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Abstract 

Variations in source, ionic composition and carbonaceous components of aerosols are expected in the 

atmosphere due to reversing the direction of winds from winter to summer over the coastal Bay of 

Bengal (BoB). To examine this monthly, samples were collected at the weekly interval between March 

2016 and February 2017 in the coastal BoB. The air mass back trajectories suggested that the study 

region received aerosols from Indo-Gangetic Plain from October to February whereas from central 

India during June to September and south or southwest during March to May. A higher concentration 

of total suspended particulate matter (TSP) was observed from November to February (winter) 

compared to other months. The concentration of sulphate contributed more than half of water-soluble 

inorganic species followed by sodium, ammonium and nitrate. The dominant contribution of 

anthropogenic SO4
2- (>90%) to total SO4

2- was observed. The ambient elemental carbon loadings and 

organic carbon to EC ratios indicate the dominant contribution of biomass burning emissions in the 

study region. The significant contribution of non-sea salt sulphate and nss-K+ indicates a dominant 

contribution from the continental sources throughout the year. The mass ratio of NO3
-/anthropogenic 

SO4
2- suggests stationary sources (i.e., coal burning in power plants) contribute significantly over 

vehicular emissions during the entire study period. The mass balance of ionic composition suggests 

the acidic nature of aerosols. The estimated secondary aerosols accounted for ~50% of organic carbon 

and 7% of TSP in the study region. This study has implications for understanding the source, 

composition and nature of aerosols and possible impacts on coastal water upon its deposition. 

Keywords: Total suspended particles; biomass burning, Indo-Gangetic Plain; time-series; Bay of 

Bengal.   
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1. Introduction 

The total suspended particulate matter (TSP) in the atmosphere significantly influences the local 

climate through modifications in the radiation budget and cloud properties (Andrea and Ramanathan, 

2013; Hu et al., 2017). The rapid increase in aerosol emissions from South and Southeast Asia since 

the middle of 1990 is a major concern due to rapid industrialization and population growth (Kurokawa 

and Ohara, 2020). Several investigators noticed that carbonaceous aerosols have a significant impact 

on several extreme climatic conditions such as storms, droughts, and delay in onset of monsoon, 

rainfall pattern etc. (Seinfeld et al., 2004; Fadnavis et al., 2019). Significant uncertainty exists on 

assessment of the impact of aerosols on the climatic events due to lack of information on the chemical 

composition of aerosols, especially organic aerosols, as they have a significant impact on regional 

radiative forcing (Gogoi et al., 2017).  

Carbonaceous aerosols, both elemental carbon (EC) and organic carbon (OC) control the earth’s 

radiation budget. The net effect on radiation depends on the ratio of EC to OC and there are large 

uncertainties in the models due to lack of enough data (Cooke et al., 1999; Bond et al., 2004). EC is 

also known to absorb trace gases such as NOx, SO2 and O3 and enhances several chemical reactions in 

the atmosphere (Gundel et al., 1989).  The rapid industrialization and urbanization in South and 

Southeast Asia (Kurokawa and Ohara, 2020) may lead to possible enhancement in the release of 

carbonaceous aerosols into the atmosphere (Cooke et al., 1999). The major source of EC and OC comes 

from vehicular exhaust, biomass burning, sea-salt aerosols, power plants and industrial emissions. 

Choo Chuay et al. (2020) found that both vehicular exhausts and biomass burning are the major source 

of ambient air in Bangkok. Based on the OC/EC and OC/K+ ratio, Bhowmik et al. (2020) identified 

the dominance of biomass burning from wood fuel and agricultural waste in the Indo-Gangetic Plain 

(IGP) region.  Similarly, Flores et al. (2020) found that the major source of OC/EC in Istanbul comes 

from fossil fuel used for residential heating and vehicular emissions. Jafar and Harrison (2020) found 

a significant increasing trend in carbonaceous aerosols from rural to urban areas in the UK and mainly 

attributed to regional transport.  

 Besides climatic influence, aerosols are a significant source of nutrients to oceans (Jickells et al., 2005; 

Mahowald et al., 2010; Ma et al., 2021; Ventura et al., 2021). The continental aerosols, including 

anthropogenic aerosols, get transported over the ocean under conducive meteorological conditions, 

and their deposition modifies primary production (Srinivas et al., 2011; Maranen et al., 2010), 

phytoplankton composition (Yadav et al., 2016) and ocean acidification (Doney et al., 2007; Sarma et 

al., 2015; Kumari et al., 2021; Sarma et al., 2021). The deposition of aerosols depends on the strength 

of emission, the distance from the source and the meteorological conditions (wind speed, direction). 
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These factors have significant temporal and spatial variability.  Since the monsoonal system exists in 

the south and Southeast Asia lead to a seasonal reversal in direction wind with variable intensity in 

wind speed that modifies source and depositional velocity of the aerosols over the northern Indian 

Ocean. Due to intense anthropogenic activities in the south and southeast Asia, with a seasonal reversal 

in wind direction, large temporal variability in the aerosol composition is anticipated in this region.  

India is the second-largest anthropogenic aerosol emitting country in the world (Kurokawa and Ohara, 

2020) with a significant impact on the climate of Asia (Ji et al., 2011). Several studies have been 

conducted to evaluate the composition of aerosols from urban/semi-urban regions in India 

(Kulshrestha et al., 1998; Momin et al., 1999; Ramachandran, 2005) but limited studies were carried 

out in the rural or remote regions (eg: Mahadevan et al., 1989). Ramanathan et al. (2001) demonstrated 

the importance of aerosols emitted from the land on the Indian Ocean and the regional hydrological 

cycle.  

The northeastern Indian Ocean (Bay of Bengal; BoB) is landlocked in the north, east and western sides 

and opened to the south to the Indian Ocean. Winds blow from the northeast during winter and 

southwest during summer. Higher levels of both total and anthropogenic AOD were reported along 

with the northwestern and western coastal BoB with a higher rate of increase over the past two decades 

(Yadav et al., 2021). Sudheer and Sarin (2008) found that higher abundances of EC during winter due 

to the strong influence of polluted air mass from the Indo-Gangetic Plain (IGP) and its influence 

decreases during spring due to change in direction of the wind. Several investigators measured 

carbonaceous aerosols in the IGP region where biomass burning, vehicular exhaust and agricultural 

waste and also through formation of secondary aerosols were found to be significant contributors 

during winter and post-monsoon seasons (Satsangi et al., 2010; Ram et al., 2010; Ram and Sarin, 2015; 

Bhowmik et al., 2020). The transport of pollutant aerosols and their composition during winter and 

summer were reported over the BoB (Kumar et al., 2008; Srinivas et al., 2011) based on one-time 

measurements onboard research vessels. These studies highlighted the differences in source regions 

and nature of aerosols between the Arabian Sea and BoB. A few studies were carried to evaluate the 

chemical composition of inorganic constituents in the aerosols in the coastal cities of India (Jose et al., 

2019; Ramachandran, 2005), however, studies on carbonaceous aerosol are rather very few (Kommula 

et al., 2021).   

The previous investigations suggested that dominant anthropogenic source emissions on the marine 

atmospheric boundary layer (MABL) of the BoB compared to the Arabian Sea (Kumar et al., 2008; 

Srinivas and Sarin, 2012) based on the chemical composition of the aerosols collected over the basin 

during different seasons onboard research vessel. This gives a snapshot of information and represents 
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the compositional characteristics of marine aerosols under different pollution regimes. However, a 

comprehensive study with sufficient time resolution to assess the seasonal variability in aerosol 

composition and its dependence on meteorological conditions are rather limited for this region. Yadav 

et al. (2016) reported that that 60-70% of the TSP over the coastal city, Visakhapatnam, is deposited 

in the coastal BoB that enhances surface ocean primary production and acidification (Sarma et al., 

2021). Since the direction of the winds changes with the season due to the northeast (winter) and 

southwest (summer) monsoons, the source and chemical composition of the aerosols are expected to 

be different. Hence, TSP samples were collected at a weekly interval for a period of one year at a fixed 

coastal station to examine the seasonal variability in the chemical composition of aerosols 

(carbonaceous species and water-soluble inorganic species. The objective of this study is to 1) assess 

the seasonal variability in mass concentrations of carbonaceous and water-soluble inorganic species 

over the coastal BoB, 2) identify seasonal variability in the source of aerosols through diagnostic mass 

ratios in the coastal BoB and 3) evaluate the nature of aerosols (acidic versus basic) over the coastal 

BoB and examine the potential sources responsible for their nature.  

2. Material and methods 

The sampling location, Visakhapatnam (17.62oN and 83.22oE; Fig. 1) is a moderate city, houses many 

major industrial activities. The National Thermal Power Plant (NTPC) is located about 30 km east of 

the study region. The studies on aerosols in this region were mainly concentrated to understand the 

radiation budget, and air pollution with meteorological conditions (Niranjan et al., 2007; 2011; Rao 

and Niranjan, 2012).  

2.1. Collection of TSP samples 

 TSP samples were collected from March 2016 to February 2017 from the terrace of the CSIR-National 

Institute of Oceanography, Visakhapatnam building at a height of ~20 m above the mean sea level. 

Meteorological data were obtained using Automatic Weather Stations (AWS) installed close to aerosol 

sampling location. The air mass back trajectories (AMBTs) were drawn to identify both the source 

region and route of transport to the study region (Fig. 1). Using the Global Data Assimilation System 

(GDAS) database (National Oceanic and Atmospheric Administration (NOAA)) and the Hybrid 

Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT program, version 4.0, 

http://ready.arl.noaa.gov/HYSPLIT.php), the wind back trajectories were computed (Draxler, 1999). 

The weekly AMBT were prepared and presented in Figure 1. The monthly mean MODIS AOD (level 

3) data were obtained from (https://ladsweb.modapseosdis.nasa.gov/search). ERA-Interim reanalysis 

http://ready.arl.noaa.gov/HYSPLIT.php
https://ladsweb.modaps/
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of monthly wind speed at 10 m height from the surface and wind vectors data with a resolution of 1 x 

1o grid was downloaded from https://giovanni.gsfc.nasa.gov/giovanni. 

2.2. Measurement of ionic composition of TSP 

TSP aerosols were collected on pre-combusted quartz (PALLFLEX, 8”x10”) filters. The aerosols 

deposited on the filter was determined gravimetrically using an electronic balance (Sartorius MF 5). 

The filter was subsampled (47mm hole punch) and kept in the beaker containing 50 ml of Milli-Q 

water and sonicated for 30 min. The extract was centrifuged at 2000 rpm for 30 minutes and transferred 

to clean Teflon tubes and subjected to ion chromatography for measurement of ionic composition. The 

anions (F-, Cl-, SO4
2-, NO3

-) and cations (NH4
+, Na+, K+, Ca2+ and Mg2+) were measured by ion 

chromatography (IC; 85- Professional IC, M/s Metrohm, Switzerland).  The mixture of 3.2 mM 

Na2CO3, 1 mM NaHCO3, and 0.1 mM H2SO4 are used as an eluent for anions whereas 2 mM HNO3 for 

cations. Filter blanks were analyzed and the same is subtracted from the sample. About 20 l of the 

aerosol extract is injected into the anion/cation column for measurements of elemental concentrations. 

The instrument was calibrated using multi-anion and cation standards (Sigma-Aldrich, S.No. 69734, 

91286).  The precision in the measurements was found to be <10% based on repeat analysis of the 

same sample. Several samples were spiked with a known concentration of ionic species to quantify 

recovery and it is in the range of 87 to 110% for the ions measured. The relative standard deviation of 

each ion was less than 5% of the mean concentration. The detection limit for anions and cations was 

0.05 and 0.008 mg/l respectively.   

Using the formulae given by Keene et al (1986), the non-sea salt (nss) components were estimated: 

nss-K+=K+ - 0.037*Na+ 

nss-Ca2+=Ca2+- 0.038*Na+ 

nss-Mg2+=Mg2+- 0.12*Na+ 

nss-SO4
2-=SO4

2-- 0.25*Na+  

where 0.037, 0.038, 0.12 and 0.25 denotes weight ratios of K+, Ca2+, Mg2+ and SO4
2- to Na+ in seawater 

respectively and K+, Ca2+, Mg2+ and SO4
2- represent concentrations in aerosols.  

2.3. Measurements of carbonaceous components 

A subsample of 1.5 cm2 area from the sample filter was taken for the analysis of carbonaceous species, 

elemental carbon (EC) and organic carbon (OC) using EC-OC analyzer (Sunset Laboratory, SF, CA) 

following the NIOSH-5040 Total Optical Transmission (TOT) protocol (Birch and Carry, 1996; Ram 

et al., 2010; Xu et al., 2017). The accuracy of the instrument was determined using sucrose and 
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potassium hydrogen phthalate standards. No detectable procedural blanks were observed for EC. On 

the other hand, the procedural blank for OC was found to be <10%. The precision of the EC and OC 

analysis was 10 and 5% respectively based on the repeat analysis of the same sample. The 

concentration of particulate organic matter (POM) is computed as 1.6 times of OC. The concentration 

of water-soluble organic carbon (WSOC) was analyzed by extracting organic carbon in the 10 cm2 of 

filter in the MilliQ water by ultrasonication and the non-purgeable organic carbon (NPOC) was 

measured using total organic carbon analyzer (TOC analyser (isoTOC), M/s Elementaar analytical, 

Germany). The calibration of the TOC analyser was done using the potassium hydrogen phthalate 

standard. The replicate analysis of filter samples yielded ~5% of WSOC. 

2.4. Estimation of neutralization potential to acidic potential 

The ratio of Neutralization Potential to Acidic Potential (NP/AP) and total hydrogen ion available was 

computed following equations given by Yadav et al. (2019) 

NP/AP = ([NH4
+] + [Na+] + 2*[Ca2+] + 2*[Mg2+] + [K+]) / (2*[SO4

2-] + [NO3
-] + [Cl-]) -- (1) 

and  

[H+]T  = (2*[SO4
2-] + [NO3

-] + [Cl-] − [NH4
+] − [Na+] −  2*[Ca2+] −  2*[Mg2+] − [K+] ---  (2)  

3. Results and Discussion 

3.1. Air-mass back trajectories in the marine atmospheric boundary layer (MABL) 

Air mass back trajectories suggested that the study region received aerosols from the southwest region 

(south India) from March to May and from the western region (i.e., western and central India) from 

June to October and northeast region (mostly Indo-Gangetic Plain (IGP)) during winter (November to 

February) (Fig. 1). The change in direction of the source of aerosol is driven by a seasonal reversal in 

winds caused by monsoonal circulation (Schott and McCreary, 2001). As a result, the abundance and 

composition of TSP are expected to show significant temporal variability over the coastal BoB.   

3.2. Temporal variability in ionic species in the TSP over the coastal BoB 

The concentration of TSP over the coastal BoB varied between 8.8 and 177.3 (mean of 75.3) g m-3 

(Table 1) with higher concentrations during October to February (11226 g m-3) and lower during 

March to September (58.88 g m-3) (Fig 2a). Water-soluble inorganic solids (WSIS) in TSP over the 

coastal BoB also displayed similar temporal variability (Fig. 2b). Following Keene et al. (1986) 

method, the aerosol concentrations of K+, Ca2+ and SO4
2- were corrected to remove sea-salt 

contribution using the Na+ levels in the TSP to separate anthropogenic fraction. The higher 

concentrations of sea-salt components, such as Na+, Cl- and Mg2+, were observed during May to June 
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and November to February (winter) compared to other months (Fig. 3a-c). On the other hand, the 

higher loadings of anthropogenic components, such as NH4
+, nss-K+ and nss-SO4

2- were noticed during 

winter compared to other months (Fig. 3d-f) suggesting the dominant source of anthropogenic 

contribution during this period. Higher contribution of water-soluble K+ and SO4
2- can be sourced from 

biomass burning and coal combustion respectively to the TSP (Srinivas and Sarin, 2014). The 

contribution of SO4
2- was dominant and contributed to 24-56% of total ions measured with >~40% 

contribution during all months except March and May (Fig. 4). After SO4
2-, Na+ was the dominant 

contributor (12-29%) followed by Cl- (7-17%), NO3
- (3-10%).  The contribution of Ca2+ was higher 

during April to October (10-25%) whereas it was low (1-6%) during other months (Fig. 4). The 

significant contribution of nss-SO4
2- (anthropogenic SO4

2-) (63-84%) to total SO4
2- whereas biogenic 

SO4
2- and sea-salt SO4

2- contributed 7 to 10% and 6-30% respectively (Supplementary Fig S1).  

Similarly, a high contribution of nss-K+ (48-88%) to bulk K+(0.2 to 2.9 g m-3) was observed in the 

coastal BoB indicating that dominant contribution from the continental sources throughout the year 

(Fig. 4). The higher contribution of K+, SO4
2-, NH4

+ during October to February (2-6%, 40-56% and 

2-22%) suggest that significant amounts of anthropogenic pollutants transported from IGP to the study 

region when wind blow from north/northeast direction (Fig. 1 and 4). The concentration of Ca2+ was 

higher during April to June and November (>2 g m-3) compared to other months (<1 g m-3) 

suggesting the higher contribution of anthropogenic aerosols during the latter period (Fig. 3g). The 

higher contribution of Ca2+ was found during March to October (10-25%) than other months (1-4%) 

suggesting dominant natural sources during the former period (Fig. 4). The major source of Ca2+ 

mineral dust to the study region comes from the Thar desert in northwestern India and the middle east 

(Rastogi and Sarin, 2006; Kumar and Sarin, 2009). The concentration of NO3
- increases steadily from 

March to October and decreased to February (Fig 3h). The contribution of NO3
- was higher during 

March to October (5-10%) compared to other months (3-4%) suggesting that aerosols from central and 

western India contributes significantly than IGP (Fig. 4). The higher concentrations of both nss-Ca2+ 

and NO3
- were noticed during March to October in the TSP over the coastal BoB than those of other 

months and this co-occurrence may be caused by heterogeneous uptake of HNO3 by the mineral dust 

in the coarse mode particles (Kumar et al., 2008a; Cruz et al., 2019; Bikkina et al., 2020). In summary, 

the ionic composition of TSP suggests the dominant contribution of continental sources over the 

coastal BoB throughout the year with a higher contribution during winter than other seasons.    

3.3. Temporal variability in carbonaceous components over the coastal BoB 

The average EC concentration in the MABL of coastal BoB was 1.8 g m-3 (range: 0.4 to 4.7 g m-3) 

during the study period with higher concentrations during winter (2.10.2 g m-3) and lower during 
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other months (1.60.3 g m-3) (Fig. 3i). The concentration of EC in the study region is much less than 

that observed in northeastern India (0.6-12.6 g m-3; Bhowmik et al., 2020) and the urban region in 

the UK (0.5-15 g m-3; Jafar and Harrison, 2020) but close to that of the northeastern and northwestern 

IGP (1.9-5.8 g m-3; Ram et al., 2010; Singh et al., 2016), Istanbul city (1-4.5 g m-3; Flores et al., 

2020). EC displayed a significant linear relationship with TSP (r2=0.29; p<0.001; Table 2) during the 

entire study period. The contribution of EC to the TSP ranged between 1.6 and 4.2% with an average 

contribution of 2.50.6% and it is almost close to that reported in the entire BoB (2%; Sudheer and 

Sarin, 2008) and IGP region (Ram et al., 2010). The mass fraction of EC to TSP is lower during winter 

(1.90.4%) due to the higher concentration of both TSP and EC compared to other months (2.70.6%). 

This temporal difference could be due to the variable contribution of aerosols from the IGP region and 

also coarser/fine particles (mineral dust and/or sea salt) that modifies the contribution of EC to the 

TSP. EC is mostly confined to the smaller size particles, and their contributions may be decreased from 

coastal and open sea regions due to long-range transport (Sudheer and Sarin, 2008). The mean EC in 

the coastal BoB (1.80.4 g m-3) in this study is higher than reported over the entire BoB (0.4 g m-3; 

Sudheer and Sarin, 2008) and Arabian Sea (1.40.5 g m-3; Bikkina et al., 2020) but close to that 

reported in the Arabian Sea by Kumar et al. (2012; 2.2 g m-3).  The mean EC in the coastal BoB is 

much lower than the same found in the western IGP region (0.5 to 12.5 g m-3; Bhowmik et al., 2020) 

and eastern IGP (1.9-5.8 g m-3; Ram et al., 2010) with higher concentrations during winter and lower 

during summer. A significant decrease in EC concentrations in the study region may be caused by 

dilution in the en-route. 

The concentration of OC ranged between 2.8 and 19.2 g m-3 with a mean of 11.54 g m-3 in the 

coastal BoB (Fig. 3j) and it is significantly higher than that reported in the open BoB (0.3 to 5.5 g m-

3; Sudheer and Sarin, 2008) and Arabian Sea (3.0 to 9.8 g m-3; Kumar et al., 2012 Srinivas and Sarin, 

2013; Bikkina et al., 2020; Ashwini et al., 2020) due to proximity to the source region in the present 

study. It can be noted that the concentration of OC is higher in the eastern and western IGP (12.8-80.4 

g m-3; Ram et al., 2010; Bhowmik et al., 2020), Dhaka, Bangladesh (45.710 g m-3; Salam et al., 

2003), Karachi, Pakistan (39.922.8 g m-3; Chen et al.,2019), Katmandu, Nepal (34.827.1 g m-3; 

Chen et al., 2019) than our study region but close to that of Beijing, China (1110.7 g m-3; Ji et al., 

2019; Tang et al., 2018), Sao Paulo, Brazil (6.7-2.7 g m-3; Monteiro dos Santos et al., 2016; Martins 

Pereira et al., 2017). In addition to this, interannual variability in winds, rate of emission and its 

transport contributed significantly to the large variability in the carbonaceous components reported 

earlier and in the present study. The temporal variability in OC follows that of TSP with higher levels 
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during winter (15.34 g m-3) than other months (9.62 g m-3; Fig 2a, and 3j). The computed POM 

contributed to 10 to 31% of the TSP with a mean of 186% in the coastal BoB. The higher contribution 

of POM to TSP was observed during winter (256%) when the study region received aerosols from 

IGP than other months (153%) suggesting that aerosols from IGP contribute a significant fraction of 

POM to TSP. 

The source of EC and OC were different as EC primarily originates from anthropogenic sources, such 

as combustion of biomass or fossil fuel, whereas OC is produced along with EC as well as biogenic 

and secondary processes from the precursor gases (Sun and Arya, 2006). The nature of carbonaceous 

aerosols in the atmosphere can be evaluated from the relationship between OC and EC. The significant 

linear relationship between OC and EC was observed during all months (r2=0.71; p<0.001; Table 2), 

except winter, when it displayed negative relation (r2=0.44; p<0.001; Table 2: Fig. 5a) suggesting the 

primary nature of the OC in this region during the former period. The inverse correlation during winter 

may be caused by preferential removal of one component over the other during transport due to the 

difference in the lifetime of EC and OC in the atmosphere (Lim et al., 2003). In contrast, the OC/EC 

ratio was higher during winter (8.32) than other months (5.80.9) and it is due to the higher 

contribution of OC as well as EC from the IGP region. On the other hand, a significant decreasing 

trend in the concentration of OC and OC/EC ratios were found from north to south of BoB and 

attributed to a higher rate of removal of OC than EC (Sudheer and Sarin, 2008). Similar EC/OC ratios 

were observed in northern India (4.4 to 8.5; Bhowmik et al., 2020; Rengarajan et al., 2007; Sharma et 

al., 2014; Ram and Sarin, 2010). The lower OC/EC ratios (1.7-4.2) than present study region was 

observed in Brazil (Sao Paulo), China (Beijing), Bangladesh (Dhaka) and Nepal (Salam et al., 2003; 

Chen et al., 2019; Ji et al., 2019; MartinsPereira et al., 2017). Based on field experiments, Lim et al. 

(2003) confirmed the longer residence time of EC than OC over the Asian atmosphere and it is 

depended on the particle size, volatility, reactivity and scavenging efficiency. Since several volatile or 

semi-volatile species contribute to OC, whereas EC is mainly contributed by non-volatile and stable 

species, the scavenging of OC is expected to be higher than EC. In addition to this, a significant fraction 

of OC is water-soluble as a result it undergoes hygroscopic growth and removal from the atmosphere 

(Decesari, 2001). Nevertheless, the OC/EC ratios in the study region (2.9 to 15.7) suggests biomass 

burning than the contribution of emissions from light and heavy-duty vehicles (0.6-1.9) at Sao Paulo, 

Brazil (Monteiro dos Santos et al., 2016). Several investigators reported high OC/EC ratios for biomass 

burning and lower for vehicular emissions (Andreae and Merlet, 2001; Ram et al., 2010; Sandradewi 

et al., 2008).  The seasonal variations in OC/EC ratios may be caused by temporal variations in 

emission characteristics or the type of biomass burning associated with meteorological conditions 
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(Hopkins et al., 2007). In addition to this removal of semi-volatile species during sampling may also 

modify OC/EC ratios (Viana et al., 2006). 

The ratio of water-soluble (WSOC) to water-insoluble organic carbon (WSOC/WIOC) indicates the 

processing of organic carbon through photochemical reactions during their transport (Sullivan and 

Weber, 2006; Favez et al., 2008). The concentration of WOSC and WIOC were ranged from 3.3 to 5.8 

(mean of 4.50.7 g m-3) and 2.2 to 13.43 (mean of 7.03 g m-3) respectively with relatively higher 

during October to December in the coastal BoB. The OC and WSOC displayed significant linear 

relation and the slope suggested that about 16% of OC is contributed by WSOC (Fig. 5b: Table 2). 

The mean WSOC/OC ratio was lower during winter (0.30.04) than other months (0.50.1) suggesting 

the lower contribution of WSOC to OC during the former period. Relatively higher ratios of 

WSOC/OC were reported in the IGP region (0.6-0.9; Bhowmik et al., 2020) than the present study 

region indicating a contribution from secondary organic aerosols (SOA) or ageing of the aerosols 

during transport (Pio et al., 2007). Several studies suggested that organic carbon sourced from 

vehicular exhaust produce low WSOC/OC ratio than biomass burning due to the generation of less 

soluble organic constituents due to the combustion of fuels (Daellenbach et al., 2016; Ram et al., 2012; 

Cheung et al., 2009). Dallenbach et al. (2016) noticed WSOC/OC ratio of 0.1, 0.7 and 0.9 for vehicular 

exhaust, biomass burning and oxidized organic aerosols respectively suggesting OC/WSOC in the 

study region is mainly contributed by biomass burning. Both concentrations of WSOC and WIOC 

were increased during winter from that of before (Fig. 3k,l). The mean concentration of OC during 

March to September (9.12g m-3) is about 64% lower than that of winter (14.93 g m-3) whereas 

an insignificant difference in WSOC is observed between former (4.30.2 g m-3) and latter (4.71 g 

m-3) suggesting that significant modification of OC during transport. The inverse relationship between 

EC and WIOC during winter suggests that both WOSC and WIOC were modified during their transport 

to the study region (Fig. 5c). The annual mean WSOC levels over the coastal BoB (4.50.7 g m-3) is 

within the range reported in the Arabian Sea (2.2-8.6 g m-3; Kumar et al., 2012; Ashwini et al., 2020; 

Bikkina et al., 2021) and BoB (5.5-6.7 g m-3; Srinivas and Sarin, 2013). The WSOC/WIOC ratio was 

lower during winter (0.540.1) than other months (0.900.2) indicating a significant modification of 

OC during the former period. This study suggests that higher EC was observed during winter compared 

to other seasons and significant modification of OC was noticed during winter due to long-range 

transport than other seasons.  

To evaluate the contribution of secondary organic carbon (SOC) to total OC, the primary OC/EC ratio 

was estimated from the source emission using the minimum R-squared (MRS) method (Wu and Yu, 
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2016). In this method, variable initial primary OC/EC ratios are used to estimate the minimum 

coefficient of determination of the linear regression between SOC and EC. The estimated primary 

OC/EC ratio was 3.0 over the study region using the entire data collected (Fig. Supplementary Fig S2). 

Based on this, SOC is estimated using the following equations: 

Primary organic carbon (POC) = (OC/EC)primary x EC 

Secondary organic carbon (SOC) = OC-POC 

The estimated SOC concentrations varied between 2.7 and 11.9 g m-3 with higher concentrations 

during winter (10.91 g m-3) than other months (4.52 g m-3) and accounted for 26-65% (av. 50%) 

of OC and 4-11% (av.7%) of TSP in the study region.  The increased SOC during winter is likely due 

to low mixing layer height and increased condensable secondary species due to low atmospheric 

temperature (Gray et al., 1986). Bhowmik et al (2020) noticed that SOC contributed between 36 and 

47% to OC in the IGP region whereas it was varied between 30 and 65% in China, Brazil and Mexico 

(Mancilla et al., 2015; Monteiro dos Santos et al., 2016; Zhang et al., 2012).  Several investigators 

found that SOC is mostly water-soluble as the polar functional groups are formed through oxidation 

of volatile organic carbon (VOCs), hence WSOC is a reasonable proxy for SOC (Saxena and 

Hildemann, 1996; Weber et al., 2007).  

   3.4. Temporal variations in source of aerosols over the BoB 

The source of aerosols over the coastal BoB may be contributed by vehicular emissions, coal power 

plants, biomass burning and fossil fuel burning. To examine the possible dominant sources among 

them, the mass elemental ratios were used. Since NOx is emitted from the vehicular emission, which 

is oxidized to NO3
- in the atmosphere, it represents fossil fuel burning. The coal burning in the power 

plants emit SO2, which is oxidized to SO4
2- in the atmosphere, and it represents the source from the 

power plants. The mass ratio of NO3
-/anthropogenic SO4

2- represents the relative importance of these 

two sources to the atmospheric aerosols (Huebert et al., 1988). This ratio in the TSP is well below 

unity (0.08 to 0.23: mean of 0.150.04) with a relatively higher ratio during May to September 

(0.20.07) than other months (0.10.05). These ratios suggest that stationary sources (i.e., from coal 

burning in power plants) contribute significantly over vehicular emissions to the TSP during the entire 

study period with a relatively higher contribution of vehicular emission during May to September than 

other months. The range of NO3
-/anthropogenic SO4

2- ratios reported over the BoB (0.01 to 0.43; 

Rengarajan et al., 2007) are consistent with the present study. 

Aerosols are contributed by biomass burning, coal combustion and mineral dust in the study region. 

Different diagnostic binary ratios can be used to differentiate sources of aerosols during winter from 
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that of other seasons as these ratios are significantly different during winter than other months 

(Supplementary Table T1). The dominant contribution of biomass burning and coal combustion over 

mineral dust can be assessed using the diagnostic binary ratios of nss-K+/nss-Ca2+ and nss-SO4
2-/nss-

Ca2+. Since both nss-K+ and nss-SO4
2- are produced through biomass burning and coal combustion 

respectively and nss-Ca2+ is a tracer for mineral dust (Rastogi and Sarin, 2006; Srinivas et al., 2014), 

their ratios will give information on dominant contribution natural versus anthropogenic sources. Both 

nss-K+/nss-Ca2+ and nss-SO4
2-/nss-Ca2+ mass ratios displayed higher values during winter (5.33 and 

36.226 respectively) than April to October (0.060.02 and 3.32 respectively; Supplementary Table 

T1) suggesting that higher contribution of anthropogenic sources (biomass burning and coal 

combustion) over mineral dust in the former. In contrast, the decrease in nss-K+/nss-Ca2+ and nss-SO4
2-

/nss-Ca2+ mass ratios during April to October indicates an increase in the relative contribution of 

mineral dust than winter. The air-mass back trajectories suggest that air masses were originated from 

the IGP region during winter resulting in a higher contribution of biomass burning whereas local 

processes are important during other months as air mass is travelled from central or southern India 

(Fig. 1).  

In addition to this, OC/EC, nss-K+/EC, nss-K+/OC and nss-SO4
2-/EC ratios can also be used to evaluate 

relative sources from biomass burning and coal combustion. The OC/EC mass ratio varies between 2 

and 4 for fossil fuel combustion whereas 4 to 12 in the case of biomass burning. The OC/EC ratios 

over the coastal BoB was 8.81.6 during winter and 5.80.8 during March to October period (Fig 6d; 

Supplementary Table T1) indicating that the dominant contribution of biomass burning emissions in 

the study region during the former period and the contribution from fossil fuel is relatively higher 

during the latter period. This interpretation is further confirmed by nss-K+/EC mass ratios (0.40.1 

during winter and 0.050.01 during other months) (Fig. 6e) and nss-K+/OC (0.060.01 during winter 

and 0.010.01 during other months; Supplementary Table T1) (Fig. 6f) and the ratios observed during 

winter are close to that buringburning of crop-residues in the IGP during (0.790.22) and other months 

(0.070.04; Srinivas and Sarin, 2014) suggesting that dominant contribution of biomass burning to the 

carbonaceous aerosol over the coastal BoB during winter and its contribution to TSP decreased during 

March to October due to reversing the direction of winds (Fig. 1). 

The NSS-SO4
2- can be used to trace the influence of anthropogenic sources from continental sources 

as it exhibits a similar trend of EC. During winter, the study region is influenced by the continental 

outflow from the IGP region as evidenced by a higher concentration of nss-SO4
2- (34.6 g m-3) in the 

TSP compared to other periods (13.5 g m-3). A significant linear relationship was observed between 
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EC and nss-SO4
2- (r2=0.32; p<0.001) in the coastal BoB suggesting continental source is a significant 

source. To further evaluate the contribution of SO4
2- from coal combustion and vehicular emissions, 

nss-SO4
2-/EC ratios were used (Supplementary Table T1; Fig. 6g). National Thermal Powerplant 

Corporation (NTPC; https://www.ntpc.co.in) is located ~30 km away from the study region, which is 

one of the main sources of ambient SO2 and EC. In contrast, a high amount of EC is emitted to the 

atmosphere through both vehicular emissions and biomass burning whereas the emission of SO2 is 

low. Since SO2 in the atmosphere has a short lifetime (<2 h to 2 days; Pandis and Seinfeld, 2006; 

Mallik et al., 2013), it converts rapidly to SO4
2-. Hence, SO4

2-/EC mass ratio acts as a pseudo-tracer 

for the continental outflows. The nss-SO4
2-/EC ratio varies between 1.4 and 2.8 due to biomass burning 

(Kundu et al., 2010; Rajput et al., 2014b; Rastogi et al., 2015), 3.92.1in the coal-fired power plant, 

and 6.23.6 in the IGP-outflow to the BoB (Srinivas and Sarin, 2012) and the Arabian Sea (Bikkina et 

al., 2020). The nss-SO4
2-/EC ratio from the BoB (16.74 and 8.73 during winter and other months 

respectively; Fig. 6g; Supplementary Table T1) suggests that SO4
2- is sourced mainly from coal 

combustion over the coastal BoB.  

The major contributors of organic carbon to the atmosphere come from the emission of fossil-fuel 

combustion and biomass burning. The relative importance of these sources can be evaluated based on 

WSOC/OC ratio in the TSP as WSOC contribution due to fossil fuel combustion is lower (Aggarwal 

et al., 2013) than biomass burning. Hence, a higher WSOC/OC ratio (0.650.14; Kundu et al., 2010) 

denotes a significant contribution from biomass burning and vice versa for fossil fuel combustion. 

Bikkina et al. (2020) reported a WSOC/OC ratio of 0.590.2 over the MABL of the Arabian Sea and 

it is close to emissions from biomass burning in the IGP (0.520.16; Srinivas and Sarin, 2014; Rajput 

et al., 2014). The mean ratio of WSOC/OC was 0.420.1 in the coastal BoB, which is close to that of 

the values reported in the Arabian Sea and IGP region (Bhowmik et al., 2020) suggesting that a 

significant fraction of biomass burning may be contributing to the OC. The lower ratio of WSOC/OC 

may be caused by modification of WSOC during transport from the source region. The WIOC and EC 

displayed a linear relationship during all seasons except winter when inverse relation was observed 

(Fig. 5d). The mean ratio of WIOC/EC was 3.30.6 from March to October whereas it was slightly 

higher (3.92) during winter in the study region (Supplementary Table T1). The WIOC/EC ratios in 

the study region are close to that reported in the IGP outflow region (3.71.5; Srinivas and Sarin, 2014) 

suggesting a significant contribution of aerosols from the IGP region. 

Kim et al. (2015) suggested that wind direction and speed significantly influences the transport of 

particle-bound compounds in the atmosphere. Grundstrom et al. (2015) also reported the influence of 
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atmospheric circulation on air quality in the urban region. Since the direction of wind reverses between 

winter and summer due to northeast and southwest monsoon respectively, the sources of aerosols and 

elemental ratios may be varied significantly with reference to the direction of the wind. To examine 

the same, the diagnostic mass ratios, such as OC/EC, NO3
-/SO4

2-, nss-SO4
2+/EC, NH4

+/SO4
2-, 

WIOC/EC, nss-SO4
2+/nss-Ca2+ and nss-K+/nss-Ca2+, data have been divided with reference to the 

direction of the wind (8 groups-N, NE, E, SE, S, SW, W, and NW). During the entire study period 

wind-blown from all directions, except east (E) and southwestern (SW) direction. Therefore, data from 

the 6 groups were subjected to an ANOVA test. The ANOVA results indicated significant differences 

(p<0.01) between groups for the elemental ratios mentioned above suggesting the direction of the wind 

has a significant impact on the elemental ratios in the aerosols. The post-hoc test suggested that OC/EC, 

NO3
-/SO4

2-, nss-SO4
2+/EC, NH4

+/SO4
2-, WIOC/EC, nss-SO4

2+/nss-Ca2+ and nss-K+/nss-Ca2+ were 

significant different (p<0.01) between the aerosols come from western/ southern and 

north/northwestern directions. The western or southern winds bring aerosols from central or south 

India whereas aerosols from IGP are brought to the study region by northern and northwestern winds. 

The central and south Indian aerosols are dominantly contributed by vehicular emissions (Kommula 

et al., 2021; Ramachandran, 2005) whereas the IGP region is mainly contributed by biomass burning, 

hence, the elemental ratios are significantly different.    

3.5. Nature of aerosols 

Sarma et al. (2015) found that rapid acidification of surface waters in the northwestern coastal BoB 

due to deposition of aerosols during spring intermonsoon. Yadav et al. (2019) found aerosols over the 

coastal BoB were acidic during the winter and spring monsoon periods. Recently Kumari et al. (2021) 

found that aerosols throughout the year were acidic however the strength of the acidity is higher during 

winter and the least during summer. To examine the acidity of the aerosols over the coastal BoB, the 

equivalent mass ratios of NH4
+ to nss-SO4

2- in the TSP were examined. This ratio was lower than unity 

during the entire year (0.02-0.87 mean of 0.380.2) (Fig. 6i) indicating that excess non-sea salt SO4
2- 

over NH4
+ suggests the presence of acidic nature of aerosols over the BoB. The mean ratio of NH4

+/nss-

SO4
2- of ~0.7 was reported over the Arabian Sea during winter (Kumar et al., 2012; Ashwini et al., 

2020; Bikkina et al., 2021) suggesting aerosols over the Arabian Sea were relatively less acidic than 

BoB.  

Nature (acidic versus basic) of aerosols can be understood from the balance between equivalent cations 

and anions. Excess anions over the cations result in acidic nature and vice versa represents basic nature 

(Han et al. 2007).  The computed ratio of neutralization potential to acidic potential (NP/AP), based 

on equations 1 and 2 in section 2.4, was less than unity with a mean value of 0.800.1, except March 
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and May, suggesting that aerosols over the coastal BoB are acidic in nature (Fig. 7a). Similarly, the 

total hydrogen ions ([H+]T) were ranged between 0.23 and 0.99 with a mean of 0.640.2 eq m-3 in the 

study region (Fig. 7b) further confirming that the acidic nature of aerosols in the study region with 

higher concentration during October to February than other periods suggesting aerosols are highly 

acidic during winter than other periods. The acidic nature of aerosols was reported in the coastal BoB 

during 2013 and 2015 as well (Yadav et al., 2019; Kumari et al., 2021). 

Bikkina et al. (2020) found that aqueous phase chemical reactions do not influence significantly the 

formation of WSOC over the Arabian Sea and it is attributed to the alkaline nature of TSP over the 

Arabian Sea due to the dominant influence of dust. In contrast, the abundance of WSOC over the BoB 

is controlled by aerosol acidity during the winter season (Srinivas et al., 2017). We noticed an inverse 

correlation of WSOC with ambient air temperature and relative humidity over the coastal BoB 

(Supplementary Fig. S3a,b) suggesting that the formation of secondary organic aerosols (SOA) is 

possible at higher moisture and temperature conditions.  Srinivas et al. (2017) reported the occurrence 

of SOAs, such as oxalic acid, succinic acid and glyoxylic acids, in the outflow of IGP and attributed 

to their production in the aqueous phase through photochemical reactions, which were largely 

controlled by anthropogenic SO4
2-. Therefore, the acidity of the aerosols may be further contributed 

by organic acids, in addition to, the dominance of anions over the cations resulting in rapid acidification 

of coastal BoB.  Kumari et al. (2021) found that the lowering of pH due to the addition of aerosols into 

the surface water displayed a significant relationship with NO3
- and SO4

2- in the aerosols. Recently 

Sarma et al. (2021) reported that coastal BoB is acidifying rapidly, by three times than elsewhere in 

the world in the low-latitude regions due to the deposition of atmospheric pollutants. Since SO4
2- 

contributes to ~50% of the water-soluble inorganic species (WSIS) in the TSP, the source of SO4
2- is 

needed to identify to understand the rapid acidification of coastal waters.     

3.6. Contribution of various sources of SO4
2- in the TSP 

SO4
2- in the TSP is contributed by both anthropogenic and biogenic sources. The dimethyl sulphide 

(DMS) is, produced by several phytoplankton due to stress caused by nutrients and salinity (Shenoy 

and Patil, 2003), released to the atmosphere, where it gets oxidized to Methanesulfonic acid (MSA). 

Both DMS and its oxidative products are considered to be a source of nss-SO4
2- (Hatakeyama and 

Akimoto, 1983; Hatakeyama et al., 1985). Viswanadham et al. (2015) reported higher concentrations 

of DMSP and DMS in the coastal BoB due to severe stress caused by salinity stratification and low 

nutrient levels. This resulted in the estimated flux of DMS to the atmosphere of 5.54 mol S m-2 d-1 

to the atmosphere. Therefore, the significant contribution of biogenic SO4
2- is possible over the BoB. 
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Johansen et al. (1999) found a significant contribution of biogenic and anthropogenic sources to the 

nss-SO4
2- in the Arabian Sea. The biogenic SO4

2- can be estimated following Bikkina et al. (2020) 

Biogenic SO4
2-=[MSA]aerosol x (nss-SO4

2-/MSA)bio 

Where [MSA]aero is the concentration of MSA in the TSP and the ratio of nss-SO4
2- to MSA is 

represented by (nss-SO4
2-/MSA)bio and this ratio is mainly influenced by biological activity. This ratio 

of 0.05-0.06 was proposed based on the significant linear relationship between nss-SO4
2- and MSA in 

the tropical marine aerosols (Savoie and Prospero, 1989) whereas Johansen and Hoffman (2004) 

proposed a relationship between temperature and nss-SO4
2-/MSA ratio. Recently Bikkina et al. (2020) 

measured MSA over the coastal Arabian Sea and found that the MSA/nss-SO4
2- ratio of 0.0070.004 

and is close to that of the same estimated (0.0068) based on Johansen and Hoffman (2004) model at a 

mean temperature of 28.7oC. Based on this relationship, MSA in the TSP over the coastal BoB was 

computed and it was varied between 0.06 and 0.29 g m-3 (mean 0.10.06 g m-3) (Fig. 8a). The 

estimated biogenic SO4
2- varied between 0.9 and 4.46 g m-3 (mean of 2.190.9 g m-3) with higher 

concentrations during winter (3.361g m-3) than other months (1.450.4g m-3) (Supplementary Fig. 

S3b). The anthropogenic SO4
2- varied between 7.6 to 38.0 mg m-3 with higher concentrations during 

October to February (31.28 g m-3) than other months (12.42g m-3) (Supplementary Fig. S3c). 

The mean contribution of biogenic SO4
2- to total SO4

2- during the entire study period was ~100.7% 

(Supplementary Fig. S3d) suggesting that anthropogenic contribution is a very significant source of 

nss-SO4
2- in the coastal BoB. Bikkina et al. (2020) reported that the contribution of biogenic SO4

2- to 

total SO4
2- was varied between 2.3 and 22% (mean of 176%) and it is consistent with the DMS 

concentrations and fluxes to the atmosphere (Shenoy and Kumar, 2007). They noticed that the 

concentration of DMS is almost more than three times higher in the Arabian Sea than BoB due to the 

high primary production and higher abundance of phytoplankton that produces DMS. Despite higher 

concentrations of DMS in the Arabian Sea, the flux is higher in the BoB due to higher wind speed, 

which shows significant interannual variability. Therefore, the contribution of DMS to total SO4
2- in 

the aerosols were less in the BoB than in the Arabian Sea. It is further confirmed that the higher acidity 

of the aerosols over the BoB is significantly contributed by the SO4
2- emitted by the coal combustion 

that resulted in rapid acidification of the surface waters of the coastal BoB.  

5. Summary and Conclusions  

The ionic and carbonaceous components displayed significant temporal variability over the coastal 

Bay of Bengal (BoB) due to reversing the direction of winds due to monsoons. The air mass back 

trajectories suggested that the aerosols were brought from the IGP region during October to February 
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whereas central and southern Indian peninsula during other months. The higher TSP concentrations 

were observed during winter suggests IGP contributed higher aerosols over the study region than 

peninsular India. Sulphate contributed more >40% of water-soluble inorganic species (WSIS) followed 

by sodium, ammonium and nitrate. The contribution of anthropogenic SO4
2- is the highest (>70%) 

followed by sea salt and biogenic sources. Based on ionic ratios, coal burning is the dominant source 

of aerosols from March to September whereas biomass burning contributed significantly during 

October to February over the coastal BoB. The charge balance of ionic composition suggests the acidic 

nature of aerosols. This study has implications for understanding the evolving nature of secondary 

inorganic and organic aerosols in the continental outflows and potential sources responsible for the 

acidification of coastal waters. This study further suggested that atmospheric aerosols are acidic in 

nature and acidify coastal waters and their impact on the ecosystem needs further evaluation.  
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Table 1: Summary of the data (mean±standard deviation, sd) of the chemical components of TSP 

collected over the coastal BoB. 

 

Components Concentrations (µg.m-3) 

 Range Average±sd 

TSP 8.8-177.4 75.3±5.45 

Air temperature 23.04-33.38 28.8± 0.39 

Relative Humidity 38.67-91.72 73.5±1.39 

Na+ 1.70-9.28 4.57±2.21 

NH4
+ 0.06-9.27 2.94±0.61 

K+ 0.21-2.92 1.26±0.17 

Mg2+ 0.26-0.86 0.50±0.04 

Ca2+ 0.73-9.73 2.88±0.48 

F- 0.01-0.42 0.27±0.02 

Cl- 1.99-6.26 4.42±0.63 

NO3
- 0.87-4.50 2.50±0.16 

SO4
2- 9.26-44.33 22.0±3.66 

nss-SO4
2- 8.55-42.44 20.8±2.59 

Anthropogenic SO4
2- 7.65-37.99 18.7±4.42 

MSA 0.06-0.29 0.15±0.05 

Biogenic SO4
2- 0.90-4.46 2.19±0.17 

nss-K+ 0.02-0.81 0.27±0.16 

nss-Ca2+ 0.38-2.76 1.88±0.48 

OC 2.86-24.12 12.2±0.68 

EC 0.40-4.76 1.92±0.13 

OC/EC 2.89-15.75 7.09±0.41 

WSOC 2.57-7.18 4.59± 0.13 

WIOC 0.29-17.58 7.70 ±0.57 

WSOC/OC 0.25-0.90 0.42±0.02 

WIOC/EC 0.49-10.77 4.17±0.32 

nss-K+/OC 0.01-0.05 0.02±0.01 

nss-K+/EC 0.01-0.38 0.14±0.11 

nss-SO4
2-/EC 5.72-19.73 11.4±1.14 

NH4
+/SO4

2- (eq) 0.02-0.87 0.38±0.08 

NO3
-/anthSO4

2- 0.08-0.23 0.15±0.02 

nss-SO4
2-/nss-Ca2+ 0.06-54.70 15.2±3.21 

nss-K+/nss-Ca2+ 0.02-0.56 0.05±0.02 

EC/TSP 0.01-0.09 0.03±0.02 

NH4
+/nss-SO4

2- 0.02-0.87 0.38±0.2 
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Table 2: Summary of regression equations, coefficient and their significance with different 

parameters in the aerosols in the study region 

 

Relation Regression equation r2 p-value 

TSP vs EC EC=0.013TSP + 0.93 0.29 0.001 

OC vs EC (Mar-Sep) OC=3.68EC+3.46  0.71 0.001 

OC vs EC (Oct-Feb) OC=-2.81EC+21.45 0.44 0.001 

OC vs WSOC WSOC=0.16OC+2.66 0.87 0.001 

EC vs WIOC (Mar-Sep) WIOC=3.86EC-0.37 0.58 0.001 

EC vs WIOC (Oct-Feb) WIOC=-2.13EC+15.66 0.35 0.001 

EC vs nss-SO4
2- EC=0.045nss-SO4

2- + 0.91 0.32 0.001 

WSOC vs WIOC WIOC=4.37WSOC-12.63 0.79 0.001 

AT vs WSOC WSOC=0.28AT+12.45 0.65 0.001 

RH vs WSOC WSOC=0.05WSOC+7.85 0.42 0.001 

Na+ vs Cl-+(nss-SO4
2-+NH4

+) Cl-+(nss-SO4
2-+NH4

+)=1.19Na++28.6 0.85 0.001 

Na+ vs Mg2+ Mg2+=0.08Na+ + 22.6 0.40 0.001 

nss-SO4
2- vs NH4

+ (Mar-Sep) 1.76NH4
++7.71 0.81 0.001 

nss-SO4
2- vs NH4

+ (Oct-Feb) 0.70NH4
+ + 121.2 0.81 0.001 
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Legend to Figures: 

 

Figure 1: Monthly mean variability in aerosol optical depth (AOD; color scale), direction of the wind 

(shown as arrows) and weekly mean HYSPLIT air-mass trajectories to the study site. 

 

Figure 2: Monthly mean variations in a) total suspended particulate matter (TSP) and b) ionic 

composition in the TSP.  

 

Figure 3: Monthly mean variations in concentrations of ionic and carbonaceous components in the 

TSP over the coastal BoB. 

 

Figure 4: The monthly mean percentage contribution of different ions to total ions concentrations in 

the TSP over the coastal BoB. 

 

Figure 5: Relationship between a) EC and OC, b) OC and WSOC, c) EC and WISOC and d) WSOC 

and WISOC in the TSP over the coastal BoB. The blue closed circles represent data from March to 

September whereas the red circles represent from winter. 

 

Figure 6: Monthly mean variations in diagnostic binary ratios of ionic and carbonaceous components 

in the TSP. 

 

Figure 7: The monthly mean variations in a) ratio of neutralization potential to acidic potential and b) 

total hydrogen ion concentration in the TSP. 

 

Figure 8: Monthly mean variations in a) MSA, b) biogenic SO4
2-, c) anthropogenic SO4

2- and 

contribution of biogenic SO4
2- to total SO4

2- in the TSP.   
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Figure 1: 
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Na+

K+

NH4
+

Ca2+

Mg2+

Cl-

NO3
-

SO4
2-

T
S

P
 (
µ

g
 m

-3
)

Io
n

ic
 c

o
n
c
e
n

tr
a

ti
o

n
 (
µ

g
 m

-3
)

a b



 33 

Figure 3: 

 

 
  



 34 

Figure 4: 

 

 
  

March                            April                              May                               June

July                              August                      September                       October

November                 December                    January                          February  



 35 

Figure 5: 
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Figure 6: 
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Supplementary Figure S1: Monthly variations in biogenic, anthropogenic and sea-salt SO4
2- 

concentrations in the TSP over the coastal BoB. 
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Supplementary Figure S2: Estimation of primary OC/EC ratio from emissions using MRS method 

over the coastal Bay of Bengal. 
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Supplementary Figure S3: The relationship of WSOC with a) air temperature and b) relative 

humidity. 
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Supplementary Table T1: Mean (standard deviation) of diagnostic binary ratios during winter and 

other seasons in the study region 

 

Diagnostic ratio Winter Other seasons 

nss-K+/nss-Ca2+ 5.33 0.060.02 

nss-SO4
2-/nss-Ca2+ 36.226 3.32 

OC/EC 8.81.6 5.80.8 

nss-K+/EC 0.40.1 0.050.01 

nss-K+/OC 0.060.01 0.010.01 

nss-SO4
2-/EC 16.64 8.73 

WSOC/OC 0.320.1 0.50.1 

WIOC/EC 3.92 3.30.6 

 


