosphere
(Blanchard and Woodcock 1980; Fairall et al 1983;
Exton et al 1985). Another important source con-
tributing to the aerosol loading over oceans is the
marine biogenic activity (Charlson et al 1987).
Oxidation of dimethyl-sulphide (DMS) emitted by
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marine phytoplankton is a major source of non-sea-
salt aerosols over remote oceanic areas (Savoie et al
1989; Kettle et al 1999). In addition, a consider-
able amount of anthropogenic and crustal aerosols
also get transported to the marine environments
(Hirose et al 1983; Savoie et al 1987, 2002; Garrett
and Hobbs 1995; Arimoto et al 1996; Swap et al
1996; Kulshrestha et al 2001; Nair et al 2004a;
Moorthy et al 2005a). In order to assess the effect
of these transported anthropogenic/continental
aerosols regular/periodic observations of the same
is essential. In situ measurements of aerosols over
the oceans are carried out mainly by campaign
mode (ship-based) observations and/or from island
stations. While island stations provide informa-
tion on the seasonal variation of aerosol properties
over the particular oceanic environment, ship-
based campaign-mode measurements give infor-
mation about their spatial variation over a vast
oceanic region. Several cruises have been con-
ducted during the last two decades as part of vari-
ous investigative programmes like ACE (Aerosol
Characterization Experiment), Aerosols99, PEM
(Pacific Exploratory Mission), INDOEX (Indian
Ocean Experiment), etc. for studying the spatial
variations of aerosols over the marine environment
(Arimoto et al 1996; Bates et al 1998; Huebert
et al 1998; Satheesh et al 1998; Andreae et al 2000;
Raes et al 2000; Ramanathan et al 2001b). A major
cruise that focused on the aerosol characteriza-
tion over the Indian Ocean (IO) and Arabian Sea
(AS) is the INDOEX (Ramanathan et al 2001b)
conducted in 1998–99. The pre-INDOEX cruises
conducted since 1996 have also provided valu-
able information on the characteristics of aerosols
and their effect on radiative forcing (Jayaraman
et al 1998; Krishnamurti et al 1998). In addition
to these, the cruises conducted as a part of the
Arabian Sea Monsoon Experiment (ARMEX) also
carried instruments to carry out studies on aerosols
over the Arabian Sea (Moorthy et al 2005b; Rao
et al 2005; Sunilkumar et al 2005).

This paper presents results from a dedicated
field experiment – The Integrated Campaign for
Aerosols, gases and Radiation Budget (ICARB),
conceived under the Geosphere Biosphere Pro-
gramme of Indian Space Research Organisation
(ISRO-GBP) to assess the regional radiative
impacts of aerosols and trace gases, and to quan-
tify the effect of their long-range transport, involv-
ing the Indian mainland and adjoining oceans. As
a part of ICARB, a one-month long cruise (Cruise
SK 223B) was conducted over the Arabian Sea
during the pre-monsoon months of April and May
2006, covering a major portion of the AS in the
latitude sector of 9◦ to 22◦N and a longitude sector
of 58◦ to 76◦E. This cruise covered a major portion
of northern AS, which was left unexplored during

Figure 1. Cruise track of SK 223B over the Arabian Sea.

the previous cruises. The present study focused
on the chemical characterization of aerosols over
the AS, by carrying out in situ sampling at differ-
ent regions over the cruise track and subsequent
chemical analysis of the samples. The results on
the spatial pattern of water-soluble components
of atmospheric aerosols over the marine environ-
ment of AS are presented here. The observational
results will contribute significantly to the data-
base on aerosol characteristics over the AS region.
Assimilating the results from the previous cruises,
the seasonal changes in the chemical composition
of aerosols over this tropical oceanic environment
can be understood fairly well.

2. Cruise track of ICARB

The cruise SK 223B of ORV Sagar Kanya extended
from 18 April 2006 to 11 May 2006. Figure 1 shows
the cruise track. The arrowheads show the direc-
tion of movement of the ship and the open cir-
cles denote the mean positions from where aerosol
samples were collected during the cruise. The ship
started from Kochi (9.96◦N, 76.3◦E) on April 18
and then sailed westward along 9◦N latitude to
reach the farthermost longitude, i.e., 58◦E. Then
it moved northward and then eastward along 11◦N
latitude to reach near Calicut coast on April 26.
The subsequent track chosen was parallel to the
coast up to ∼14◦N latitude, from where it had a
longitudinal scan to reach 58◦E longitude and then
moving northward to reach the northernmost lati-
tude (22◦N). In this sector, the ship was sailing
very close (150–200 km away) to the west Asian
coast, after which it turned eastward. On reaching
close to the Gujarat coast of India it sailed towards
south to end the cruise at Goa (15.4◦N, 73.8◦E) on
May 11. The cruise took 24 days to cover a lati-
tude sector of 9◦ to 22◦N and a longitude sector of
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58◦ to 76◦E of the AS and covered a distance of
∼11430 km.

3. Instrumentation and data

3.1 Aerosol sampling

A single stage high volume sampler (Model
GH2000 of Grasby Anderson, USA) was used
for collecting total suspended particulates (TSP)
over the AS. Quartz fibre filters of 4′′ diameter
were used as the collection substrate. These sub-
strates were pre-heated to above 100◦C for about
three hours to remove any volatile impurity and
desiccated for 24 hours. Each substrate was then
weighed using a microbalance (Model AT 20 of
Mettler having a sensitivity of ±2µg), carefully
packed in self-sealing envelopes and taken to the
ship for sampling. The sampler was calibrated
before and after cruise to ascertain the flow rate.
It was operated on the front deck of the ship to
avoid the effect of any exhaust from the chimney.
Samples were collected only when the ship was
in motion. The wind direction was also monitored
constantly during the sampling period to check
the possibility of any contamination. The typi-
cal duration of sampling varied from 2 to 4 hours.
After collection, each substrate was carefully sealed
in envelopes, desiccated and brought back to the
laboratory for further analysis. The sample-laden
substrates were weighted again under the same lab-
oratory conditions to estimate the mass of the sam-
ples collected in each of them. From the known flow
rate and duration of sampling, the total aerosol
mass loading (in µg m−3) at the sampling location
was estimated. About 30 aerosol samples were col-
lected from discrete locations over the Arabian Sea
during the cruise.

3.2 Chemical analysis

The samples collected during the cruise have
been subjected to chemical analysis for identi-
fying and quantifying its water-soluble compo-
nents. The sample-laden substrates having an
area of 20 cm2 was cut out and extracted using
de-ionized water (Milli-Q water with 18.2MΩ resis-
tivity) for analyzing the water-soluble fractions
of various anions and cations. Ion Chromatogra-
phy (IC) was employed for this purpose. Differ-
ent ionic species identified using this technique
are Cl−, NO−

3 , SO2−
4 , NH+

4 , Na+, K+, Mg2+ and
Ca2+. For the analysis of NH+

4 , another identi-
cal piece of the substrate was extracted using
de-ionized water without boiling, to avoid any pos-
sible loss of volatile ammonium species. An ion
chromatograph DX-120 of Dionex equipped with

an anion exchange column IonPac AS14 and a
cation exchange column IonPac CS12A was used
for the separation and identification of the vari-
ous species. A combination of 3.5 mM Na2CO3 and
1 mM NaHCO3 was used as the eluent for anions
and 20 mM solution of methane sulphonic acid
(CH3SO3H) for cations. The eluent flow rate is
fixed at 1ml/min. The separated ions are detected
using a conductivity detector.

4. Meteorological conditions
during ICARB

Along with aerosol measurements, meteorological
parameters viz., wind speed, wind direction, tem-
perature, pressure, and relative humidity (RH)
were also monitored during the entire cruise
period using two Automatic Weather Stations
(AWS) installed on both sides of the ship.
In addition to this, hand-held meteorological
instruments were also used to measure pres-
sure, dry bulb temperature, wet bulb tempera-
ture, RH, wind speed and wind direction at an
interval of one hour during the entire period.
All these measurements are in good agreement
within the respective uncertainty limits. The sur-
face flow patterns obtained from NCEP/NCAR
reanalysis (http://www.cdc.noaa.gov) have been
used to ascertain the synoptic conditions. Air-
mass back trajectories obtained using the Hybrid
Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model from NOAA ARL website
(http://www.arl.noaa.gov/ready.html) have been
used to investigate the origin of airmass arriving
at different locations over the study region to iden-
tify the major sources responsible for the observed
aerosols.

Figure 2(a) and (b) shows the mean flow pat-
tern (at 925 mb) over the AS for the months of
April and May 2006. The arrow heads show the
wind direction and the length of the arrow rep-
resents the mean wind speed. In April 2006, the
ship was sailing over the southern parts of AS,
between 9◦ and 14◦N while in May 2006 it was
sailing over its northern parts around 14–22◦N.
Note that April and May are transition months in
which the synoptic wind changes from north east-
erlies to south westerlies. A region of anticyclonic
flow was observed over the mid AS ∼10–15◦N in
April 2006, where the wind speeds were in gen-
eral low (1–3ms−1) and the cruise was mostly con-
fined to this region. But in May, the ship generally
experienced stronger winds (>6ms−1) originating
mainly from southern oceanic regions. Figure 3(a)
to (c) shows the day-to-day variation in daily
mean wind speed (WS), relative humidity (RH),
and air temperature (T) recorded from onboard
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Figure 2. Synoptic wind patterns at 925 mb level over
Arabian Sea for (a) April 2006 and (b) May 2006.

measurements. During 18 to 23 April 2006, while
the ship was sailing over the southern parts of AS,
wind speeds were <6ms−1 and as the ship moved
towards north, the wind speed increased reaching
as high as 15–16ms−1 (with a daily mean of around
10ms−1) on 26 April, 4 May and 8 May 2006. The
RH was found to be almost steady around 70–75%
during April, which increased to ∼90% by 8–9 May
2006. The air temperature was around 28–30◦C
during the cruise period which was devoid of any
rain event.

5. Results and discussion

5.1 Spatial variation of aerosol mass loading
over the Arabian Sea

The mean aerosol mass concentration (ML) was
∼35 ±17µg m−3 over the AS. The highest value of

Figure 3. Day-to-day variation of meteorological parame-
ters (a) wind speed, (b) relative humidity and (c) air tem-
perature during the cruise period.

Figure 4. Spatial variation of total aerosol mass concentra-
tion over the Arabian Sea.

69.2µg m−3 was observed around 11.4◦N, 75.4◦E
while the extremely low value of 3.5µg m−3 was
encountered around 14◦N, 66.8◦E. Figure 4 illus-
trates the spatial variation in ML observed over
the AS during the cruise period. It shows a promi-
nent region of low ML over the mid AS. Close
to the western coast of Indian peninsula and over
the northern AS regions, ML is large. It decreases
gradually from the coastal regions towards west.
Another region of high ML is observable in the
southern part of AS around 14◦N and 67◦E. The
region of low ML lies in the region of anticy-
clonic flow (figure 2a). The wind vectors around
this region show weak divergence. This is also the
region of low wind speed. The high near the coastal
regions can be attributed to continental influence.
The high ML over the northern AS could most
probably be attributed to in situ production of sea
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Table 1. A comparison between the mean mass loading (ML) observed during various cruises over the
Arabian Sea.

Mean ML

Campaign Period of study Oceanic region (µg m−3) Reference

INDOEX-FFP February–March 8–15◦N, 56–77◦E ∼38 Nair et al (2004a)
1998 (winter)

INDOEX-IFP January–March 8–17◦N, 56–77◦E ∼35 Nair et al (2004a)
1999 (winter)

ARMEX-IIA April–May 2005 8.3◦N, 72.6◦E ∼24 Our own observations
(pre-monsoon)

ICARB April–May 2006 9–22◦N, 58–75◦E ∼29.6 Present study
(pre-monsoon)

spray aerosols produced by surface wind and/or
due to the intrusion from nearby landmasses which
can be ascertained only through chemical charac-
terization and air trajectories which are addressed
in later sections.

Similar measurements on aerosol mass loading
carried out in different years as part of INDOEX
and ARMEX are presented in table 1, along with
those obtained during the present investigation,
averaged over a common region (above 8◦N and
away from coastal regions) for a direct compar-
ison. This table shows that the mass loading is
large during winter compared to that during the
summer/pre-monsoon period. This can mainly be
attributed to synoptic circulation. While during
winter, the synoptic flow near surface is mainly
from west Asia and peninsular India, that dur-
ing summer/pre-monsoon period is mostly centred
over the Arabian Sea region (resulting only in local
production).

5.2 Latitudinal and longitudinal variations
in mass loading

The longitudinal/latitudinal variations in aerosol
mass loading were estimated by grouping them
according to the different regions from where the
samples had been collected. To examine the lati-
tudinal variation, samples collected between 9◦N
and 11◦N were grouped to represent the Southern
Arabian Sea (SAS), those between 14◦N and 17◦N
were grouped to represent the Mid Arabian Sea
(MAS) and those in the latitude sector 18–22◦N
represent the Northern Arabian Sea (NAS). But it
is evident from figure 4 that irrespective of the lati-
tudes, the mass loading is large near the coastal
regions of peninsular India. Because of this fea-
ture, coastal samples were excluded before aver-
aging them along different latitude bins. These
averages are plotted in figure 5(a). Vertical bars
indicate the standard error. As can be seen from
this figure, the mass loading is large over the NAS
(2.5 times larger than that over MAS). The mean

Figure 5. Variation of total aerosol mass concentration
along different (a) latitude sectors and (b) longitude sectors.

ML over SAS is also ∼1.7 times larger than that
over MAS.

Since the aerosol properties are region-specific,
the longitudinal gradients were first examined by
grouping the data corresponding to the different
latitudinal sectors mentioned above (NAS, MAS
and SAS). Figure 6(a) to (c) shows the longitu-
dinal variation of aerosol mass loading in these
three distinct regions. It was observed that in SAS
and MAS, ML has an increasing trend eastward
whereas in NAS no longitudinal dependence of ML

was observed. The longitudinal gradients in SAS
and MAS were obtained by performing the lin-
ear regression analysis of the corresponding data
(figure 6a and b) and found to be 1.4µg m−3/◦ in
SAS and 2.23µg m−3/◦ in MAS. In order to have
an overall understanding of the longitudinal varia-
tion of mass loading in the study region (as in the
case of latitudinal variation discussed above), the
samples were again grouped and averaged accord-
ing to their longitude irrespective of latitude. For
this, the samples collected in the longitude sec-
tor 58–63◦E have been grouped together to repre-
sent the Western Arabian Sea (WAS), those in the
longitude sector 64–68◦E to represent the Central
Arabian Sea (CAS) and those collected between
69◦E and 77◦E to represent the Eastern Arabian
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Figure 6. Longitudinal variation in mass loading in
(a) southern, (b) mid and (c) northern Arabian Sea.

Sea (EAS). The longitudinal variation in mean
mass loading is presented in figure 5(b) with bars
denoting the standard error. The mean mass load-
ing increases with increase in longitude. The lin-
ear gradient is 1.53µg m−3/◦ longitude as obtained
by the linear regression analysis. The exponential
gradient of ML across the longitude has also been
examined by using logarithmic regression, which
yielded a scale distance (distance at which ML

decreases by a factor of e−1) of ∼2300 km towards
west. It would be of worth in this context to note
that a similar east-west gradient has been reported
for aerosol mass loading (decrease in ML from east
to west) from measurements carried out during the
INDOEX (Nair et al 2004a) which was marginally
less than that obtained from the present study.
Also during INDOEX, the scale distance estimated
over the northern hemispheric oceanic regions was
∼6880 km (Nair et al 2004a), which is substan-
tially higher than that obtained during the present
study. This indicates that the gradient in ML is
relatively large during pre-monsoon months com-
pared to that during the winter, probably due to
higher wind speeds.

Over the EAS and NAS, the mass loadings are
comparable and may be attributed to the aerosols
advected from the nearby continent under the
influence of prevailing synoptic circulation. A simi-
lar high in ML along the west coast of India was
observed during INDOEX period also, which is
attributed to continental impact (Ball et al 2003;

Figure 7. Mean percentage contribution of water-soluble
components.

Nair et al 2004a, b). Close to the Indian coast,
ML values reported during the First Field Phase
(FFP) of INDOEX lie in the range 21–53µg m−3

(Nair et al 2004a), which is comparable to those
observed in the present study (23–69µg m−3).
While a region of high ML was observed over the
mid AS during INDOEX period (Nair et al 2004a),
a low ML is observed in the present study. As
stated above, this could mainly be attributed to
the difference in synoptic circulation.

5.3 Chemical composition of aerosols over
the cruise region

The chemical analysis of the water-soluble frac-
tions of aerosol samples collected during the cruise
revealed SO2−

4 and Cl− to be the major anions. The
percentage contributions of these ions were found
to be about 27% and 23% respectively. Among
the cations, Na+ (which is the major component
of sea water) was found to be the most domi-
nant species with a mean percentage contribution
of ∼21%. While Ca2+, which has oceanic as well
as crustal sources, contributed ∼6% to the total
water soluble mass, the percentage contribution
of other cations, viz., NH+

4 , Mg2+ and K+ added
up to ∼6%. The pie diagram in figure 7 shows
the mean percentage contribution of various water-
soluble ions to aerosol mass. Different ionic compo-
nents revealed from the analysis were grouped in
different longitude/latitude sectors, as in the case
of total mass, and averaged, a plot of which is pre-
sented in figure 8(a) and (b). Figure 8(a) shows
that the highest concentration of all ions (except
Cl−) are encountered over the EAS, i.e., close to
the coastal regions of peninsular India, and the low-
est values are observed over the WAS. This shows
that the longitudinal pattern of most of the ions is
similar to that of the total aerosol mass. But in the
case of Cl−, the concentration peaks over the CAS
with low values over the WAS region. In the case of
NH+

4 , the concentration over WAS was found to be
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Figure 8. (a) Longitudinal variation in the ionic concentra-
tion of various species and (b) latitudinal variation in the
ionic concentration of various species.

Figure 9. Wind dependence of (a) Na, (b) Cl and (c) Mg.

comparable to that over EAS and lower values were
measured over CAS. The major sources of NH+

4

being agricultural activities, domestic animals, etc.
(Zhao and Wang 1994), which are located over the
land, the concentration of this species may decrease
towards the open ocean. The latitudinal variation
of the concentration of some of the ions, like Na+,
K+ and Mg2+, presented in figure 8(b), shows a
similar pattern to that of total aerosol mass (with
low values over MAS). While the concentration of
Cl− is found to be largest over NAS, that over MAS
and SAS are comparable. Other ions, viz., SO2−

4 ,
NO−

3 , NH+
4 and Ca2+ show higher values over the

SAS compared to those over NAS. While the lowest
concentration of NH+

4 is observed over NAS, that
of the other three ions are observed over MAS.

From the latitudinal patterns it is clear that
the concentration of major ions of sea-salt origin,
viz., Na+, Cl− and Mg2+ shows a prominent peak
over NAS. As seen in section 4, the wind speed
is large during May (figures 2b and 3a) when the
ship was sailing along the northern AS. As can be
seen from various other investigations, the sea-salt
production over the ocean strongly depends on
wind speed (Monahan et al 1983; Exton et al 1985).
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To examine this feature in terms of chemical com-
position, the wind speed dependence of the con-
centration of Na+, Cl−, and Mg2+ are examined
through linear regression analysis. This analysis
showed that the concentrations of these ions are
well correlated with wind speed with a correla-
tion coefficient of 0.70, 0.61 and 0.62 respectively
(figure 9a to c). Hence, the observed spatial distrib-
ution of these ions over the AS could be attributed
to wind. The concentrations of other ions, like
SO2−

4 , NO−
3 , NH+

4 , and Ca2+, which are mainly
of anthropogenic/continental origin, are found to
be highest over the EAS and SAS. The increased
concentration of these ions over the EAS can be
attributed to their proximity to the continent. On
the other hand, the high over SAS can be explained
partly on the basis of airflow pattern and airmass
back trajectories discussed in section 5.5 and shown
in figure 12(d). When the ship was sailing across
SAS region (during the month of April) it encoun-
tered winds mainly from north/north-west travers-
ing the north western landmass and coastal regions
of India (figure 2a). The observed increase in
concentration of anthropogenic/continental species
might have been caused by advection.

5.4 Sea-salt and non-sea-salt aerosols

Aerosols over the oceanic regions are expected
to be dominated by particles originating from
sea-spray notwithstanding the intrusion of conti-
nental/ anthropogenic aerosols through long-range
transport. Major sea-salt associated ions are iden-
tified using Na+ as the reference element. The
linear regression analysis of Na+ against Cl− and
Mg2+ yielded high positive correlation with coef-
ficients of 0.89 and 0.99 respectively, confirming
that they are of the same origin (from sea-spray).
From the measured concentrations of Na+ and Cl−,
the mass concentration of sea-salt aerosols can be
estimated using the empirical relation (Holland
1978)

Mss = MCl + 1.47 × MNa, (1)

where Mss, MCl, and MNa represent the mass of
sea-salt, Cl and Na respectively. The coefficient,
1.47, is the sea water ratio of (Na+ +K+ +Mg2+ +
Ca2+ + SO2−

4 + HCO−
3 )/Na+. This approach elimi-

nates the inclusion of non-sea-salt K+, Mg2+, Ca2+,
SO2−

4 and HCO−
3 in the sea-salt mass and allows

for the loss of Cl− through depletion process. The
sea-salt concentration thus estimated over the AS
is found to vary from 0.4 to 35.6µg m−3 with an
average concentration of 8.8µg m−3. This mean
sea-salt concentration accounts for ∼46% of the

Figure 10. Sample-to-sample variation in the mass loading
of sea-salt and non-sea-salt components.

Figure 11. Percentage contribution of sea-salt and
non-sea-salt components of aerosol mass loading at differ-
ent longitude and latitude sectors (a and b). Mass loading
of ss and nss-SO2−

4 in total SO2−
4 at different longitude and

latitude sectors (c and d).

water soluble mass and ∼24% of total mass loading
of aerosols collected during the cruise period. The
non-sea-salt mass (Mnss) can be estimated from ML

and Mss as

Mnss = ML − Mss. (2)

The mean Mnss is found to be ∼27µg m−3,
which amounts to ∼76% of the total aerosol mass
loading over the AS. Figure 10 shows the sample-
to-sample variation in sea-salt and non-sea-salt
mass during the cruise period. Note that the analy-
sis of aerosol samples collected during the INDOEX
cruise (Nair et al 2004b) indicated that mass
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Figure 12. Seven-day back trajectories reaching (a) WAS, (b) CAS, (c) EAS, (d) SAS, (e) MAS and (f) NAS.

concentration of sea-salt aerosols are in the range
1–15µg m−3. A comparison of the estimated sea-
salt and non-sea-salt components in aerosol mass
during the present cruise with those during the
INDOEX period indicates an increased sea-salt
production during the present study period, which
is quite expected because of prevailing high wind
speeds. The percentage contributions of sea-salt
and non-sea-salt components to total aerosol mass
were grouped in different longitude and latitude
sectors as in the previous cases to examine their
spatial variations. Longitudinally, the sea-salt con-
tribution is slightly larger over the EAS and CAS
regions and low over the WAS region (figure 11a),

while the opposite is true for non-sea-salt com-
ponent. Along the latitude, the sea-salt compo-
nent steadily increases with the increase in latitude
while the non-sea-salt component is largest in the
SAS and MAS regions and low over the NAS region
(figure 11b).

The SO2−
4 component in aerosols is consi-

dered to be a tracer for anthropogenic influ-
ence. However, over the oceans and coastal sites
SO2−

4 has both sea-salt and non-sea-salt compo-
nents (Prospero 2002). The sea salt component
is estimated using Na as the reference element
based on the empirical relation (Duce et al
1983),
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MssSO4 = 0.25 × MNa, (3)

where MssSO4 is the mass of sea-salt component
of SO2−

4 , MNa is the mass of Na and the coefficient
0.25 represent the mass ratio of SO2−

4 to Na in
sea water (Berg and Winchester 1978). Subtract-
ing this component from the total measured SO2−

4 ,
the non-sea-salt SO2−

4 is also estimated for each
sample. The mass loading of nss-SO2−

4 is found to
vary from 1.38 to 7.15µg m−3. It would be worth
mentioning in this context that the concentration
of nss-SO2−

4 reported for regions north of ITCZ
during INDOEX lie in the range 2.2–18.31µg m−3

(Kulshrestha et al 2001), which is higher than
the values obtained during the present study. The
mean concentration of nss-SO2−

4 measured north
of ITCZ during the pre-INDOEX cruise typically
ranged from 1–4µg m−3 with values as high as
9µg m−3 (Krishnamurti et al 1998). This indi-
cates that the advection of continental aerosols
over to the oceanic regions is less during pre-
monsoon compared to the winter season during
which both the above-mentioned cruises were con-
ducted. Figure 11(c) and (d) shows the mean con-
centration of ss and nss-SO2−

4 for the same sectors
as in figure 11(a) and (b). Figure 11(c) and (d)
show the dominance of nss-SO2−

4 over the AS region
with highest concentrations over EAS and SAS.
While the high concentration of nss-SO2−

4 over EAS
can be due to its proximity to coastal regions,
that over SAS can be attributed to airflow pat-
tern favouring the advection of continental aerosols
from the north as discussed in section 5.3.

5.5 Back trajectory analysis

The airmass back trajectories are obtained by
running the HYSPLIT model from NOAA ARL
website (Draxler and Rolph 2003; Rolph 2003).
Considering the low residence time of aerosols
near the surface, a seven-day back trajectory
of airmass reaching the mean position of sam-
pling has been examined. Those trajectories end-
ing at 100 m above the sea-surface (which is well
within the marine boundary layer over the AS
during the cruise period) were considered for the
present analysis. These trajectories were further
grouped according to the longitudinal/latitudinal
sectors as detailed in section 5.2 and are pre-
sented in figure 12(a–f). A close examination of
these trajectories shows that all the back trajec-
tories have their origin over the oceanic region.
But, the back trajectories in the SAS (figure 12d)
have their origin in the northern AS whereas in
all other regions they originate from the south-
ern open oceanic environments. The high loading

of continental aerosols over SAS may be partly
attributed to this. However, it can be inferred that
the airmass prevailing over the AS region during
the study period is of marine origin and the mea-
surements are pertaining to marine boundary layer
aerosols.

6. Conclusions

Spatial variations in total aerosol mass loading
as well as its water soluble components are stud-
ied over the Arabian Sea during the pre-monsoon
cruise of ICARB. An important feature revealed
from this study is the high mass concentration of
aerosols over the northern parts of the Arabian Sea
and along the west coast of India. Chemical analy-
sis revealed that SO2−

4 , Cl− and Na+ are the major
ions contained in these samples. The percentage
contribution of sea-salt to total aerosol mass esti-
mated from the concentration of Na+ and Cl− is
∼26% over the cruise region. The latitudinal and
longitudinal variation of total aerosol mass load-
ing and its chemical constituents are examined in
detail. The total mass loading is found to decrease
towards west from the west coast of peninsular
India with a gradient of 1.53µg m−3/◦ longitude
and a scale distance of ∼2300 km. The mass con-
centration of Na+, Cl− and Mg2+, which are mostly
of sea-spray origin, shows a significant dependence
on wind speed. The concentrations of these ions
steadily increase with increase in wind speed.
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