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lkj & bl 'kks/k&i= esa egklkxj vuqla/kku iksr lkxjdU;k esa ekulwu o"kkZ _rq ¼twu & vxLr 2002½ 
vkSj ekulwu ls iwoZ dh _rq ¼Qjojh & ekpZ 2003½ esa vjc lkxj ekulwu iz;ksx ¼vkjesDl½ vfHk;ku ds nkSjku 
vjc lkxj ls dqy laLisaMsM ifVZdqysV ¼Vh- ,l- ih-½ vkSj vkdkj fo;ksftr ok;qfoy; ,df=r fd, x,A ty 
ds vf/kdka’k foy;’khy vk;fud ?kVdksa ds fy, ok;qfoy; ds lHkh uewuksa ds fo’ys"k.k fd, x,A ekulwu ls 
iwoZ dh _rq dh vis{kk ekulwu _rq esa Vh- ,l- ih- Lrj esa c<+ksrjh yxHkx nksxquh fjdkMZ dh xbZ tks laHkor% 
ekulwu dh rst iouksa ds dkj.k leqnz lrg ij o"kkZ dh rst ckSNkjksa ds dkj.k gks ldrh gSA ok;qfoy;ksa ds 
jklk;fud lfEeJ.k ls ;g Kkr gqvk gS fd ekulwu _rq ds nkSjku ok;qfoy;ksa ds dqy vk;fud lfEeJ.k esa 
leqnzh yo.k (NaCl) izeq[k :Ik ls lgk;d gSa vkSj ekulwu ls iwoZ dh _rq ds nkSjku ekuoksn~Hko oSKkfud 
¼,aFkzksikstsfud½ vk;uksa tSls SO4 vkSj NO3  izeq[k :Ik ls lgk;d gSaA ok;qfoy;ksa ds vkdkj ds oxhZdj.k ls mlds 
LFkwwy vkdkj esa vf/kdre izcyrk okys ckbeksMy dk irk pyk gSA dqy 70 izfr’kr ok;qfoy; leqnz ls mRiUu 
gksus okys LFkwy ok;qfoy;ksa ds dkj.k gksrs gSaA ok;qfoy; ekulwu _rq ds nkSjku ,Ydkykbu izÑfr ds vkSj 
ekulwu ls iwoZ dh _rq esa vEyh; izdkj ds ik, tkrs gSaA 

 
ABSTRACT.  Total Suspended Particulates (TSP) and size segregated aerosols were collected over Arabian Sea 

during Arabian Sea Monsoon Experiment (ARMEX) campaign in the monsoon season (June- August, 2002) and in the 
pre-monsoon season (Feb-March, 2003) onboard Ocean Research Vessel, Sagar Kanya. All the aerosol samples were 
analysed for major water soluble ionic components. The higher (nearly double) TSP levels in monsoon season than those 
in pre-monsoon season were observed which may be due to high bubble bursting activity on sea surface due to high 
winds in monsoon. Chemical composition of aerosols revealed that sea salt (NaCl) is the major contributor to the total 
ionic composition of aerosols during the monsoon season and the anthropogenic ions i.e., SO4 and NO3 are the major 
contributors during the pre-monsoon seasons.  The size distribution of aerosols showed bimodal with a dominant peak in 
coarse size. 70% of the total aerosols are contributed by coarse aerosols which are originated from sea. The aerosols were 
found to be in alkaline nature during the monsoon season and acidic during the pre-monsoon season. 

 
Key words  −  ARMEX, Aerosols, Chemical composition, Ionic balance, Size distribution, Sea salt fractionation. 

 
 
1.    Introduction 
 

The impact of atmospheric aerosols (natural/ 
anthropogenic) on weather and climate has been one of 
the important research areas in recent years. The study of 
physico-chemical characteristics of aerosols is very much 
essential to understand the various atmospheric processes/ 
phenomena related to radiation balance, acid deposition 
and air quality. The climate effects of the anthropogenic 
aerosols have received large attention due to the 
magnitude and large uncertainties of their climatic effects 
(IPCC, 2001). In order to reduce these uncertainties 

measurements of the aerosol, physical and chemical 
properties of the aerosols are needed to trace the nature of 
the location and strength of the sources as well as to 
understand their physical and chemical transformation 
processes occurring in the atmosphere. Also, the study of 
marine aerosols helps to investigate the effects of 
continental and anthropogenic aerosols on background 
marine aerosols. Aerosol particles and gases transport 
over the Indian Ocean and causes for the formation of 
haze called Asian Brown Cloud (Ramanathan et al., 2001) 
and now called Atmospheric Brown Cloud. Also there are 
large  emissions  of  soil  dust  from  the  continental areas  
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Fig. 1. Cruise tracks of Sagar Kanya  during ARMEX  Phase-I and II 
 

 
north and northwest of the Arabian Sea (Tegen and Fung, 
1994), which are subsequently advected out over the 
Arabian Sea. The effects of soil dust originating  from the 
arid zones of continents, on the chemical composition of 
aerosols over the ocean atmosphere have been observed 
(Junge, 1979; Prospero et al., 1981; Hirose et al., 1983; 
Khemani et al., 1985 and Naik et al., 1991).  Several 
studies have been made on the physical and chemical 
characteristics over   the inland locations in   India but 
such studies are very scanty over the oceans  (Norman     
et al., 2002). 
 

Aerosols were collected onboard ship “ORV Sagar 
Kanya”  during both the cruises of ARMEX i.e., monsoon  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 2. Variation of TSP over Arabian  Sea during ARMEX 
 
 
 
season (23 June – 16 August, 2002) and pre-monsoon 
season (14 March – 9 April, 2003).  The physical and 
chemical characteristics of marine aerosols over the 
Arabian Sea and their seasonal variations are discussed in 
this paper. 

 
2.      Route of the cruise 
  

During ARMEX the measurements were made on 
research vessel Sagar Kanya during different seasons i.e., 
monsoon and pre- monsoon. Monsoon observations were 
conducted from 21 June to 16 August, 2002. During 
Monsoon, the Sagar Kanya cruise was divided into two 
legs. Leg 1 (SK178) started from Kochi port (Lat. 9.57°N, 
Long. 76.16° E ) on 21st   June and ended at Goa port  
(Lat. 15.24° N, Long. 73.47° E) on 15th July.  Leg 2 
(SK179) started from Goa port on 17th July and ended at 
Goa port on 16th August, 2002. The pre-monsoon 
campaign had only one leg (SK190), it started from 
Mangalore port (Lat. 12.59° N, Long. 74.48° E) on 14th 
March and ended at Kochi port (Lat. 9.57° N, Long. 
76.16° E ) on 9th April, 2003. Cruise tracks for both the 
seasons are given in Fig. 1. 

 
3.     Sampling and analyses  
 

Total Suspended Particulates (TSP) were collected 
on   Whatman-41   filter   papers  using  High  Volume Air  
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Fig. 3.  Percentage contribution of various ions to the total ionic composition of TSP during ARMEX 

 
 
Sampler at a flow rate of 1.1 m3/min. and Mass size 
distributions were obtained by using 9 stage Low Volume 
Andersen Sampler at a flow rate of 0.03 m3/min. The 
samplers were mounted on the front side upper deck of the 
ship at a height of about 12 m above the sea level to avoid 
the contamination from the sea spray and ship’s exhaust. 
The sampling duration of each TSP sample was 12 hours. 
The sampling duration for one set of mass size distribution 
was about 120 hours. All the samples of TSP and the size 
segregated aerosols were extracted for chemical analyses 
using standard extraction method. All the extracted 
samples were analysed for major ionic components (Cl, 
SO4, NO3, NH4, Na, K, Ca and Mg). The Cl, SO4 and NO3 
were analysed by using Ion Chromatograph (DIONEX 
100) and metallic components by using Atomic 
Absorption Spectrophotometer. NH4 was measured by 
colorimetric method using UV-Visible Spectrophoto-
meter. 
 
4.     Results and discussion 
 

4.1. Total suspended particulates (TSP) 
 

The concentrations of TSP during the monsoon and 
pre-monsoon seasons during ARMEX cruises are shown 
in Fig. 2. During the monsoon season TSP varied from 
120 to 295 μg/m3 with an average of 234 μg/m3, whereas, 
during the pre-monsoon season, it varied from 56 to 154 
μg/m3 with an average of 107 μg/m3. The higher (nearly 
double) TSP levels in monsoon season than those in pre-
monsoon season may be due to high bubble bursting 
activity on sea surface due to high wind speeds in 
monsoon. 

4.2. Chemical composition of aerosols 
               

Chemical composition of aerosols indicated that sea 
salt (NaCl) is the major contributor to the total ionic 
composition of aerosols during the monsoon season and 
the anthropogenic ions i.e., SO4 and NO3 are the major 
contributors during the pre-monsoon seasons.  The total 
percentage contribution of all the major measured ions in 
the TSP during monsoon season is 44% whereas in the 
pre-monsoon season it is about 22%. This indicates that 
the major contributor to the aerosols is sea during 
monsoon season. 
 
 

The percentage contributions of ionic species to the 
total ions of TSP collected during the monsoon and pre-
monsoon seasons are shown in Fig. 3.  The sea salt (NaCl) 
contribution was found to be very high in monsoon (81%) 
than that in pre-monsoon (28%).  This higher contribution 
of sea salt in the monsoon season is due to higher bubble 
bursting activity by higher wind speeds as well as the 
prevailing wind direction being from the west blowing 
towards the sampling location.  
 
 

The higher contributions of anthropogenic ions i.e., 
SO4 and NO3 were found to be higher in pre-monsoon 
season (SO4–34%, NO3–27%) than those in monsoon 
season (SO4–9%, NO3–2%). The higher contributions of 
SO4 and NO3 in pre-monsoon season are due to the 
influence of continental aerosols brought over the Arabian 
Sea by the prevailing northerly winds. Whereas, during 
the  monsoon  season,  the  prevailing SW winds bring the  
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Fig. 4. Back trajectories at observational points at 20, 100 m amsl (above mean sea level) 
 
 
prestine marine air masses to the sampling site over the 
Arabian Sea. Ca, K and NH4 have followed the pattern 
similar to SO4 and NO3; Whereas, Mg followed the 
pattern of NaCl as one of its major sources is sea.   
 

The air mass back trajectories at the observational 
location at 20 and 100 m above sea level during monsoon 
and pre-monsoon season are shown in Fig. 4. Trajectories 
showed that during the monsoon season the air masses, 
reached to the sampling site are  originated from SW 
direction and bringing the pristine marine air; whereas 
during the pre-monsoon season the air masses originated 
from N direction bringing continental pollution to the 
sampling site.  Also, it can be seen that the air masses 
traveled a very long distances during monsoon season due 
to high wind speeds compared to that during the pre-
monsoon season. 
 

In order to study the possible sources of water 
soluble components of TSP, a comparison of the ratios of 
these components was made with the corresponding ratios 
in sea water (Table 1). It can be seen from the table that 
the ionic ratios in TSP during the monsoon season are 
nearly  equal  to  those  in  the sea water indicating that the 
sea is the major source of these elements. Whereas, during  
the  pre-monsoon  season  the ionic  ratios  for  SO4, Ca, K 

TABLE 1 
 

Equivalent ionic ratios of TSP during ARMEX observations 
 

 Cl/Na SO4/Na Ca/Na K/Na NO3/SO4 

Monsoon 1.06 0.142 0.074 0.015 0.013 

Pre-monsoon 0.69 1.485 0.383 0.090 0.715 

Sea-water 1.16 0.125 0.048 0.028 - 
 
 

and Mg in  TSP were very much higher than the sea water 
ratios indicating that they have sources other than sea. 
This indicates that these components are transported from 
land regions. The lower Cl/Na ratio than the sea water 
ratio during the pre-monsoon season suggests the reaction 
of sea-salt with either H2SO4 or HNO3 and forms HCl 
(Green, 1972). 
 

The loss of chloride has been observed in the sub- 
μm particles of sea-salt from the analysis of size 
segregated  aerosols  obtained from the Andersen sampler. 
The Cl/Na ratio in coarse aerosols (> 2.1 μm dia) was 1.75 
which is equal to that of sea water; in fine aerosols (< 2.1 
μm dia) it was 0.97 which is nearly half of the sea water 
ratio; and in very fine particles (< 0.4 μm dia)  in Back-    
up  Filter   was  0.43 which is very less than the sea water   
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TABLE 2 
 

Mass ionic ratios of size segregated aerosols during the  
monsoon season 

 
 Cl/Na SO4/Na Ca/Na NO3/Na 

Coarse 1.748 0.220 0.138 0.077 

Fine 0.966 0.966 0.067 0.123 

Back filter 0.426 1.275 0.082 0.044 
Sea water 1.800 0.250 0.038 - 

 
 

TABLE  3 
 

Percentage contribution of non sea salt (nss) SO4, Ca and K 
 

 SO4 Ca K 

Monsoon 16.5 35.2 Nil 
Pre- monsoon 86.8 78.7 67.9 

 
 
 
ratio (Table 2). Several investigators have reported the 
loss of Cl in the fine particles (Wilkniss and Bressan, 
1972; Martens et al., 1973; Sadasivan, 1978 and Khemani 
et al., 1985). 
 

The contributions of sea to various ions in TSP were 
estimated by assuming that the total Na in aerosols is from 
sea and using the standard sea water ratios. Then non-sea 
salt (nss) percentage contributions of Ca, K, Mg and SO4 
in aerosols were calculated by subtracting the sea salt 
contribution from the total concentration of a particular 
ion (Keene et al. 1986) as follows: 

 

nss%   = [ ] [ ]
[ ] 100*Na
X

rX ∗−  

 
Where nss% is the non sea salt percentage,   
 
[ ]X   indicates the concentration of the ion  X 
 
r      indicates standard sea water ratios   (X/Na) 
 
The non sea salt (nss) percentage contributions of  

SO4, Ca and K in TSP during monsoon and pre-monsoon 
seasons are given in Table 3.  The SO4 contribution from 
sea was found to be 83% during monsoon and only 13% 
during pre-monsoon season. The concentration of nss SO4 
was 1.6 μg/m3 in monsoon and 8.13 μg/m3  in pre-
monsoon season. The SO4 concentration in pre-monsoon 
season is found to be nearly equal to that (7 μg/m3)  

reported over the north Indian Ocean during the INDOEX 
(Ramanathan et al., 2001). The percentage contribution of  
nss  SO4  during  the   pre-monsoon  season in the present  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.  Mass size distribution of aerosol over Arabian Sea during 
ARMEX : 2002-03 

 
 
 
study (87%) is in good agreement with that reported 
(90%) during INDOEX by Ramanathan et al., 2000.  Ca 
contribution from sea was 65% during monsoon and 21% 
during pre-monsoon season. In case of K, sea 
contributions were 99 and 22% in monsoon and pre-
monsoon seasons respectively.  This indicates that the 
land influence is very less on marine aerosols during 
monsoon than that in pre-monsoon season.  
 

4.3. Nature of aerosols through ionic balance in 
TSP 

  
In order to see the nature of aerosols, ionic balance 

was studied.  The difference between the  cations and 
anions suggests the nature of the aerosols i.e., alkaline or 
acidic. If the difference between the sum of anions and 
cations is positive (i.e., excess anions), the aerosols are 
said to be in acidic nature. Or, if the difference is negative 
(i.e., excess cations), the aerosols are said to be in basic 
nature. In the present study, the cations were found be 
excess (279 μeq/l) during the monsoon season indicating 
the alkaline nature of aerosols, whereas, during the pre-
monsoon season, the anions were found to be excess (70 
μeq/l) indicating the acidic nature of aerosols. From the 
reported data on chemical composition of aerosols during 
the  INDOEX, it was found that the anions were found to 
be higher than the cations which suggests the acidic nature 
of aerosols (Granat et al., 2002). Also, Granat et al., 
reported that the rain water was acidic (pH ranging from 
4.8 to 5.4) during the INDOEX i.e., January – March, 
1999.  This acidic pH was attributed to high concentration 
of nss SO4.  During the ARMEX also, authors found that 
the rain water was found to be acidic during pre-monsoon 
season and alkaline during the monsoon season. 
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Fig. 6. Size distribution of major ionic components of aerosols during ARMEX in monsoon season 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.  Size distribution of non sea salt and sea salt components of  SO4, Ca and K aerosols during 
ARMEX in monsoon season 
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4.4. Mass size distribution of aerosols and their 
chemical components 

              
The average mass size distributions of aerosols 

during monsoon and pre-monsoon seasons are shown in 
Fig. 5. Aerosols showed bimodal distribution with one 
peak in fine size range (0.65  1.1 μm dia.) and the other 
peak in coarse size range (3.3 – 4.7 μm dia.).The 
magnitude of aerosols in all the stages is very high (about 
4 times) during monsoon season as compared to that 
during pre-monsoon season. This result is similar to that 
observed in case of TSP. During the pre-monsoon season, 
the fine size aerosols were amounted to 15 μg/ m3

   which 
was very close to the reported value of 17 μg/ m3

 over the 
north Indian Ocean during INDOEX (Ramanathan et al., 
2001). 
 

Except SO4, NH4 and K, all the ionic components of 
size segregated aerosols, collected during the monsoon 
season, showed unimodal distribution with a peak in 
coarse size range (Fig. 6). This indicates that their source 
is natural i.e., sea. Whereas, SO4, NH4 and K showed 
bimodal with one peak in coarse and another in fine size. 
The fine size peak for SO4 may be due to the DMS 
emissions from sea. The fine size NH4 and K may be 
originating from the inland regions. Size distributions of 
non sea salt and sea salt components of SO4, Ca and K are 
shown in Fig. 7.  Nss SO4  showed peak in fine size 
indicating its source as other than sea and sea salt (ss) SO4 
showed peak in coarse size indicating the natural source 
i.e., sea. Both nss and ss Ca showed peak in coarse size 
indicating a natural sources i.e., soil and sea. Nss K 
showed bimodal indicating two sources i.e., biomass 
burning (cooking, forest fires, crop-waste burn etc., from 
Indian sub-continent) for fine size and soil for coarse size 
particles; whereas, ss K showed unimodal with peak in 
coarse mode indicating sea as a source. 
 
5.    Conclusions 
    

The aerosol (TSP) load over the Arabian Sea is 
higher during monsoon season than that during pre-
monsoon season. Sea salt is the major contributor to total 
aerosols during the monsoon season, whereas, the acidic 
components (SO4 and NO3) are the major contributors 
during the pre-monsoon season. During the monsoon 
season, the prevailing winds are southwesterly which 
brings clean marine air masses, whereas, during the pre-
monsoon season, the prevailing winds are mostly north 
and northeasterly which brings polluted continental air 
masses from the Indian subcontinent. The size distribution 
of aerosols showed bimodal with a dominant peak in 
coarse size. 70% of the total aerosols are contributed by 
coarse aerosols which are originated from sea. The 
aerosols were found to be in alkaline nature during the 

monsoon season and acidic during the pre-monsoon 
season. 
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