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Abstract 

Human inputs of pollutants to the atmosphere and subsequent deposition may decrease pH in the 

coastal waters. Significant rate of decrease in pH and increase in pCO2 by 3 to 5 times is noticed in 

the coastal Bay of Bengal (BoB) than the low-latitude global ocean trends in the last few decades. 

We provide evidence for the first time for a rapid decrease in surface water pH due to atmospheric 

deposition of pollutants in the coastal BoB.  The decrease in pH in the coastal BoB over the last 

decade is associated with concomitant increase in aerosol optical depth (AOD), total suspended 

particles (TSP) in air, sulphate and nitrate concentrations in TSP. This study suggests that 

contamination of surface coastal BoB by atmospheric pollutants not only acidifies surface ocean but 

also potentially amplifies CO2 emission with immediate implications to regional weather and 

climate. 

Key words: ocean acidification; atmospheric pollutants; long-term changes; Carbon dioxide; Bay of 

Bengal  

Key points:Long-term variability in pH suggests rapid acidification of coastal water of Bay of 

Bengal. 

Atmospheric deposition of pollutants decreases coastal water pH 

Rapid rate of increase in atmospheric dust is noticed in the coastal Bay of Bengal 

 

Plain Language Summary 

Atmospheric pollutants are being increased rapidly in the South and Southeast Asia. Its deposition on 

the coastal waters decreases pH more rapidly than CO2 dissolution. We monitored the coastal waters 

of Bay of Bengal for 12 years at monthly observations and noticed the rate of decrease in pH is 3 

times higher than open sea region in the low latitude global ocean and attributed to deposition of 

pollutants from the atmosphere.  
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1. Introduction 

Absorption of atmospheric CO2 is lowering the pH of surface-ocean at the rate of 0.0015±0.0005 

units per year (Bates et al., 2014; Sutton et al., 2017) in the global ocean. The rate of acidification is 

reported as higher in the coastal than offshore region due to the proximal multiple human activities 

that modify the carbonate equilibria (e.g., Cai et al., 2011). Deposition of sulphate and nitrate 

aerosols, formed from fossil fuel and biomass burning, may further decrease pH of surface ocean 

(Mackenzie, 1995; Schlesinger, 1997; Doney et al., 2007). 

The Bay of Bengal (BoB or northeastern Indian Ocean) is the best suited region to study impact of 

atmospheric aerosols deposition on surface ocean acidification due to its proximity to populated 

areas, this region is under the influence of multitude human activities of the world’s most populated 

region (Boblme, 2014). Zhang and Reid (2010) reported higher levels of aerosol optical depth 

(AOD) over the BoB and the rate of increase is the highest compared to elsewhere in the world. 

Recently Yadav et al. (2021) estimated higher rate of increase in anthropogenic aerosols over the 

northwestern and western coastal BoB (0.006 to 0.01 /yr respectively) between 2001 and 2019 than 

earlier report (Zhang and Reid, 2010). Based on atmosphere-ocean couple model, Doney et al. 

(2007) found that atmospheric deposition of pollutants in the open sea region of BoB is decreased pH 

of surface-ocean by 0.003 between 1990 and 2000. Sarma et al. (2015) reported rapid increase in 

acidification in the western coastal BoB, based on data collected during 1991 and 2011, due to 

deposition of atmospheric pollutants. Since this study is based on two snapshot measurements, it is 

unclear the long-term variability in pH and potential reasons responsible for its variability. In order 

to examine the influence of atmosphere-ocean interactions on long-term variability in ocean 

acidification, time-series observations were conducted between 2007 and 2018 in the BoB. Based on 

this data, we would like to evaluate the 1) rate of acidification in the coastal BoB, 2) long-term 

variability in composition of atmospheric aerosols and 3) impact of deposition of atmospheric 

pollutants on coastal water pH through laboratory experiments. 

2. Material and methods 

2.1. Water sampling 

Monthly seawater sampling was conducted on board a mechanized boat in the coastal BoB, off 

Visakhapatnam, at six fixed stations along a transect (Fig. 1) during the period of 2007-2018.  The 

stations close to coast (within 10 km from coast; V1, V2 and V3) are considered to represent inshore 

region while other station (V4, V5 and V6), between 15 and 30 km from coast, were considered as in 

offshore region. This notation is adopted following Sarma et al. (2013; 2018). Monthly averages of 
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each parameter at stations V1-V3 and that at V4-V6 were, thus, assumed to represent concentrations 

in inshore and offshore regions, respectively. Vertical profiles of pressure, temperature and salinity 

were obtained using a portable conductivity, temperature and depth (CTD) profiler (SBE 19 plus; 

Sea Bird Electronics, US). Water samples were collected from standard depths (4-8 depths) using 10 

L Niskin bottles attached to a rosette with pressure triggered closing mechanism (ECO rosette 

sampler, SBE, USA), however we used only upper 10 m of data in this study. Bubble-free water 

samples were collected for DIC, pH and TA. The pH was measured using glass electrodes (Metrohm, 

Zofingen, Switzerland) following standard operating procedures (DOE, 1998). DIC was measured 

using a coulometer (model CM 5014; UIC Inc., Joliet, Il, USA) interfaced to an automated 

subsampling system (Sarma, 1998). The precisions for pH and DIC were ±0.002, and ±1.8 M, 

respectively. The accuracy of the pH and DIC were estimated using Certified Reference Materials 

(0.015 and 4 M, respectively) supplied by Dr. A.G. Dickson of Scripps Institute of Oceanography, 

USA. pCO2, calcite and aragonite saturation parameters were computed using the measured salinity, 

temperature, nutrients (phosphate and silicate), pH and DIC, and the CO2 SYS program (Lewis and 

Wallace, 1998) by adopting CO2 dissociation constants of Millero et al. (2006) for 0-40 salinity 

range. The sulphate dissociation constant was computed following Dickson (1990). Accuracy of the 

estimated pCO2 was ~15.8 atm.  

2.2. Aerosol sampling 

The shore-based station (17.72°N and 83.22°E) was located, in the industrialized coastal city of 

Visakhapatnam, ~500 m from the water front of the BoB (Fig.1). This aerosol sampling location is 

bounded by the Eastern Ghats mountain range in the west and north, by industrial hub in the south 

and by the BoB in the east.  

A total of 89 aerosol samples were collected from close to the coast from top of our CSIR-National 

Institute of Oceanography building, at a height of ~20 m above the mean sea level using a high-

volume sampler (Environtech, APM 460BL) from January 2013 to December 2017. Aerosols for 

laboratory acidification experiments were collected 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) for ~8 hour period with flow rates ranging between 1 and 1.4 m3 min-1 (average 

of 1.3 m3 min-1). The filters containing aerosols were stored in a desiccator under controlled 

humidity conditions.  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 adjacent to the aerosol sampling system, and the data were recorded 
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at 10 seconds interval over a window of 10 min, which are then used to find daily averages.  

2.3. Elemental composition analysis of aerosol samples 

Circular punches (~17.34 cm2) of aerosol filters were added to 30 ml of deionized water and 

ultrasonicated for 30 minutes to extract water-soluble aerosol components. An aliquot of the 

extracted and filtered solution was transferred in to 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 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) whereas 2 mM HNO3 was used for 

cations (at a rate of 0.9 ml/min) (Kumar et al., 2008). Two blank filter punches were also treated in 

the same way along with sample filter punches. Concentration of each ionic species was obtained 

after correcting for blank values.  

2.4. Experiments 

2.4.1. Simultaneous 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 carrying out aerosol sampling only when the 

continental air outflow was the dominant. The simultaneous sampling results were used to find the 

fraction of aerosols deposited over waters inside 10 km from the coastline.  

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

Microcosm experiments were conducted to study the impact of aerosols deposition on coastal water 

pH during March 2015- February 2016. Circular punches (~17.34 cm2) of aerosol filters were cut 

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

in pH was found by the difference between values measured before and after addition of aerosols. 

The aerosols on each punch amounted to between 14.9 and 330.7 μg 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 h, 72 h and 168 h durations. The funnel and bottles were 

washed with 100 ml of seawater. The initial and final pH of seawater was measured to find the extent 

of acidification due to dry deposition.  
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2.5. Uncertainty assessment 

The pCO2 was computed from the DIC and pH couple using dissociation constant (k1 and k2) of 

Millero et al. (2006). The accuracy of DIC (±4 M), pH (±0.015), k1 (±0.0054) and k2 (±0.011) 

would add uncertainty of 0.8, 15, 5 and 1.2 atm with propagated sum of error on estimated pCO2 

comes to ±15.8 atm following Orr et al. (2018). The hydrography and inorganic carbon data 

collected at the surface and 5 m of water column at 3 stations in the inshore and 3 stations in the 

offshore were averaged every month to conduct the trend analysis. The mean standard deviation on 

DIC, TA, pH and pCO2 comes to ±8.6 M, ±12.4 M, ±0.03 and ±7.3 atm in the inshore and ±5.8 

M, ±10.0 M, ±0.015 and ±5.1 atm in the offshore regions respectively. Therefore, the total 

uncertainty on pH and pCO2 comes to ±0.045 and ±23 atm in the inshore and ±0.03 and ±21 atm 

in the offshore regions respectively. The variability in pH and pCO2 in the inshore and offshore 

region is more than 2 of total uncertainty of pH and pCO2. The error on the slope (rate of variations 

in pH and pCO2) were computed including propagating errors from the spatial variability, 

measurements and computations. The 95% confidence interval line on linear fit was plotted for all 

parameters to show the confidence levels of the trends. 

3. Results and Discussion 

3.1. Long-term variations in hydrographic and dissolved inorganic carbon properties 

Our monthly observations in the coastal BoB (Fig. 1) from 2007 to 2018 were in conformity with 

strong seasonality expected from the low-high salinity cycle during October/November and 

March/April in association with high river discharge and coastal upwelling processes, respectively 

(Fig 2a,b). East India Coastal Currents bring low saline waters from north to the study region during 

October to January and reverse its direction during other period and bring high saline water from the 

south (Shetye, 1993; Shetye et al., 1996). Temperature was found to increase at a rate of 0.018±0.008 

(0.014±0.006) oC per year in the inshore (offshore) coastal BoB in the past decade (p<0.001; Fig. 

2a). This rise appears to be twice as much as that observed between 1940 and 2009 in the entire BoB 

(0.007 oC/y; Dinesh Kumar et al. 2016). Amplitude of seasonal salinity varied between 18 (October) 

and 34 (March-April) driven by river discharge and upwelling processes, respectively. Annual 

increase in salinity in the coastal BoB was at a rate of 0.21±0.06 (0.12±0.04) in the inshore (offshore) 

region (Fig. 2b). Salinity trends found using SMAP (Soil Moisture Active Passive) and Aquarius 

satellites observations showed increasing salinification in the coastal BoB between 2011 and 2017 

due to weakening of freshwater discharge (Trott et al., 2019). Ganges and Brahmaputra river 

discharges, derived from radar altimetry (Papa et al., 2012), showed decreasing trends over the last 
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two decades. 

The seasonal change in the direction of EICC reflected in the inorganic carbon components with low 

DIC, TA and pCO2 but high pH was observed during October to January associating with high 

influence of Ganges discharge influenced water from north and contrasting to that observed during 

the upwelling season during March to August (Fig. 2c,d,f). Since river water contains 2 to 3 times 

lower DIC than seawater, inorganic carbon components decreased during October to January, when 

low salinity waters were observed in the coastal BoB (Fig. 2b). Sarma et al. (2012a,b) observed low 

DIC, TA, pCO2 and high pH in the Ganges river (Glacial river) than in peninsular rivers (Sarma et 

al., 2012a,b) and, fluctuations in river discharges can exert a strong influence on the distribution of 

inorganic carbon system in the coastal BoB (Sarma et al., 2018).   

Variability in DIC followed that of salinity distribution pattern (Fig. 2b). In order to remove the 

impact of salinity changes on DIC trend, the latter was normalized to a constant salinity following 

Friis et al. (2003) (hereafter called as nDIC) and the freshwater end member was taken from Sarma 

et al. (2012a). The decadal variability in nDIC displayed increasing trend at the rate of 1.6±0.3 and 

1.4±0.2 mole kg-1 yr-1 (p<0.001) in inshore and offshore regions of BoB, respectively (Fig. 2c), 

which is close to that noted for open ocean regions in the world ocean (0.93 to 1.89 mole kg-1 yr-1; 

Bates et al., 2014). However, the increasing rate of salinity normalized TA (nTA) was smaller (-0.5 

and -0.4 mole kg-1 yr-1 in inshore and offshore regions, respectively; Fig. 2d) than that of nDIC but 

the rate of change is not statistically significant (p>0.1). Annual decrease in surface pH in inshore 

and offshore regions was found to be 0.007±0.003 and 0.004±0.002 /yr, respectively (Fig. 2e), which 

is 3 to 5 times higher than that in the open ocean region of low latitude global ocean (0.0013 to 

0.0026/yr; Bates et al., 2014). Consequently, surface pCO2 levels increased at the respective rates of 

10.3±2 and 6.2±2 μatm yr-1 in inshore and offshore regions (Fig. 2f), which is also higher by 2 to 8 

times over that in open ocean regions (1.28 to 2.95 atm yr-1; Bates et al., 2014; Sutton et al., 2017) 

in the low latitude global ocean. Both calcite and aragonite saturation decreased at the rate of 0.04 to 

0.06 mol kg-1 y-1 and 0.07 to 0.10mol kg-1 y-1 respectively in the inshore and offshore regions 

(Fig. 2g,h). Therefore, our study revealed that significant lowering of pH and increase in pCO2 was 

observed in the coastal BoB during last decade compared to open ocean, in contrast, DIC followed 

close to that of global trend. This suggests that decrease in pH and increase in pCO2 is caused by 

possible alterations to acid-base equilibria that shifted carbonate species rather than increase in 

inorganic carbon in the coastal BoB. 
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3.2. Long-term variations in atmospheric pollutants and their deposition 

The highest Aerosol Optical Depth (AOD) is observed over the northern Indian Ocean in the world 

due to high anthropogenic activities. This resulted in the highest rate of increase in AOD over the 

BoB (0.007 /yr) followed by that of South China Sea (0.006 /yr) than other parts of the world (0.001 

/yr) (Zhang and Reid, 2010). The increase in monthly mean AOD over the study region was found at 

0.01 /yr between 2007 and 2017 (Fig. 3a). The higher increasing rate of AOD than earlier estimate 

between 2000 and 2009 (0.007 /yr; Zhang and Reid, 2010) indicates increase in recent years due to 

rapid industrialization. Total suspended matter (TSP), collected at weekly intervals between 2013 

and 2017, showed rate of increase at 18 g m-3 y-1 (Fig. 3b). Similarly, concentrations of sulphate, 

nitrate and ammonium in TSP were also found to increase at the rates of 0.96, 0.02 and 0.51 g m-3 

y-1 respectively (Fig. 3c-e). Though ammonium is expected to increase pH, however, it will be 

oxidized to nitrite/nitrate through nitrification when proton releases resulting in decreases of pH. 

Recently Kurokawa and Ohara (2020) report rapid increase in atmospheric pollutants in the South 

and Southeast Asia with dominant increase in NOx and SOx since middle of 2000. Nevertheless, the 

rapid rate of increase in atmospheric dust indicates that the atmospheric dust deposition 

(Supplementary Fig. 4a) may possibly be responsible for lowering the pH in the coastal BoB (Fig. 

2e).  

3.3. Composition of atmospheric dust 

Concentrations of water-soluble inorganic ions totaled to 1.1 - 72.5 μg m-3 (mean of 21.2±1.5 μg m-3) 

that amounted to 24% of the TSP. Among these ions, sulphate (SO4
2-) and nitrate (NO3

-) are the most 

abundant components accounting for ~48% and 15%, respectively, of the total mass of water-soluble 

ions (Supplementary Fig. S1), and it is consistent with earlier reports (Madhavan et al., 2008; Yadav 

et al., 2016). Higher concentrations of SO4
2- were found during September – November (12.6±3.5 μg 

m-3) and December – February (11.9±2.5 μg m-3) followed by March-May (7.2±1.2 μg m-3) and 

June-August (6.9±1 μg m-3) (Supplementary Fig. S2). Concentrations of NO3
- and SO4

2- showed 

notable temporal variability with higher levels of NO3
- during June – August (4.5±0.8 μg m-3) 

followed by September – November (3.2±0.5 μg m-3), December – February (2.8±0.5 μg m-3) and 

March-May (1.7±0.5 μg m-3) (Supplementary Fig. S2). In near contrast, higher NH4
+ concentrations 

were observed during December-February (2.7±0.3 μg m-3) followed by September – November 

(1.4±0.1 μg m-3), March-May (0.6±0.05 μg m-3) and June – August (0.4±0.05 μg m-3) 

(Supplementary Fig. S2). The composition of atmospheric dust suggests that anthropogenic 

(secondary) aerosols are dominant over the study region with possible acidic nature due to the 

dominance of SO4
2– and NO3

–. 
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3..4. Neutralization and total acidity of aerosols 

Aerosols acidic nature arises from SO4
2– and NO3

– remaining in excess after neutralizing cations 

including ammonium (Han et al., 2007). However, it is important to revise this assumption when 

other ions are present in measure-able levels (Wu et al., 2017). Since a few cations and anions are 

found to be present significantly in our samples, we have adopted the following equations to evaluate 

neutralization factor (NF) and total acidity ((H+)T) of aerosols. 

NF = ((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) 

Here concentrations are in μeq m-3.  

Seasonal changes in NF and (H+)T are shown in Supplementary Figure S3. These relations revealed 

the presence of acidic aerosols (with NF<1and (H+)T >0) in all seasons whereas basic natured (with 

NF>1 and (H+)T <0) particles are also present during both summer and winter monsoons 

(Supplementary Fig. S3). These trends are consistent with the particle sources as the aerosols during 

monsoons are transported through the Indian landmass and carry more mineral particles than in 

intermonsoon seasons when the winds are mostly local in origin (Yadav et al., 2019). The NF and 

(H+)T of aerosols over the study region strongly indicate the prevalence of acidic nature due to 

dominance of local or remote anthropogenic sources.  

3.5. Deposition of aerosols in coastal waters 

To check the possibility and the extent of deposition of aerosols in the coastal waters atmospheric 

dust samples were collected simultaneously at the shore-based laboratory and on a boat in the sea, 

~10 km away from the waterfront, when winds were blowing from land to sea. The TSP 

concentrations ranged from 97 to 114 μg m-3 and 70 to 109 μg m-3 over land and sea, respectively. 

The TSP deposited within ~10 km from the coast was 6 to 27 μg m-3 and amounted to 5–28% of the 

aerosols transported from land. Accordingly ~57%, ~19% and ~29% of NO3
-, NH4

+ and SO4
2-, 

respectively are expected to have been deposited in coastal waters within ~10 km from the coastline. 

Thus reasonably significant amounts of the air-borne materials get dry deposited in coastal waters 

leading to a decrease in pH and shifting the inorganic carbon dioxide equilibria towards increase in 

pCO2. 
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3.6. Impact of atmospheric aerosols on coastal water pH  

To confirm that the atmospheric dust can acidify the seawater, weekly atmospheric dust samples 

were added to filtered seawater collected from the coastal region. Dissolution of 1 μg m-3 of ambient 

aerosols in 100 ml of filtered (0.2 μm Millipore) surface seawater (Supplementary Figure S4) 

decreased pH and it was higher during September to February (mean of 0.059±0.006) than June-

August (0.028±0.004) and March-May (0.018±0.003). These results are consistent with the ionic 

composition that shows higher concentrations of SO4
2- (~12 μg m-3) and NO3

- (~3 μg m-3) during 

September-February than in other periods (Supplementary Fig. S2) and generally higher total acidity 

levels during summer and winter monsoon seasons (Supplementary Fig. S3). In addition to this, the 

dry deposition of atmospheric dust was collected over 24 (1 day), 72 (3 days) and 168 hours (7 days) 

in a glass flask with mouth area of 0.117 m2 during March 2017. Upon dissolution of dry deposition 

in 100 ml of filtered surface seawater, the mean decrease in pH was measured to be 0.026±0.0006 

units d-1. These results further confirm that atmospheric deposition of dust decreased surface water 

pH in the coastal BoB. Based on the 10 minutes wind direction data, collected at the atmospheric 

station, suggested that the number of days winds blow from land to sea varies between 220 and 254 

days in a year suggesting that the impact of deposition of anthropogenic aerosols in the coastal BoB 

is significant.  

Contribution of change in pH by different drivers 

The change in pH in the coastal BoB is contributed by 1) increase in dissolved inorganic carbon 

through dissolution of atmospheric CO2, 2) modifications in river runoff, 3) variations in the coastal 

upwelling intensity and 4) deposition of pollutants from the atmosphere. The mean rate of increase in 

DIC was found to be 1.6 and 1.4 mol kg-1 yr-1 in the coastal and offshore regions respectively that 

would decrease in pH by 0.003 and 0.002/yr respectively and it is close to the global trend (Bates et 

al., 2014). The contribution of CO2 dissolution decreased pH by 43 and 63% respectively in the 

inshore and offshore regions. Significant increase in salinity was observed both in the inshore 

(0.21/yr) and offshore (0.12/yr) in the coastal BoB (Fig. 2b). The surface water pH displayed 

significant inverse (negative) relationship with salinity with a slope of 0.012 (Supplementary figure 

S5) suggesting that increase in one unit of salinity decreases pH by 0.012. Based on this relationship, 

the increase in salinity would decrease pH by 0.002 and 0.001/yr in the inshore and offshore regions 

respectively and contributing to 28 and 25% respectively. The coastal upwelling along the east coast 

of India is weak and confined very close to the coast. Based on the long-term winds data, the 

upwelling index is computed and found insignificant variability within the time-series period. Hence 

the contribution due to variations in the coastal upwelling may be negligible. Therefore, the total 
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change in pH due to CO2 dissolution, and river discharge comes to 0.005 and 0.003/yr respectively 

and the influence of atmospheric deposition of pollutants is estimated as 0.002 and 0.001 /yr in the 

inshore and offshore regions respectively. The influence of aerosol deposition is 33-44% of the other 

influences (river discharge and CO2 dissolution). Therefore, this study suggested that atmospheric 

deposition of pollutants increased the rate of acidification by 25-28% in the coastal BoB from that of 

offshore regions in the low-latitude global ocean.  

Our study suggests that pollutant laden atmospheric dust deposition is enhanced acidification of the 

coastal BoB at a faster rate than in open ocean region in the low latitude global ocean. The industrial 

activities in the South and Southeast Asian countries are rapidly increasing leading to an increase in 

the atmospheric pollution (UNEP, 2008; Kurokawa and Ohara, 2020).  In addition to this, the 

consumption of nitrogen and phosphorus-based fertilizers in India is more than doubled, between 

1991 (8000 and 3700 Mt (metric tons) y-1) and 2017 (19 000 and 9000 Mt y-1) (Fertilizer Association 

of India; www.faidelhi.org). The increased fertilizer consumption in the Indian sub-continent may 

enhance ammonia concentration in the atmosphere through saltation of agricultural soils and raise to 

atmosphere by winds and subsequently deposit on to sea surface water. Though deposition of 

ammonia may initially neutralize seawater acidity but it will be oxidized to nitrate via nitrification 

leading to decrease in pH (Doney et al., 2007). The impact of atmospheric pollutant on coastal ocean 

pH is expected to be higher in the northern BoB where the concentration of atmospheric pollutants is 

significantly higher. Yadav et al. (2021) found that the rate of increase in anthropogenic AOD is 

higher in the coastal BoB, including in the study region.  The enhanced acidification along the 

coastal BoB may substantially modify coastal ecology due to changes in phytoplankton populations 

with serious implications for food web structure and decreased habitat suitability for carbonate 

skeletal organisms (Biswas et al., 2012; 2017; Yadav et al., 2016). It is possible that the gradual 

lowering of pH this region must have increasingly become more inhospitable to carbonate skeletal 

organisms over the last decade as evidenced from decrease in aragonite and calcite saturation levels 

(Fig. 2g,h). Therefore, aerosol acidification of oceans deserves to be evaluated and considered in 

projections of predicting ocean acidification for its impact on ecosystem and feedback of CO2 to the 

atmosphere.  
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Legend to figures 

 

Figure 1: Map showing station locations in the coastal Bay of Bengal (V1-V6) and atmospheric 

aerosol collection region. The locations of the rivers are also shown along the east coast of India 

(GB-Ganges-Brahmaputra, MN-Mahanadi, VD- Vamsadhara, GD- Godavari, KS- Krishna and CV-

Cauvery). The stations considered under inshore and offshore region are shown.  

 

Figure 2: Variations in surface water properties a) temperature, b) salinity, c) salinity normalized 

DIC (nDIC), d) salinity normalized TA (nTA), e) pH, f) pCO2, g) calcite saturation and h) aragonite 

saturation in the inshore (red) and offshore (blue) waters in the coastal BoB between 2007 and 2018. 

The rate of change in each parameter is given in inshore (blue) and offshore (red). The 95% 

confidence level on trend line is plotted as shaded area for inshore (blue) and offshore (red).  

 

Figure 3: Time-series variations in a) Atmospheric Optical Depth (AOD), b) Total suspended matter 

(TSP), c) sulphate, d) nitrate, and e) ammonium (all in g m-3) in the atmosphere. 
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Figure 1: 
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Figure 2
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Figure 3
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Supplementary figures: 

 

Supplementary figure: S1: Annual mean contribution of different elements to the total elemental 

concentration in the atmospheric dust 
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Supplementary figure S2: Mean concentrations of sulphate (red), nitrate (blue) and ammonia (green) 

in the atmosphere dust during different periods. The variations within the period is given as error bar. 
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Supplementary figure S3: Relations between Neutralization Factors and total acidity of aerosols over 

Visakhapatnam during a) Spring intermonsoon, b) summer monsoon, c) Fall Intermonsoon and d) 

winter monsoon. 
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Supplementary Figure: S4: The typical annual variations in concentrations of a) Total suspended 

matter, b) sum of SO4+NO3 and c) decrease in pH due to dissolution of 1 g m-3 of TSP in 100 ml of 

filtered seawater. 
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Supplementary Figure S5: The relationship between salinity and pH in the upper 10 m of water 

column in the inshore (Red) and offshore (blue) regions in the coastal BoB. 
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