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Abstract 

Polluted aerosols transport from South Asia containing oxides of nitrogen and sulphur and their 

deposition on surface may acidify coastal waters. To test this hypothesis, we have conducted 

experiments involving (a) variability in aerosol composition at a coastal station (Visakhapatnam, 

central east coast of India) during 2013-14 (monthly) and 2015-16 (weekly observations), and (b) 

simultaneous observations of aerosols over land and adjacent coastal water in winter of 2013 and 2016. 

The annual average composition of aerosols during this study was dominated by SO4
2- (48%) followed 

by NO3
- (15%). Sulphate (~12 μg m-3) exhibited high concentrations in Fall Intermonsoon (FIM) and 

winter monsoon (WM) whereas higher nitrate (3-4.5 μg m-3) concentrations were observed during 

summer monsoon (SM) and FIM. The mean [NO3
-/SO4

2-] ratio of 0.32 suggests atmospheric aerosol 

over the study region is contributed by transportation of fossil fuel burning emissions from the 

Subcontinent by high-altitude large-scale wind circulation. The concentrations of NO2 and SO2 varied 

from 17.2 to 34.3 and 11.5 to 16.4 g m-3 respectively with mean [SO2/NO2] ratio of 0.57 and [SO4
2-

/SO4
2-+SO2] ratio of 0.33 indicates coal burning (power plants/industries) and fossil fuel burning may 

be the major source of atmospheric dust in the study region. Comparison of total cations and anions 

concentrations indicate aerosols are acidic in FIM and SM and mixed nature (acidic/basic) in WM but 

near neutral in spring Intermonsoon (SIM). Simultaneous experiments revealed that about 5-45% of 

the atmospheric aerosols were deposited within the 10km from the coast. The in vitro experiments 

indicated that the deposition of atmospheric aerosols resulted in measurable decrease in pH of surface 

seawater and displayed significant relationship between decrease in pH with concentration of NO3/SO4 

but it was weaker with NO2/SO2 suggesting former ions contribute significantly in lowering pH of 

coastal waters than latter. The impact of decrease in pH on acid-base equilibrium, carbonate chemistry 

and gas exchanges need to be assessed. 
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1. Introduction 

Coastal acidification can occur through 1) upwelling of CO2 rich/acidic subsurface water to surface, 

2) inputs of acidic river/groundwater, 3) discharge of industrial/domestic sewage, 4) absorption of 

atmospheric CO2 by surface water and (5) acidic aerosols deposition from atmosphere over surface 

water. The first three assume relevance at local scales whereas the last two processes are of large scale. 

Ocean acidification (OA) by aerosols is commonly caused by deposition of oxides of nitrogen, and 

sulphur (Doney et al. 2007; Guinotte and Fabry 2008; Sarma et al. 2015). Nutrients addition by aerosol 

deposition can also influence the magnitude of air-sea exchange of CO2 through changes in primary 

production (Paytan et al. 2009; Srinivas et al. 2013; Yadav et al. 2016). Therefore, aerosols deposition 

on ocean surface and the subsequent acidity can influence acid-base equilibria including interactions 

between dissolved and particulate phases (such as dissolution, adsorption, and aggregation) and CO2 

exchange and there by impacting surface ocean chemistry. 

The northeastern Indian Ocean (Bay of Bengal) is strongly influenced by the continental 

connection (Sarma et al. 2012; 2013a, b; 2015) as it receives enormous freshwater discharge from 

major rivers during summer monsoon (Unger et al. 2003) and significant inputs of anthropogenic 

aerosols during winter and spring (Srinivas and Sarin 2013; 2015). The higher Aerosol Optical Depth 

(AOD) and its rate of increase (0.07 per decade) have been recorded over the Bay of Bengal between 

2000 and 2009, than elsewhere in the world (Zhang and Reid 2010). Kumar et al. (2008) estimated 

higher nss-SO4
2- in the marine atmospheric boundary layer over the Bay of Bengal (range: 2.5 to 10.2 

µg.m-3; mean: 5.7 µg.m-3) than over the Arabian Sea (range: 1.3 to 5.7 µg.m-3; mean: 2.9 µg.m-3) 

suggesting nearly doubled transport of anthropogenic SO4
2- to the former basin. Atmospheric 

deposition of NO3
- is estimated to support 3 to 33% of the primary production of the coast off 

Visakhapatnam (Yadav et al. 2016). Though Bay of Bengal is reported to be a sink for atmospheric 

CO2 in 1991 due to discharge of low dissolved inorganic carbon waters from rivers (Kumar et al. 1996), 

it has recently been found to be a source driven by a decrease in pH caused by enhanced aerosol 

deposition from South and Southeast Asia (based on the information between 1991 and 2011; Sarma 

et al. 2015). However, no direct evidence is available for a link between aerosol deposition of 

pollutants and acidification of surface waters in the Bay. We provide here, for the first time, the 

experimental evidence of acidification of surface waters due to atmospheric deposition off 

Visakhapatnam, the central west coast of the Bay of Bengal, through field observations and in vitro 

experiments. 
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2. Materials and Methods  

2.1 Shore based aerosol sampling  

The shore-based station (17.72°N and 83.22°E) is in an industrialized urban coastal city of 

Visakhapatnam and is ~500 m from the water front of the Bay of Bengal (Fig. 1). This aerosol sampling 

location is bounded by the Eastern Ghats mountain range in west and north, by industrial city in the 

south and by the Bay of Bengal in the east. The winds blow from the peninsular India to the Bay of 

Bengal during Fall Intermonsoon (FIM) and WM periods (Niranjan et al. 2007; 2008; Madhavan et al. 

2008). 

A total of 89 aerosol samples were collected, at a height of ~20 m above the mean sea level (at 

the top of our CSIR- National Institute of Oceanography Biogeochemistry building), using a high 

volume sampler (Environtech, APM 460BL) between November 2013 and May 2014 (at monthly 

intervals) and from March 2015 to February 2016 (at weekly intervals). Aerosols were collected on 

pre-desiccated Tissue –quartz filters (Pallflex membrane filters of 8 × 10 inch size). The filters 

containing aerosols were stored in a desiccator under controlled humidity conditions. Each aerosol 

sample was collected over 8 hour period with flow rates ranging between 1 and 1.4 m3.min-1 (average 

of 1.3m3 min-1). Filters were weighed gravimetrically before and after the sample collection and aerosol 

content was found by difference. The meteorological data were collected using an automatic weather 

station (AWS), installed besides aerosol sampling system, and data were recorded at 10 seconds 

intervals over a window of 10 min, which are then used to find daily averages. 

2.2 Aerosols analyses 

Circular punches (~17.34 mm2) of aerosol filters were cut into small pieces and added to 30 ml of 

deionized water and ultrasonicated for 30 minutes to extract water-soluble aerosol fraction. An aliquot 

of the extracted and filtered solution was transferred in to a clean teflon tubes for Ion chromatographic 

analyses. The ions (F–, Br–, Cl–, SO4
2–, NO3

–, PO4
3–, NH4

+, Na+, K+, Ca2+ and Mg2+) were analyzed 

by Ion Chromotograph (850 Professional IC, Metrohm, Switzerland) with a cation exchange column 

(Metrosep C4-150/4.0) and an anion exchange column (Metrosep A Supp 5 250/4.0), and measured 

using a conductivity detector. The eluent (Kumar et al. 2010) used for anions was a mixture of 3.2 

mM Na2CO3/1 mM NaHCO3 and 100 mM H2SO4 (at a flow rate of 0.7 ml min-1) whereas 2 mM 

HNO3 was used for cations (at a flow rate of 0.9 ml.min-1). The Ion chromatograph was calibrated with 

gravimetrically prepared high purity standard solutions (Bikkina et al., 2020; Yadav et al., 2016).  Along 

with samples, two field blanks were collected every month without running the pump to ascertain any 

contamination associated with handling and storage. Two blank filter punches were also treated in 
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the same way along with sample filter punches. Concentration of each ionic species was obtained 

after correcting with blank values.. Based on the repeated analysis of working standard solutions, the 

concentrations of ions measured on the Ion chromatograph are reproducible within 5% for this 

dataset. The contribution of blank to the sample NO3
- and SO4

2- was <2% whereas it was <4% for 

other elements. The atmospheric SO2 and NO2 were measured by SO2 and NO2 analyzers (EcoTech, 

Australia) using UV fluorescent radiation and Chemiluminescence technologies respectively. These 

data were obtained from Andhra Pradesh Pollution Control Board (APPCB), who installed these 

sensors close to (~500 m) our sampling station. The pH standards of NBS buffers (4.0, 7.0 and 9.0) 

were used to calibrate the pH electrode. The precision in pH measurements was ±0.002 and accuracy 

was 0.015. 

2.3 Experiments 

2.3.1 Simultaneous sampling experiments to estimate aerosol deposition over coastal waters 

While the aerosol sampling was on at the shore-based station the same was also carried out 

simultaneously on board a boat in the adjacent coastal waters (~10 km from the coast) from 31 

December 2015 to 16 January 2016. Contamination from the boat’s exhaust was avoided by anchoring 

the boat, putting off the engine and by carrying out aerosol sampling only when the continental air 

outflow was the dominant. These simultaneous samplings were aimed to yield the fraction of aerosols 

deposited over coastal waters inside 10 km from the coastline. 

2.3.2 Microcosm experiments to study impact of aerosol deposition on pH of coastal waters  

We conducted microcosm experiments to study the impact of aerosols deposition on coastal water pH 

during March 2015- February 2016. Circular punches (~17.34 mm diameter) of aerosol filters were 

cut into small pieces and added to 100 ml of filtered (0.2 µm) coastal seawater and the change in pH 

was estimated by difference between values measured before and after addition of aerosols. The 

aerosols on each punch amounted to rates between 14.9 and 330.7µg m-3. Besides this indirect 

approach of aerosol deposition, we directly collected dry deposited aerosols (at land station) using an 

open funnel attached to a glass bottle for 24 hrs, 72 hrs and 168 hrs durations. The funnel and bottles 

were washed with 100 ml of filtered (0.2 µm) seawater. The initial and final pH of seawater were 

measured to find the extent of acidification due to dry deposition.  

2.4. Wind trajectories 

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used to calculate 

7 days air mass back trajectories ending at the study region (Fig. 2). HYSPLIT was run for every 
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week starting at 00.00 IST (Indian Standard Time), at a starting height of 500 m above ground level. 

Meteorological datasets were archived from the National Centers for Environmental Prediction 

(NCEP) – National Centre For Atmospheric Research (NCAR) (https://ready.arl.noaa. 

gov/HYSPLIT_traj.php). 

3. Results 

With the annually regular occurrence and reversal of monsoons in the South Asian region in mind we 

have considered four seasons to study temporal variability: Spring Intermonsoon (SIM, April-May), 

Summer Monsoon (SM, June-September), Fall Intermonsoon (FIM, October-November) and Winter 

Monsoon (WM, December-March). The mean values of each season were presented here to examine 

the intra-seasonal variability in meteorological conditions and aerosol compositions.   

3.1 Meteorological conditions 

The air temperatures were relatively higher during SM (30.3±0.3oC), SIM (29.9±0.2oC) compared to 

FIM (28.5±0.3oC) and WM (26.0±0.1oC). The local wind during study period blew predominantly 

from west/southwest (South Asia), between May and September (SM) and it is from northeast 

(Southeast Asia) during October to February (FIM and WM). The dominant winds from east 

(Southeast Asia) were noticed during March and April (SIM). (Fig. 2). Higher wind speeds were 

observed during SIM (4.5±0.3 m s-1), and November, with higher relative humidity (75±1%) than 

other seasons (Fig. 3). Large scale winds however blow from the subcontinent to Indian Ocean, 

particularly from latter part of FIM to early part of SIM.  

3.2 Total suspended particulate matter (TSP) 

The total aerosols (total suspended particles, TSP) concentrations ranged between 5 and 331 µg. m-3 

with mean±standard error of 52±6 µg. m-3. The lowest TSP (5 µg. m-3) was observed during SM when 

sample was collected on the next day of rain occurred in the study region. The TSP concentrations 

showed significant seasonal variation with relatively higher concentrations during WM (54–256; 

70.1±6µg m-3) compared to SM (75–331; 48.6±13 µg m-3, t=0.41; p<0.01), FIM (10-65; 36.2±7µg 

m-3; t= 4.16, p<0.001) and SIM (11–67; 25.9±4µg m-3; t= 5.16, p<0.001) (Table 1). The 

concentrations of TSP during WM were 1.7 times higher than the annual average TSP (52±6 µg m-

3). Mean TSP during SM was similar to annual average and the lowest average was found in SIM. 

The TSP mass concentrations in Visakhapatnam (52±6 µg. m-3) were relatively lower than the Indian 

cities like Kolkata (445 µg.m-3, Das et al., 2015), Chennai (135 µg.m-3, Bathmanabhan and 

https://ready.arl/
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Madanayak, 2010), Delhi (113 µg.m-3, Tiwari et al., 2008) and Mumbai (83 µg.m-3, Kumar et al., 

2003, 133±33 µg.m-3, Kothai et al., 2011). 

3.3 Variations in ionic compositions of aerosols 

Seasonal average concentrations of water-soluble inorganic ions based on 2013-14 and 2015-16 

observations are shown in Table 1. The sum of the water-soluble ion contents ranged between 1.1 and 

72.5 µgm-3 (mean of 21.2±1.5 µg.m-3) that amounted to 24% of the TSP. Among these ions, SO4
2- and 

NO3
- were the most abundant components and accounted for ~48% and 12% of the total mass of water-

soluble ions (Fig. 4), respectively, which is in agreement with the earlier reports (Madhavan et al. 

2008; Yadav et al. 2016). The average concentration of SO4
2- was the highest at ~9.45 µgm-3 followed 

by NO3
- (3.03 µgm-3) and Na+ (2.57 µgm-3). The contribution of SO4

2- and NO3
- to total elemental 

composition showed significant seasonal variability with higher SO4
2- contribution during FIM (54%) 

and SIM (49%) and the least was found during SM (39%). Similarly, higher NO3
- contribution to total 

elemental composition was observed during SM (26%) and the least during WM (10%) (Fig. 4)  

Monthly variabilities in water-soluble inorganic ions shows SO4
2- and NO3

- concentrations in 

aerosols were higher in respective months during 2013-14 than that in 2015-16 indicating interannual 

variability (Figure 5). Their concentrations showed significant temporal variability (Table 1) with 

higher concentrations of NO3
- during SM (4.5±0.9 µgm-3) followed by FIM (3.2±0.5 µgm-3), WM 

(2.8±0.5 µgm-3) and SIM (1.7±0.05 µgm-3). In near contrast, higher NH4
+ concentrations were observed 

during WM (2.7±0.3 µgm-3) followed by FIM (1.4±0.1 µgm-3), SIM (0.6±0.05 µgm-3) and SM (0.4±0.1 

µgm-3). Higher concentrations of SO4
2- were found during FIM (12.6±0.1 µgm-3) and WM (11.9±2.4 

µgm-3) followed by SIM (7.2±1.2 µgm-3) and SM (6.2±0.9 µgm-3). All cations clearly exhibited higher 

concentrations during WM than in other seasons (Table 1).  

The concentration of NO2 and SO2 in the atmosphere varied between 17.2 to 34.3 (26.5±3) g 

m-3 and 11.5 to 16.4 (14.4±2) g m-3 respectively over the study region. Relatively higher 

concentrations of NO2 were observed during WM (31 g m-3), followed by SM (28.0 g m-3), FIM 

(22.7 g m-3) and SIM (18.3 g m-3).  The seasonal variability in SO2 concentrations were smaller with 

higher during SM (15.5 g m-3) and lower during WM (13.3 g m-3; Table 1).  

 Significant correlation (r2=0.68; p<0.001) was found between NO3
- and SO4

2- during WM. 

Correlations between Ca2+and NO3
- (r2=0.60, p<0.001), Ca2+ and SO4

2- (r2=0.64; p<0.001) and Mg and 

NO3
- (r2=0.82; p<0.001) during SIM are notable. Ca2+ and Mg2+ showed significant correlation 

(r2=0.62; p<0.001) during entire study period. NH4
+ correlated with SO4

2- (r2=0.60; p<0.001) and NO3
- 
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(r2=0.59; p<0.001) revealing the possible existence of (NH4)HSO4 and NH4NO3 compounds in 

aerosols. Positive correlations of NH4 with Ca2+, Mg2+, Na+ and K+ (r2=0.50, 0.53, 0.47 and 0.91; 

p<0.001 respectively) were also observed. 

3.4 Deposition of aerosols in the coastal Bay of Bengal 

The TSP concentrations ranged from 97 to 109 µg m-3 and 70 to 114 µgm-3 over land and sea, 

respectively, during this experiment (Figure 6). The amount of TSP deposited between coast and 10 

km offshore was 6-27 µg m-3, which is 5–28% of the aerosols transported from Visakhapatnam. 

Accordingly ~57%, ~19%, ~74% and ~29% of NO3
-, NH4

+, PO4
3- and SO4

2-, respectively, and ~80%, 

~83%, ~39%,~37%, ~43% and ~70% of F-, Cl-, Na+, K+, Ca+2 and Mg+2, respectively, appear to have 

been deposited in waters within the 10 km from the coast. This suggests that noticeable fractions of 

the air-borne materials get deposited in the coastal waters off Visakhapatnam that may influence the 

chemistry of coastal surface waters. 

3.5 Drop in pH due to aerosol addition  

The microcosm experiments revealed that upon the addition of 1 g of dry aerosols to 100 ml of filtered 

seawater, the pH of the original seawater samples was lowered in the range 0.002 - 0.089 pH units 

(Fig. 7). On a seasonal basis, this range was 0.002 to 0.032 (mean= 0.018±0.003) units in SIM, 0.004 

to 0.063 (0.028±0.004) units in SM, 0.041 to 0.089 (0.059±0.006) units in FIM and 0.040 to 0.075 

(0.057±0.006) units in WM indicating that the maximal drop in pH due to aerosol deposition occurred 

in FIM and WM seasons.  

4. Discussion 

4.1 Seasonal variation in concentrations of total suspended particles (TSP)  

The TSP concentrations (Table 1) were significantly higher during WM compared to other seasons 

facilitated by lower temperature, wind speed, and mixing rates in the atmosphere with enhanced 

aerosol transport from the north. Poor vertical mixing is due to the occurrence of temperature 

inversions that resulted in the stagnation of pollutants in the lower boundary layer. High aerosol 

absorption and scattering coefficients were observed during WM in the study region (Niranjan et al. 

2011). Cooling of lower atmosphere during WM in the northern Bay of Bengal is reported due to low 

mixing rates (Sarma et al. 2015). In contrast, the concentration of TSP was lower during SIM compared 

to other seasons due to (a) wind blowing from the east or southeast (Fig. 2), which may be responsible 

for the dilution of polluted aerosols and (b) high local temperature and wind speeds (Fig. 3) together 

with greater mixing height that favor dispersion of aerosols. The low TSP concentrations during SM 
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may be due to the scavenging of aerosol particles by frequent rainfall under the influence of southwest 

monsoon (Soman and Kumar, 1990). Therefore, intra-annual variability in the concentrations of TSP 

over the study region were governed by both local (industrial/fossil fuel emissions) and large-scale 

meteorological conditions, such as monsoon and long-rang transport (Madhavan et al., 2008, Niranjan 

et al., 2011). Among the measured major anions, SO4
2- and NO3

- contributed up to 63% during the 

study period (Figure 4).  

4.2 Sources of SO4
2- and NO3

- in aerosols 

Reddy and Venkataraman (2002) presented a comprehensive fossil fuel consumption database and 

inventory for India. Ohara et al. (2007) also developed an emission inventory for Asia (Regional 

Emission inventory in Asia (REAS) Version 1.1) for the period 1980 – 2020. These studies suggest 

that ratio of [NO3
-/ SO4

2-] in aerosols indicates the contributions from different anthropogenic 

activities. Based on REAS, [NOx to SOx (in equivalents)] ratio will be 0.5, if the source is from power 

plants or industry, 0.27 from domestic sector or coal burning. The mean [NO3
-/SO4

2-] ratio in the 

present study was 0.32. Table 1 indicates that the mean [NO3
-/SO4

2-] ratio from FIM to SIM period 

at Visakhapatnam was around 0.25 except in SM when it was 0.8. These values suggest that domestic 

sector and coal burning is the major contributor except in SM when local vehicular activity seems to 

be significant. It appears that export of fossil fuel emissions (as can be seen from high SO4
2- 

abundances) from the Indian subcontinent, particularly during FIM, WM and SIM seasons, through 

large scale higher altitude transport may be significant for the observed variations in [NO3
-/SO4

2-] 

ratios (Figure 2). The wind trajectories indicate that dominant wind from north east and southeast 

during FIM, WM and SIM suggesting that long-range transport from South and Southeast Asia may 

be possible (Fig. 2).  The mean SO2 and NO2 concentrations in the study region were 14.4±1.5 µg 

m-3 and 26.5±5.7 µg m-3 respectively with higher concentrations of SO2 during SM (15.5± 0.9 µg 

m-3) and WM for NO2 (31.0± 1.2 µg m-3) (Table 1).  The high SO4
2-/SO4

2-+SO2 ratio during FIM 

(0.42) and WM (0.33) seasons further confirms that local conversion of SO2 was very slow and 

particulate SO4
2- were transported from distant sources during FIM and WM seasons. Low sunlight 

during WM might have restricted the local formation of SO4
2- from SO2. In addition to this, higher 

concentration of Na2+ was observed during WM, hence it is possible that most of the SO4
2- aerosols 

may be present in the form of Na2SO4, which is a stable form of atmospheric sulphates (Hazi et al., 

2003). Significant low SO4
2-/SO4

2-+SO2 ratio during SM (0.26) and SIM (0.20) indicates local 

conversion of SO2 to particulate SO4
2- , when air parcel reached to the study region from 

west/southwest (i.e., Indian subcontinent). Moderate humidity and high temperature over Indian 

subcontinent during SM also facilitate the local conversion of SO2 to particulate SO4
2-. Significant 
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positive correlation was observed for SO2 with K+ (r2 = 0.70; p<0.001) and Ca2+ (r2 = 0.64; p<0.001) 

and negative correlation with relative humidity (r2 = 0.68; p<0.001) indicates that higher conversion 

of SO2 to particulate SO4
2- during SM season (Hazi et al., 2003). The emission of SO2 into the 

atmosphere mainly comes from power plants, industries and transported vehicles as well as biomass 

burning. The amount of SO2 released in the atmosphere depends on the type of fuel and temperature 

at which it is burnt. The ratio of SO2 and NO2 gives the information on source of SO2. Previous studies 

suggested that power plant and industrial emissions have a ratio of SO2 to NO2 greater than 0.5, 

whereas transport and biomass burning emissions have the ratio <0.5 (Naja et al., 2014; Renuka et 

al., 2020). The ratio of SO2 to NO2 in the study region varied between 0.3 and 0.8 and the mean ratio 

is >0.5 is observed during all seasons except SIM suggesting that the SO2 is mainly sourced from 

power plant and industrial emissions in the study region. In the Visakhapatnam city, there is a 

National Thermal Power Corporation (NTPC) that generates electricity from coal burning. Coal is 

transported from sea port to the NTPC in the open belt that lead to raising of part of the coal into the 

atmosphere. In addition to this several industries were also operational around Visakhapatnam city 

limits that contribution significantly to the atmospheric aerosols.  

4.3 Balance in ionic composition and neutralization  

Aerosols acidic nature arises from SO4
2- and NO3

- remaining in excess after neutralizing cations 

including NH4
+(Han et al. 2007). Relations between total cations and total anions in equivalents are 

shown in Figure 8a-d). The acid neutralization capacity of different cations can be estimated by 

calculating the neutralization factors (Nf) (Satsangi et al. 2013) and these are 0.42, 0.25 and 0.05 for 

Ca2+, Mg2+and NH4
+, respectively. The correlation between sums of anions (SO4

2- and NO3
-) and 

cations (Ca2+, Mg2+and NH4
+) appears to be significant (Fig. 8e-h). The ratio of Neutralization 

Potential to Acidic Potential (NP/AP) was computed following Yadav et al. (2019): 

 

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

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

and  

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

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

 

The NP/AP (Neutralization potential to Acidic potential) ratio of <1, for the present study period 

suggests domination of acidic components in the aerosols (Safai et al. 2010) and the acidic nature of 

aerosols (TSP) in the study region was also reported by Yadav et al.(2019) during 2013. 

In order to confirm the nature of aerosols, an ion (cation/anion) balance check, assuming that 

the major anions (Cl-, NO3
- and SO4

2-) and cations (Na+, K+, Mg2+, Ca2+ and NH4
+) account for most 
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of the ions in water soluble fraction (Satsangi et al. 2013) has been carried out. The annual mean of 

the sum of equivalent anions was 0.22 while the sum of equivalent cations was 0.17. The contribution 

of excess anions (0.05) to total major ions (0.39) is 12.8%, which is within the range specified by the 

Global Atmospheric Watch Program of World Meteorological Organization (WMO 1994). Figure 8 

depicts major deviations of pools of observed data points from the line of neutralization (representing 

equal concentrations of total anions and cations in the ranges observed) in FIM and SM. Reversal of 

winds during the transition of SM to WM occurs in FIM and during the initial phase of this reversal 

one would expect polluted aerosols from land to be flushed seaward. On the other hand, SM winds 

blow from west to east that seem to have transported polluted aerosols across the Indian peninsular 

subcontinent to the study area in the central east coast of India (Figure 2). Aerosols compositions 

suggest low anions and cation abundances to occur in SIM, which come from east/southeast, over Bay 

of Bengal (Fig. 2), and that they seem to be relatively pristine neutral particles. The aerosols appear to 

be both acidic (anthropogenic source dominated) and basic (natural source dominated) in nature in 

WM as natural aerosols over the subcontinent is noted to be basic (Safai et al. 2010). 

4.4 Deposition of polluted aerosols on coastal waters 

Our 2015-16 simultaneous experiments suggested that 5-28% of the atmospheric dust is deposited 

within 10 km from the coast (Fig. 6). This is nearly half of that of 15-45% deposition based on 2013 

data (Fig. 5) perhaps due to variability in winds and aerosol sources between the two sets of 

experiments. These experiments, nevertheless, confirm deposition of continental aerosols over the 

coastal ocean. 

4.5 Impact of aerosol deposition on surface water pH 

The decrease in pH due to possible dissolution of 1 µg m-3  of ambient aerosols in 100 ml of filtered 

(0.2 µm) surface seawater from the coastal Bay of Bengal was higher during FIM (mean of 

0.059±0.006) and WM (0.057±0.006) than SM (0.028±0.004) and SIM (0.018±0.003) (Fig. 7d). These 

results are consistent with the ionic composition that shows higher concentrations of SO4
2- (~12 µgm-

3) and NO3
- (~3 µgm-3) during FIM and WM than the other two seasons (Table 1; Fig. 7b). The mean 

concentration of SO2 + NO2 was higher during SM than other seasons, the decrease in pH was not 

significantly decreased (Fig. 7a). In contrast, higher SO2+NO2 during WM is associated with more 

decrease in pH suggesting that the contribution of SO2+NO2 is more during WM than SM (Fig. 7a,d). 

The decrease in pH (pH) in the ambient surface seawater, after the dissolution of simultaneously 

collected aerosols, is proportional to the abundances of SO4
2- and NO3

- in aerosols. The scatter in Figure 

9 is much less for sum of [SO4
2-+ NO3

-] than for individual components of [NO3
-] and [SO4

2-] implying 
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that the pH drop is contributed by both the ions. Similarly, the concentration of SO2 and NO2 displayed 

insignificant relationship with the drop in pH (Fig. 9). In contrast, SO2+NO2 together displayed 

significant relationship with decrease in pH suggesting the both SO2+NO2 also contributed 

significantly to change in pH [Fig. 9]. Our alternative experiment involving direct collection of settling 

aerosols and their dissolution in filtered surface seawater resulted in a mean decrease in pH of 

0.026±0.0006 units m-2d-1 in 100 ml of coastal surface seawater This result further confirms that 

deposition of aerosols decreases surface water pH in the study area. 

 It should be mentioned, however, that besides NO3
-, SO4

2-, SO2, and NO2, organic aerosols 

could also acidify sea water by forming organic acids, such as malonic acid, citric acid, and acetic 

acid. Laskin et al. (2012) suggested that organic acids in the atmosphere effectively react with sea 

salt particles resulting in release of hydrochloric acid, hence, organic acids must be considered to be 

a significant sink for chloride in the atmosphere. It is possible that unknown amount of organic acids 

may be present in aerosols used in our microcosm experiments and might have contributed to decrease 

in pH, at least in part. Nevertheless, our study confirms that aerosol deposition and dissolution along 

the western coastal Bay of Bengal lowers the pH of ambient surface seawater to a measurable level 

(Fig. 8), which can potentially impact acid-base equilibria, carbonate equilibria, CO2 air-to-sea 

exchange and surface ocean biology. Based on microcosm experiments, Biswas et al. (2015) noticed 

that decrease in pH of coastal water of Bay of Bengal enhanced abundance of bacteria and micro 

zooplankton (tintinids) and decreased phytoplankton biomass because of active grazing. Such impacts 

on ecosystem in the coastal Bay of Bengal during different seasons must be evaluated. Sarma et al. 

(2015) reported that rapid acidification of BoB by 3 to 5 times due to deposition of atmospheric 

pollutants than elsewhere in the world. The influence of rapid acidification on ecosystem components 

and food web dynamics need further evaluation in the Bay of Bengal. 

5. Summary and implications 

The objective of this study is to test the hypothesis that atmospheric deposition of aerosols increases 

the acidity in the coastal water. In order to achieve this, we had monitored the composition of aerosols 

and conducted microcosm experiments to evaluate the impact of aerosol dissolution on pH of ambient 

surface seawater in the coastal Bay of Bengal. This study revealed that concentrations of sulphates and 

nitrates were relatively higher during FIM and WM with mean [NO3
-/SO4

2-] ratio of 0.32 suggesting 

greater contribution of SO4
2- arising from biofuel burning in the subcontinent and transported by large 

scale wind circulation. The mean SO2/NO2 ratio was >0.5 indicating that coal burning in power plant 

and industrial emissions contributed to SO2 in the atmosphere. Aerosols seem to be more acidic in FIM 

and SM but nearly neutral in SIM whereas mixed in nature during WM. Aerosol dissolution 
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experiments indicated measurable decrease in pH is noticed in the surface seawater confirming that 

the coastal waters of east coast of India are vulnerable to aerosol acidification. This is consistent with 

the report of Sarma et al. (2015) who found that rapid acidification rates in the Bay of Bengal due to 

deposition of atmospheric pollutants. This will have important implications to acid-base equilibria, 

carbonate equilibrium, air-sea CO2 exchanges. The possible impacts on acidification on coastal 

ecosystem and food web dynamics needs further evaluation. 
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Table 1: Mean intra- and inter-seasonal variability in concentrations (µg.m-3) of major anions and cations in the atmospheric dust 

collected over the study region. Please add NO2 and SO2 and SO4/SO4+SO2. 

 

Season F- Cl- NO3
- SO4

2- Br- PO4
3- Na+ NH4

+ K+ Mg2+ Ca2+ 

 

 

 

 

NO3
-

/SO4
2- 

 

 

 

 

SO2 

 

 

 

 

NO2 

 

 

 

SO4/ 

SO4+SO2 
TSP 

IM 0.3 1.0 1.7 7.2   2.3 0.6 0.2 0.3 1.2 0.2 14.5 18.3 0.3 25.9 

SM 0.5 2.2 4.5 6.2 0.1 0.02 1.8 0.4 0.2 0.2 1.0 0.8 15.5 28.0 0.3 48.6 

FIM 0.5 2.2 3.2 12.6 0.2 0.1 1.6 1.4 0.4 0.2 1.1 0.3 14.9 22.7 0.5 36.2 

WM 0.3 0.9 2.8 11.9 0.1 0.2 4.5 2.7 0.9 0.4 2.3 0.2 13.3 31.0 0.5 70.1 
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Legend to figures: 

 

Figure 1. Map showing sampling location for aerosols collection on land and sea and the region 

where surface seawater aerosol samples were collected during simultaneous observations were 

also shown (station V4). 

 

Figure 2. The HYSPLIT 7 day wind back trajectories during different months are shown during 

2015-16. The mean wind trajectory for the first week of each month is given in red line whereas 

second, third fourth and fifth week of the month is given in blue, green, pink and grey colored lines 

respectively.  

 

Figure 3. Monthly means of (a) direction (o) and (b) speed (m s-1) of wind in the study region 

during 2015-16 is given. 

 

Figure 4. Mean contribution (%) of water-soluble ions in the aerosol to annual mean aerosol 

composition obtained from 2013-14 and 2015-16 observations is shown. 

 

Figure 5. Intra-annual variability in concentrations of (a) SO4
2- and (b) NO3

-during 2013-14 

(circles) and 2015-16 (squares) in the atmosphere over the study region is given. 

 

Figure 6. Simultaneous measurements of concentration of TSP over land (solid line)  and coastal 

waters (dashed lines) during simultaneous observations during winter 2013 and 2016. 

 

Figure 7. Weekly variations (2015-16) in concentrations of (a) sum of NO2+SO2 (g m-3), b) sum 

of SO4
2- and NO3

- ions (g m-3) in aerosols (c) TSP, (g m-3) and (d) change in pH (ΔpH) due to 

dissolution of 1 µg m-3 of atmospheric dust to one litre of filtered (0.2 µm) surface seawater. 
 

Figure 8. Relations between the sum of NO3
- and SO4

2-
, and that of Ca2+, Mg2+ and NH4

+ (top 

panels) and relations between total anions and total cations (bottom panels) in aerosols during 

2015-16 observations. Dashed line indicates the line between two equal concentrations. 
 

Figure 9. Relations between the abundances of SO2, NO2, SO4
2-, NO3

- and SO2+NO2 [SO4
2- + NO3

-

] in aerosols and change in pH (ΔpH) caused by aerosol additions to surface seawater during 2015-16 study 

(see text). 
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