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Abstract
Atmospheric deposition of pollutants decreases pH and increases the nutrient concentration in the surface water. To examine 
its impact on coastal phytoplankton composition and primary production, monthly atmospheric aerosol samples were mixed 
with coastal waters in the microcosm experiments. These experiments suggested that the biomass of Bacillariophyceae, 
Dinophyceae and Chlorophyceae were increased and primary production of the coastal waters increased by 3 to 19% due 
to the addition of aeolian nutrients. The increase in primary production displayed significant relation with a concentration 
of sulphate and nitrate in the atmospheric aerosols suggesting that both decreases in pH and fertilization enhanced primary 
production. The impact of acidification on primary production was found to be 22%, whereas 78% was contributed by the 
nutrient increase. The atmospheric pollution is increasing rapidly over the northern Indian Ocean since past two decades due 
to rapid industrialization. Hence, it is suggested that the impact of atmospheric pollution on the coastal ecosystem must be 
included in the numerical models to predict possible changes in the coastal ecosystem due to climate change.
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Introduction

The transport of nutrients from continent to ocean, through 
atmospheric aerosols, is recognized as one of the impor-
tant sources of nutrients to the surface ocean (e.g. Duce 
et al. 1991; Prospero et al. 1996). The deposition of atmos-
pheric pollutants has been reported to have an impact on 
primary production (Duce et al. 2008; Boyd et al. 2010; 
Mahowald et al. 2011; Yadav et al. 2016) and produce ocean 
acidification (Doney et al. 2007; Hagens et al. 2013; Sarma 
et al. 2015; Kumari et al. 2021). The impact of deposition 
of atmospheric pollutants on ocean acidification is more 
significant in the northern hemisphere than in the south 
(Doney et al., 2007). The global aeolian dissolved inorganic 

nitrogen (DIN) is almost found to be equivalent to that 
of riverine sources (Jickells 1998; Boyd et al. 2010), and 
therefore, it may have a significant impact on surface ocean 
biogeochemistry.

The Bay of Bengal (BoB) is surrounded by landmass, 
where one-third of the world population is dwelling. As 
a result, BoB receives significant amounts of atmos-
pheric pollutants throughout the year. Seasonal revers-
ing in direction of winds (Schott and McCreary 2001) 
led to a change in the source of atmospheric aerosols 
over the BoB (Kumar et  al. 2008). Higher levels and 
rates of increase in aerosol optical depth (AOD) had 
been reported over the western BoB compared to them 
elsewhere in the global ocean over the past two decades 
(Zhang and Reid 2010; Yadav et al. 2021). A significant 
increase in surface Chl-a associated with atmospheric 
aerosol deposition was reported in the BoB (Patra et al. 
2007; Banerjee and Prasanna Kumar 2014; Guieu et al. 
2019; Lachkar et al. 2021). Kumar et al. (2021) estimated 
that the dry depositional flux of DIN to the BoB is equal 
to that of riverine sources to the BoB. Assuming that 
the dry depositional nutrients are completely utilized 
by marine phytoplankton, it supports 3 to 33% of the 
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primary production in the coastal BoB (Srinivas et al. 
2011; Yadav et al. 2016). These estimates carry signifi-
cant errors due to a lack of knowledge on depositional 
rates at a variable particle size of total suspended particu-
lates (TSP). The change in N:P ratios due to the deposi-
tion of pollutants may modify phytoplankton composi-
tion (Yadav et al. 2016). On the other hand, a significant 
decrease in pH of surface waters was reported due to the 
deposition of atmospheric pollutants (Sarma et al. 2015; 
2021; Sridevi and Sarma 2021; Kumari et al. 2021). The 
decrease in pH may influence plankton biomass and pri-
mary production in the marine environment (e.g. Biswas 
et al. 2012; 2017; Mackey et al. 2015; Scherner et al. 
2016). The objective of this work is to examine the influ-
ence of the monthly variability in the dry depositional 
flux of aerosols on phytoplankton composition and pri-
mary production in the coastal BoB.

Material and methods

Study area and collection of atmospheric aerosols

The aerosol samples were collected over the sampling loca-
tion, Visakhapatnam (17.62°N and 83.22°E; Fig. 1), which 
is a moderate city, and harbour several industries and ports. 
The National Thermal Power Plant (NTPC) is located close 
to the (within 20 km) study region. The total suspended 
particulates (TSP) in the atmosphere over the study region 
were collected from March 2015 to February 2016 from 
the terrace of the CSIR-National Institute of Oceanogra-
phy, Visakhapatnam building at a height of ~ 20 m above 
the mean sea level (Fig. 1) using a high-volume sampler 
(Envirotech-430) at a flow rate of 1.2  m3  min−1. The samples 
were collected on pre-combusted quartz fibre filters (395.5 
 cm2; PALLFLEX).

Visakhapatnam

INDIA

Bay of Bengal

Fig. 1  The map showing the study region where atmospheric aerosol 
samples (red circle) were collected and surface seawater was obtained 
for incubation experiments (blue circle) from the coastal Bay of Ben-

gal. The weekly HYSPLIT wind trajectories during different months 
were also given in red (first week), blue (second week), green (third 
week), pink (fourth week) and grey (fifth week) to the study region
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Microcosm experiments

We have conducted three microcosm experiments to exam-
ine the (1) impact of monthly variability in aerosol disso-
lution on phytoplankton pigment composition and primary 
production, (2) changes in phytoplankton composition due 
to acidification caused by aerosol dissolution and (3) modi-
fication in phytoplankton composition due to an increase in 
nitrate due to addition of aerosols.

Impact of dissolution of atmospheric aerosols on coastal 
water phytoplankton pigment composition and primary 
production

The surface seawater was collected from the coastal BoB 
and filtered through 200-μm mesh to remove larger zoo-
plankton. Half of the filter (198  cm2) containing aerosols 
was dissolved in the 150 ml filtered nutrients-free seawater 
using ultrasonic agitation for 30 min. The amount of TSP in 
the aliquot of filter used in each month was given in Table 1. 
The extracted solution was filtered through a 0.7-μm GF/F 
filter to remove the undissolved particles. The filtered extract 
was then divided into three 50 ml fractions. Every 50 ml 
of extract was added to 20 L of coastal surface seawater in 
the Nalgene bottles (called “experiment”). Along with this, 
20 L of coastal surface water were also incubated (without 
the addition of atmospheric aerosols) (called “control”). 
The incubation was conducted under natural sunlight, and 
the temperature of the incubation bottle was controlled by 
temperature-controlled water circulators, and bottles were 
stirred at regular intervals to avoid settling of planktons in 
the bottle. All experiments were conducted for 4 days in trip-
licate, and sampling was done every day for nutrients, phy-
toplankton pigment composition, and primary production.

Impact of acidification on coastal water phytoplankton 
pigment composition and primary production

Since in the above experiment both increases in nutrients and 
decreases in pH occurred due to the dissolution of aerosols 
from the different months, the net impact on primary pro-
duction and pigment composition is known. To examine the 
role of a decrease in pH (acidification) due to the addition of 
aerosols on primary production and pigment composition, 
an additional experiment was conducted by decreasing in 
pH of the surface coastal water through the addition of acid. 
To determine the magnitude of changes in pH to be brought 
in the experiment, we have considered the experiments con-
ducted by Kumari et al. (2021) on the decrease in seawater 
pH due to the dissolution of aerosols using the same samples 
used. Kumari et al. (2021) measured the pH of surface sea-
water, and an aliquot of aerosols was dissolved and measured 
pH again. The difference in pH was normalized to the weight 
of the aerosol added to the sample to estimate the decrease in 
pH due to the addition of 1 μg  m−3 of aerosol added. Based 
on this monthly data, 0.03 to 0.06 units of pH were decreased 
due to the addition of 1 μg  m−3 of aerosol to 20 L of seawater. 
Hence, pH of the coastal water in the microcosm tank was 
decreased from 0.03 to 0.06 by the addition of 0.1 N hydro-
chloric acid. One set of bottles was kept without a change in 
pH as a control. This experiment was conducted for 4 days 
in triplicate, and sampling was done every day.

Impact of increase in nitrate on coastal water 
phytoplankton pigment composition and primary 
production

Similar to the acidification experiment, to examine the 
impact on primary production and phytoplankton compo-
sition due to the increase in nitrate, another experiment 

Table 1  The amount of TSP added in each microcosm experiment 
and the increase in the concentration of nitrate, phosphate, N:P ratios 
and % of the increase in nutrients relative to control due to the addi-

tion of aerosols to the microcosm tanks during different months. The 
standard deviation is given based on triplicate analysis

Month Amount of TSP 
added (ug)

Increase in  NO3 
(μM)

Increase in  PO4 
(μM)

Increase in 
N:P

% increase in  NO3 % increase in  PO4

January 2016 16.19 0.85 ± 0.3 0.00 ± 0.00 3.4 ± 0.5 78 ± 18 0 ± 0
February 2016 8.60 0.75 ± 0.2 0.00 ± 0.00 2.5 ± 0.3 57 ± 12 0 ± 0
March 2015 5.76 0.51 ± 0.1 0.09 ± 0.02  − 1.0 ± 0.2 6 ± 2 87 ± 15
April 2015 4.19 0.68 ± 0.2 0.03 ± 0.01 0.5 ± 0.2 43 ± 15 29 ± 8
June 2015 9.08 0.63 ± 0.3 0.00 ± 0.00 1.4 ± 0.4 33 ± 7 0 ± 0
July 2015 12.77 0.76 ± 0.3 0.04 ± 0.01 0.4 ± 0.1 59 ± 12 34 ± 11
August 2015 5.67 0.86 ± 0.3 0.02 ± 0.01 2.1 ± 0.4 80 ± 19 21 ± 8
September 2015 3.54 1.52 ± 0.5 0.00 ± 0.00 9.5 ± 1.2 219 ± 25 0 ± 0
October 2015 9.02 0.68 ± 0.2 0.00 ± 0.00 1.9 ± 0.6 43 ± 12 0 ± 0
November 2015 4.75 0.85 ± 0.3 0.00 ± 0.00 3.4 ± 0.2 79 ± 18 0 ± 0
December 2015 11.23 0.92 ± 0.3 0.03 ± 0.01 2.3 ± 0.5 93 ± 22 25 ± 5
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was conducted with the addition of commercial potassium 
nitrate. To determine the magnitude of nitrate to be added 
in the experiment, an aliquot of the filter was added to the 
nutrient-free surface seawater, and an increase in the con-
centration of nitrate was measured. The increase in nitrate 
was then normalized to the weight of the aerosol added to 
the sample to estimate the increase in nitrate due to the addi-
tion of 1 μg  m−3 of aerosol added. Based on this data, 0.2 
to 0.8 μM of nitrate was increased due to the addition of 
1 μg  m−3 of aerosol to 20 L of seawater. Hence, nitrate was 
increased by 0.2 and 0.8 μM in the two sets of microcosm 
tanks. One set of bottles was kept without changes in nitrate 
concentration as a control. This experiment was conducted 
for 4 days in triplicate, and sampling was done every day.

Impact of the combined effect of the increase in nitrate 
and decrease in pH on phytoplankton composition

To examine the combined effect of an increase in nitrate 
and a decrease in pH, another experiment was conducted 
with an increase in nitrate by 0.2 μM along with a decrease 
in pH by 0.03 and an increase in nitrate by 0.8 μM along 
with the decrease in pH by 0.06. One set of bottles was kept 
with changes in neither pH nor nitrate. The experiment was 
conducted for 4 days in triplicate and sampling was done 
every day.

In vitro primary production experiments

Every day an aliquot of sample was subsampled from 
each bottle to 1 L Nalgene transparent bottle and spiked 
with 0.2 ml of 2 mM of 13C enriched sodium bicarbonate 
 (NaH13CO3; 99%; Sigma-Aldrich, USA) and incubated in 
duplicate in light and dark bottles in the incubator under 
natural sunlight conditions. Before the addition of the spike, 
one set of samples was filtered through a pre-combusted 
(300 °C for 6 h) GF/F filter to examine the initial atomic 
ratio of 13/12C. Samples were incubated for 24 h and filtered 
through pre-combusted filters and dried at 50 °C for 12 h 
for further analysis.

Measurements

Nutrients

Nutrients in aerosols Nutrients in aerosol samples were 
measured using ion chromatography (850 Metrohm Profes-
sional, Switzerland). A subsample of quartz fibre filter, on 
which aerosol samples were collected, was taken and kept 
in the 50 ml of Milli-Q water and sonicated for 30 min to 
extract nutrients into the water phase. Similarly, the blank 

filter was also sonicated to examine the possible source of 
elements through the filter and did not find a significant con-
tribution within the limits of measurements. The extract was 
filtered through a 0.2-μm polycarbonate filter and injected 
into ion chromatography using a cation exchange column 
(Metrosep C4-150/4.0) and an anion exchange column (Met-
rosep A Supp 5 250/4.0) using a conductivity detector. The 
mixture of  Na2CO3 (3.2 mM),  NaHCO3 (1 mM), and  H2SO4 
(0.1 mM) was used as a mobile phase for anions, whereas 
 HNO3 (2 mM) is used as eluent for cations. A detailed analy-
sis of ion chromatography is given elsewhere (Yadav et al. 
2016; Kumari et al. 2021). The overall precision of these 
measurements is < 10%.

Nutrients in seawater The concentration of nutrients 
(nitrate, nitrite and phosphate, silicate) was estimated fol-
lowing Grasshoff et al. (1992)using a colorimetric pro-
cedure with an autoanalyzer (Ecolab, USA). The ana-
lytical precision for nitrate, nitrite, phosphate and silicate 
was ± 0.02, ± 0.01, ± 0.01 and ± 0.02 μM, respectively.

Pigments The pigment retained on the filter was extracted 
into 5  ml of 90% acetone (HPLC grade from Merck) 
at − 20  °C for 12  h in amber colour bottles to prevent 
photodecomposition.

To break the cells, a tissue homogenizer (ULTRA-
TURRAX, Germany) was used by keeping the bottles on 
an ice-filled tray followed by cold centrifugation at − 10 °C 
(Eppendorf, Germany). The extract was mixed with a 90:10 
ratio of 20 mM aqueous tetra butyl ammonium acetate (AR 
grade, Fluka) and methanol (GC Assay 99.7% pure, Merck) 
to maintain a pH of 6.5. The mixture of buffer and sam-
ples was injected into a high-pressure liquid chromatograph 
(Agilent 1200 series) at a pressure of 200b (maximum) (Van 
Heukelem and Thomas 2001). The peaks of the marker pig-
ments were identified using high purity standards from DHI 
Laboratory products, Denmark. The precision of the pig-
ment analysis was ± 1%. A total of 16 pigments (peridinin, 
fucoxanthin, zeaxanthin, 19′-but-fucoxanthin, 19′-hexa-
fucoxanthin, violaxanthin, astaxanthin, diadinoxanthin, dia-
toxanthin, alloxanthin, lutein, chlorophyll-a, chlorophyll-b, 
divinyl Chl-a, pheophytin, B-carotene) can be detected from 
this methodology.

Using pigment data, the relative contribution of different size 
classes of phytoplankton was computed (Uitz et al. 2006) 
using the following equation:

(1)
The total pigments of diagnostic pigment

∑

(DP)w

= (0.86)Zea + (1.01)TChl − b + (0.60)Allo + (1.27)19�HF

+ (0.35)19�BF + (1.41)Fuco + (1.41)Perid
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The percentage contribution of different size class of 
phytoplankton was computed as

Primary production

The filters were acid-fumigated for 12 h to remove inorganic 
carbon and dried again. An aliquot of the filter was packed 
in the tin cup and introduced to an Elemental Analyser (Iso-
cube) coupled to an isotope ratio mass spectrometer (IRMS; 
M/s Elementar, Germany) to measure the content and the 
atomic ratio of organic carbon on the filter. The primary 
production was computed following Hama et al. (1983), and 
the precision of the measurement was estimated to be 5%.

Air mass back trajectories (AMBT)

The monthly mean AMBT were derived using the GDAS 
database of the National Oceanic and Atmospheric Admin-
istration (NOAA) Air Resources Laboratory and the Hybrid 
Single-Particle Lagrangian Integrated Trajectory Model 
(HYSPLIT program, version 4.0) at the height of 500 m 
(Draxler, 2002). The AMBTs were calculated for 7 days 
before our aerosol sample collection.

Results

Air mass back trajectories (AMBT) and composition 
of nutrients in the aerosols

The AMBT suggested that aerosols were brought to the 
study region from marine origin during March–April, 
whereas terrestrial aerosols from west or southwest from 
June to September and northeast or northwest from Octo-
ber to February (Fig. 1). The concentration of TSP over 
the study region varied between 20 and 98 µg  m−3 with 
higher concentration during January and lower concentra-
tion during June and increased again with minima during 
September (Fig. 2a). The concentration of soluble nitrate 
and sulphate did not follow TSP as higher soluble nitrate 
(3.7 to 11.4 μg  m−3) was observed from August to Novem-
ber (Fig. 3b). The concentration of phosphate was signifi-
cantly higher during January followed by December (0.1 
to 0.2 μg  m−3), whereas it was very low from February to 

(2)
%Microplankton =

[

{1.41(Fuco) + 1.41(Perid)}∕DPw
]

x100

(3)
%Nanoplankton =

[{

1.27
(

19�HF
)

+ 0.35
(

19�BF
)

+ (0.60(Allo)
}

∕DPw
]

x 100

(4)
%Picoplankton =

[

{1.01(TChl − b) + 0.86(Zea)}∕DPw
]

x100

April (0.005 to 0.01 μg  m−3) and under detection limits dur-
ing other months (Fig. 2c). Higher soluble sulphate concen-
tration (6.1 to 22.1 μg  m−3) was found from September to 
November than in other months (Fig. 2d).

Changes in nutrients concentration after addition 
of atmospheric aerosol

The half of the quartz filter (198  cm2) was used for the 
experiment. The aerosols in this piece of the filter were 
extracted into the 150 ml of water, and each 50 ml was added 
to one microcosm experiment for each month. Therefore, 
each microcosm bottle received 3.54 to 16.19 μg of aer-
osols each month (Table 1). The concentration of nitrate 
and phosphate in the coastal water was 0.48 ± 0.08 and 
0.11 ± 0.02 μM, respectively, with an N:P ratio of 4.3 ± 0.5. 
After the addition of atmospheric aerosols, the concentra-
tion of nitrate in the incubated seawater increased by 0.03 
to 1.05 μM with a rise of 6 to 219% from that of seawater 
(Table 1). A higher increase in nitrate was observed during 
September (219%) and the least during March (6%; Table 1). 
Similarly, the concentration of phosphate was increased by 
0.0 to 0.09 μM (0 to 87%; Table 1) with a high increase dur-
ing March (87%), but it was ~ 5% during April, July, August, 
and December (Table 1). After the addition, the N:P ratios 
increased by 0.4 to 9.5 from that of 4.3. The decrease in N:P 
ratio was observed during March due to higher phosphate 
than nitrate addition by aerosols. The mean increase in N/P 
ratio was ~ 7.0 ± 2 after the addition of aerosols, which is still 
lower than the Redfield ratio of 16.

Response of phytoplankton biomass and pigment 
composition to aerosol dissolution

We targeted 16 pigments for analysis; however, the sig-
nificant concentrations of only 8 pigments (peridinin, 
fucoxanthin, 19′HF, 19′BF, zeaxanthin, alloxanthin, Chl-b, 
Div-Chl-a) were detected in the samples. The concentra-
tion of peridinin and fucoxanthin was higher in the control 
during January to May and December, whereas a higher 
concentration of zeaxanthin, Chl-b and Div-Chl-a were 
observed from June to November (Fig. 3a). With refer-
ence to the increase in nutrient concentrations, a significant 
increase in peridinin and fucoxanthin (8.4–102.6 ng/l and 
6.9 to 194.0 ng/l, respectively) was observed (Table 2). 
The increase in peridinin was more from July to December 
(> 60 ng/l) and all months, except March, for fucoxanthin 
(> 75 ng/l) due to the addition of aerosols compared to con-
trol. Similarly, a significant increase in Chl-b was observed 
from June to November, whereas Div-Chl-a was noticed 
throughout the year with a maximum during September 
(75–200 ng/l) compared to control (Fig. 3b). A significant 
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decrease in zeaxanthin and alloxanthin was observed dur-
ing the entire study period and between June and Novem-
ber for 19′HF from that of control (Fig. 3c). An increase 
in Chl-a from 0.4 to 6.4 μg/l was observed compared to 
control with a higher increase during September (Table 2). 
The percentage of increase in peridinin and fucoxanthin 
was higher from January to May and December by up to 
2400%, whereas it was 250–500% from June to November 
from that of control (Fig. 3d). The increase in Div-Chl-a 
and Chl-a was higher (> 250%) during January, September 
and December. The increase in Chl-b and Alloxanthin var-
ied between 50 and 150%, whereas it was low (< 50%) in 
the case of zeaxanthin than control (Fig. 3d). The increase 
in pigment concentration displayed a significant linear rela-
tionship with an increase in nitrate concentrations, and this 
relationship was insignificant for zeaxanthin, 19′HF and 
19′BF (Table 3). Similarly, the N:P ratios in the sample, 
after the addition of atmospheric aerosols, displayed a lin-
ear relationship with all pigments, except for Chl-b, 19′HF 
and alloxanthin (Table 3).

The contribution of microplankton to the total phyto-
plankton biomass varied between 40 and 68% in the surface 
water which is increased to 44–74% after the addition of 

atmospheric aerosols than control (Fig. 4). A higher increase 
in microplankton contribution was observed from July to 
November (by 17–30%) and lower during other periods 
(< 10%) than control. The contribution of nanoplankton 
was decreased during the entire study period (by 5 to 10%) 
except in March, April and December when it was increased 
by 5–10% compared to control. Picoplankton was decreased 
during the entire study period by 5 to 23%, except during 
April, when it was increased by 17% than control (Fig. 4).

Response of primary production to nutrient 
enrichment due to addition of atmospheric aerosols

Primary production in the control during January to April 
and December was 16.2 ± 3 mgC  m−3  d−1, whereas it was 
39.2 ± 6 mgC  m−3  d−1 from June to November. After the 
addition of aerosols, primary production increased by 0.6 to 
7.6 mgC  m−3  d−1 (3 to ~ 19%) from that of control (Table 2). 
The higher rate of increase was noticed during September 
(~ 19%) and the least during June (3%). The rate of increase 
in primary production displayed linear relation with con-
centrations of nitrate (r2 = 0.89; p < 0.001), phosphate 
(r2 = 0.43; p < 0.01) and sulphate (r2 = 0.68; p < 0.001) in the 

Table 2  The increase in the concentration of Chl-a, peridinin, fucoxanthin, Chl-a, Div-Chl-a and primary production (PP) from that of control 
due to the addition of atmospheric aerosols (nutrients) and % of the increase in primary production from that of control is also given

Month Increase in Chl-a 
(μg/l)

Increase in peridinin 
(ng/l)

Increase in fucoxanthin 
(ng/l)

Increase in Chl-b 
(ng/l)

Increase in Div-Chl-a 
(ng/l)

Increase in PP 
(mgC  m−3  d−1)

% increase 
in PP

January 2016 3.3 ± 0.8 26.1 ± 5 155.0 ± 26 21.1 ± 7 155.3 ± 13 2.8 ± 1 17 ± 2
February 2016 3.8 ± 0.6 13.5 ± 4 133.2 ± 22 11.9 ± 3 150.4 ± 16 2.3 ± 1 14 ± 2
March 2015 0.4 ± 0.1 8.4 ± 3 6.9 ± 2 4.3 ± 1 75.0 ± 9 0.6 ± 0.3 4 ± 1
April 2015 1.7 ± 0.3 47.5 ± 10 93.4 ± 28 6.4 ± 1 77.5 ± 8 2.0 ± 0.5 12 ± 2
June 2015 3.0 ± 0.4 40.1 ± 11 72.9 ± 12 44.4 ± 6 80.5 ± 10 1.1 ± 0.3 3 ± 1
July 2015 1.5 ± 0.4 100.7 ± 23 94.9 ± 24 9.3 ± 2 79.8 ± 8 2.0 ± 0.8 5 ± 1
August 2015 3.5 ± 0.6 82.8 ± 20 89.3 ± 19 36.9 ± 6 131.2 ± 18 3.3 ± 1 8 ± 2
September 2015 6.4 ± 1.2 100.5 ± 25 194.0 ± 28 45.0 ± 8 91.0 ± 15 7.6 ± 2 19 ± 5
October 2015 2.7 ± 0.8 85.0 ± 18 59.5 ± 14 10.9 ± 2 89.5 ± 19 2.8 ± 1 7 ± 3
November 2015 4.2 ± 1.1 102.6 ± 17 134.9 ± 21 55.5 ± 9 121.8 ± 22 3.0 ± 1 8 ± 2
December 2015 3.2 ± 0.9 60.3 ± 9 162.5 ± 28 12.8 ± 3 200.2 ± 29 1.9 ± 0.5 12 ± 3

Table 3  The relationship 
and significant of amount of 
nitrate increase and N:P ratios 
with different pigments in 
the incubated samples during 
different months

Properties r2 and p value Properties r2 and p value

NO3 increase vs Chl-a 0.66; p < 0.001 N:P vs Chl-a 0.88; p < 0.001
NO3 increase vs peridinin 0.31; p < 0.05 N:P vs peridinin 0.55; p < 0.01
NO3 increase vs fucoxanthin 0.64; p < 0.001 N:P vs fucoxanthin 0.54; p < 0.01
NO3 increase vs zeaxanthin 0.16; p > 0.1 N:P vs zeaxanthin 0.26; p < 0.05
NO3 increase vs Chl-b 0.32; p < 0.05 N:P vs Chl-b 0.03; p > 0.2
NO3 increase vs 19′HF 0.09; p > 0.1 N:P vs 19′HF 0.04; p > 0.2
NO3 increase vs 19′BF 0.03; p > 0.2 N:P vs 19′BF 0.29; p < 0.05
NO3 increase vs alloxanthin 0.51; p < 0.001 N:P vs alloxanthin 0.06; p > 0.2
NO3 increase vs Div Chl-a 0.42; p < 0.01 N:P vs Div Chl-a 0.66; p < 0.001
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atmospheric aerosols (Fig. 5), and similar relationship was 
observed between increase in nitrate and phosphate, after 
the addition of aerosols from that of control, and increase in 
primary production.

The addition of 1 μg  m−3 of aerosols in 20L of seawater 
decreased pH by 0.03 to 0.06 (Fig. 6a) and displayed linear 
relation with an increase   (r2 = 0.45; p < 0.001; Fig. 6b). A 
linear relationship was also observed between an increase 
in primary production to sulphate concentration in aerosols 
added (Fig. 5c).

Role of decrease in pH on phytoplankton biomass, 
pigment composition and primary production

An insignificant difference in response of pigment composi-
tion relative to control was observed between the decrease in 
pH by 0.03 and 0.06; hence, mean response was discussed. 
In the control, relatively higher peridinin, fucoxanthin and 
Chl-b (20–30 ng/l) were observed compared to other pig-
ments. After a change in pH from 0.03 to 0.06, the con-
centration of fucoxanthin and Chl-b increased by 14.5 and 
36.1 ng/l, respectively, with an increase of 47 and 109% than 
control (Table 4). Chl-a increased by 0.4 μg/l (17%) from 
that of control. The increase in nitrate by 0.2 μM increased 
fucoxanthin, Chl-b and Chl-a by 11.7, 5 ng/l and 0.6 μg/l, 
respectively, whereas peridinin and zeaxanthin decreased 
from that of control (Table 4). In contrast, an increase in 
nitrate by 0.8 μM, increased peridinin, fucoxanthin, Chl-b 
and Chl-a were found, but a decrease in Zeaxanthin was 
noticed than control. The mixture of a decrease in pH by 
0.03 and an increase in nitrate by 0.2 μM enhanced fucox-
anthin, Chl-b and Chl-a by 23%, 15% and 13%, respectively, 
but the other pigments were decreased, whereas a decrease 
in pH by 0.06 and increase in nitrate by 0.8 μM enhanced 
concentration of fucoxanthin (22%), Chl-b (100%), peridinin 
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(10%) and Chl-a (38%; Table 4) than control. The decrease 
in pH by 0.03 and 0.06 decreased the contribution of micro-
plankton and nanoplankton by 7% and 9%, respectively, 
whereas picoplankton contribution increased by 17% than 
control. The addition of nitrate (both 0.2 and 0.8  μM) 
enhanced microplankton contribution by 7%, whereas an 
increase in picoplankton contribution was noticed (7%) in 
the case of low nitrate. The decrease in pH and increase in 
nitrate concentration enhanced microplankton contribution 

by up to 30%, but a decrease in nano- and picoplankton was 
noticed compared to control (Fig. 7).

The primary production in the control was 11.4 mgC 
 m−3  d−1 and a decrease in pH by 0.03 to 0.06 increased 
production by 2.5 mgC  m−3  d−1 (by 22%) from that of con-
trol with an insignificant difference between the range of 
pH decreased. The addition of low and high nitrate increase 
enhanced primary production by 1.1 and 5.7 mgC  m−3 
 d−1 (by 10 and 50%), respectively, than control (Table 3). 
The increase in both nitrate and decrease in pH together 
enhanced primary production by 3.8 and 8.6 mgC  m−3  d−1 
(33 to 75%) from that of control.

Discussion

Response of coastal phytoplankton pigment 
composition to the addition of aerosols

The concentration of TSP over the study region displayed 
significant variability with higher concentration from June 
to February, whereas the concentration of nutrients was 
higher from August to November than in other months 
(Fig. 2b, c). The variability in the concentration of TSP 
and nutrients in aerosols is related to the source and size of 
the particles modulated by atmospheric processes (Church 
and Jickells 2004). The aerosols were received from north-
east (Southwest Asia) between October and December and 
northeast (Southeast Asia) during January and February to 
the study region when moderately higher concentrations of 
TSP and nitrate concentrations were observed compared to 
March to May (Fig. 1) when marine winds were observed. 
Winds turned from western (terrestrial; Indian peninsular) 
between June and September, when both TSP and nitrate 
concentrations were significantly increased from that of 
previous months (Tstat =  − 2.62; p < 0.001) due to the trans-
port of anthropogenic aerosols from the Indian subcon-
tinent (Fig. 1). The measurable levels of phosphate were 
observed only from December to February when winds were 
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Table 4  Change in concentration of pigments (ng/l), Chl-a (μg/l) and 
primary production (PP; mgC  m−3  d−1)) and % of change (in bracket) 
from that of control under different conditions of pH, nitrate and mix-

ture of two. The change in pigment concentrations is insignificantly 
different from that of control due to decrease in pH between 0.03 and 
0.06; hence, mean values are given

Pigments Change in pH (0.03 
and 0.06)

Increase in  NO3 
(0.2 μM)

Increase in  NO3 
(0.8 μM)

Decrease in pH 
(0.03) + increase in  NO3 
(0.2 μM)

Decrease in pH 
(0.06) + increase in  NO3 
(0.8 μM)

Peridinin  − 5.8 (− 31)  − 5.7 (− 31) 2.0 (11)  − 13.7 (− 75) 1.8 (10)
Fucoxanthin 14.5 (47) 11.7 (38) 12.6 (40) 7.1 (23) 7.0 (22)
Zeaxanthin  − 2.0 (− 31)  − 2.3 (− 37)  − 1.8 (30)  − 4.1 (− 67)  − 3.2 (− 52)
Chl-b 36.1 (109) 5.0 (15) 42 (126) 5.1 (15) 33.1 (100)
Chl-a 0.4 (17) 0.6 (29) 1.2 (54) 0.3 (13) 0.8 (38)
PP 2.5 (22) 1.1 (10) 5.7 (50) 3.8 (33) 8.6 (75)
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blowing from the northwest to the study region suggesting 
it is sourced from Indo-Gangetic Plain (Kumar et al. 2008; 
Srinivas et al. 2011).

The concentration of nutrients (nitrate and phosphate) in 
the coastal BoB is low due to strong stratification driven by 
the river discharge (Sarma et al. 2013a, 2013b). Krishna 
et al. (2015) reported that most of the river-borne nutrients 
are utilized within the estuary itself and a small fraction 
(< 5%) are fluxed to the coastal waters. Sarma et al. (2013) 
found that nitrate is the major limiting nutrient in the coastal 
BoB. The concentration of nitrate is always present in the 
atmospheric aerosols over the coastal BoB, but displayed 
significant monthly variability (Fig. 2b) and its deposition 
may increase not only its concentration but also N:P ratios. 
The mean N:P ratio of the coastal BoB was < 5, and the 

same increased by 0.4 to 9.5 from that of control due to 
the addition of atmospheric nitrogen and phosphorus dur-
ing different months (Table 1). The concentration of silicate 
was > 3 μM in the coastal waters, and they are much above 
the limiting levels (< 1 μM) throughout the year (Sarma 
et al. 2013) suggesting it is not a limiting nutrient.

The time-series measurement of nutrients for 4 days, after 
the addition of aerosols, found that nitrate was consumed 
within 2 to 3 days and come to the under-detection levels 
during all months suggesting that nitrate is a strong limit-
ing nutrient in the coastal BoB. The fertilization experiment 
conducted using a mixing of nutrient-rich deep water with 
surface water also suggested that nitrate is a limiting nutrient 
in the coastal BoB (Sarma et al. 2013). The concentration 
of phosphate was at a measurable level, even after 4 days of 
incubation, whereas silicate concentration was significantly 
high (> 3 μM) throughout the study (Figure is not shown) 
indicating silicate is not a limiting nutrient.

The coastal waters were dominated by Bacillariophy-
ceae (fucoxanthin), Dinophyceae (peridinin), blue-green 
algae (Chl-b), Prochlorococcus (divinyl Chl-a) and Cyan-
ophyceae (zeaxanthin) with relatively higher biomass of 
Bacillariophyceae (45 ng/l) and the least of Dinophyceae 
(32 ng/l). The ratio of Bacillariophyceae to Cyanophyceae 
(bac/cya) was < 2 and Bacillariophyceae to Dinophyceae 
(bac/din) was ~ 2 in the coastal BoB. After the addition of 
aerosols to the coastal waters, the major pigments, peridinin, 
fucoxanthin, Chl-b and Div-Chl-a, increased significantly 
(Table 2). A significant increase in the concentration of peri-
dinin (Dinophyceae) was observed from July to November 
associated with high N:P ratios (> 7; Table 1) suggesting that 
enhanced inorganic nitrogen input enhanced the biomass of 
dinoflagellates. A significant increase in Bacillariophyceae 
(fucoxanthin) was observed (6.9 to 194.0 ng/l) associated 
with an increase in nitrate concentration and N:P ratios. 
Make a note here that the less increase in both dinoflagel-
lates (peridinin) and diatoms (fucoxanthin) was noticed dur-
ing March when the least increase in nitrate and lower N:P 
ratio was noticed (Table 1). The increase in Prochlorococ-
cus (marker pigment of Div-Chl-a) displayed a significant 
increase throughout the year with a higher increase during 
winter (December to February) followed by summer (June 
to October). In contrast, decrease in zeaxanthin (cyanobac-
teria) was observed by almost 50% from that of initial con-
ditions (Fig. 3d). The ratio of bac/cya increased from < 2 in 
the coastal water to > 7 after the addition of aerosols from 
January to February, July to August and November suggest-
ing a significant response of Bacillariophyceae to nutrient 
increase. On the other hand, the bac/din ratio decreased 
from ~ 2 in the coastal waters to 0.8 from January to April 
but slightly increased to 1.2 from June to December sug-
gesting that significant increase in Dinophyceae in response 
to an increase in nutrients. This study suggested that the 
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dominant response of Bacillariophyceae from December to 
June and Dinophyceae from July to November in the coastal 
BoB is due to the addition of aerosols.

In response to the increase in concentration of nutri-
ents, the concentration of phytoplankton biomass (as Chl-
a) increase from 0.4 to 6.4 μg/l and displayed significant 
linear relationship with concentration of nitrate increased 
after addition of aerosols (r2 = 0.66; p < 0.01), concen-
tration of nitrate in the TSP (r2 = 0.53; p < 0.05) and N:P 
ratios (r2 = 0.88; p < 0.001). Similarly, the concentration of 
nitrate increased in the coastal waters due to aerosol addi-
tion exhibited linear relation with a concentration of peri-
dinin, fucoxanthin, Chl-b, alloxanthin and divinyl Chl-a 
(Table 3), whereas it was not significant in the case of zeax-
anthin, 19′HF and 19′BF. The N:P ratios, after the addition 
of aerosols to coastal waters, displayed linear relation with 
peridinin, fucoxanthin, zeaxanthin, 19′BF and divinyl Chl-a 
suggesting that both increase in nitrate and N:P ratios due to 
aerosol addition significantly modified phytoplankton com-
position in the coastal waters (Table 3).

The increase in the contribution of microplankton relative 
to control was observed due to the addition of aerosols. The 
increase in microplankton contribution was higher from June 
to November than in other months (Fig. 4a). In contrast, a 
decrease in the contribution of picoplankton was observed 
in the experiment compared to the control (Fig. 4c), whereas 
insignificant modifications were noticed in the case of nano-
plankton (Fig. 4b). This experiment suggested that aerosol 
addition promoted microphytoplankton growth that may lead 
to a possible increase in export production to deep and effi-
cient carbon sequestration.

Response of primary production to aerosol 
nutrients addition in the coastal BoB

Despite strong stratification and weak nutrient inputs 
through vertical mixing to the surface waters, the mean 
primary production in the photic zone during the dry 
period is higher in the BoB (340 ± 139 mgC  m−2  d−1; 
Gauns et al. 2005; Kumar and Ramesh 2005; Prasanna 
Kumar et al. 2007; Jyothibabu et al. 2008; Ramaiah et al. 
2010) than the Arabian Sea (200 ± 10 mgC  m−2  d−1). 
Yadav et al. (2016) reported that 3–33% of the coastal 
primary production is contributed by atmospheric depo-
sition. These estimations were carried out based on the 
computation of atmospheric deposition using the dry 
depositional velocity of 0.1 and 1 cm/s for PM2.5 and 
PM10, respectively (Duce et  al., 1991), and assum-
ing that all the deposited nutrients were consumed by 
the phytoplankton. The dry depositional flux includes 
the uncertainty of a factor of 3, which is caused due to 

several factors that include wind speed, terrain rough-
ness, particle composition, etc. (Srinivas et al 2011).

The experiments conducted in this study suggested that 
aerosol dissolution in the coastal waters increased primary 
production by 3 to 19% (0.6 to 7.6 mgC  m−3  d−1) due to the 
input of nutrients from aerosols. The increase was higher 
from June to November with maxima in September than 
in other months. The variations in an increase in primary 
production displayed a significant linear relationship with 
an increase in nitrate (r2 = 0.85; p < 0.001) and phosphate 
(r2 = 0.46; p < 0.05) in the coastal waters after the addition 
of aerosols suggesting that increase in nutrients enhanced 
coastal primary production (Fig. 5). Similarly, the con-
centration of nitrate in the TSP also displayed a significant 
linear relationship with an increase in primary produc-
tion (r2 = 0.65; p < 0.001). Based on this relationship, it is 
estimated that 1 μg  m−3 of nitrate in the aerosols depos-
ited on the surface waters enhances primary production 
by ~ 1.7 ± 0.5 mgC  m−3  d−1 in the coastal waters.

Influence of acidification on phytoplankton 
composition and primary production

Sarma et al. (2015) reported a decrease in pH of surface 
water due to the deposition of atmospheric pollutants due 
to the formation of nitric and sulphuric acid from  NO3 and 
 SO4 in the aerosols. Biswas et al. (2015) noticed that a sig-
nificant increase in phytoplankton biomass and primary pro-
duction was observed upon a decrease in pH in the micro-
cosm experiments. The increase in primary production in 
the present study displayed a significant linear relationship 
with sulphates and nitrate (Fig. 5) in the aerosols suggesting 
that an increase in primary production may be contributed 
by both decreases in pH and also increase in nutrients. To 
account contribution of pH and nutrients, additional experi-
ments were conducted.

The addition of 1 μg  m−3 of atmospheric aerosols in the 
20 L of surface seawater decreased pH by 0.01 to 0.07 units 
during different months. The decrease in pH due to aerosol 
dissolution displayed a linear relationship with an increase 
in primary production (Fig. 6b) suggesting that acidifica-
tion of waters enhanced phytoplankton production in the 
surface waters. Since the addition of atmospheric aerosols 
decreases pH and increases nutrients together, we had con-
ducted another experiment to understand the impact of pH 
and nutrients individually by decreasing pH by 0.03 and 0.06 
by addition of acid (HCl) in two sets of surface water bot-
tles and addition of 0.2 and 0.8 μM of potassium nitrate in 
another two sets of surface water bottles. It was noticed that 
a decrease in pH by 0.03 and 0.06 resulted in an increase in 
primary production by 22 ± 1% and did not show a signifi-
cant difference between the two sets (Table 4). On the other 
hand, an increase in nitrate by 0.2 and 0.8 μM of nitrate 
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enhanced primary production by 10 and 50%, respectively, 
from that of control, respectively, suggesting that higher 
influence of nitrate than acidification (Table 4). Based on 
these experiments, the mean increase in primary produc-
tion due to a decrease in pH accounted for 22% of the total 
production increase, whereas the remaining increase was 
contributed by the increase in nutrients.

Both decrease in pH and increase in nitrate significantly 
modified the phytoplankton pigment composition. In the 
control, the concentration of Chl-b and fucoxanthin was rela-
tively higher (~ 30 ng/l) compared to other pigments detected 
(< 10 ng/l). After a decrease in pH and an increase in nitrate 
concentrations, both fucoxanthin and Chl-b were increased 
significantly (Table 4) by 22–38 and 15–109%, respectively, 
with the higher response of Chl-b associated with higher 
addition of nitrate. The response of peridinin was noticed 
(10%) only at the high increase in nitrate (0.8 μM) than 
others (Table 4). The rate of increase in Chl-b was higher 
(100%) followed by Chl-a (37%) due to a high decrease 
in pH and a high increase in nitrate in the coastal waters. 
This experiment suggested that both fucoxanthin and Chl-b 
responded positively to the increase in nutrients and acidifi-
cation, whereas zeaxanthin decreased.

In addition to this, the addition of acid decreased the con-
tribution of micro and nanoplankton to the total phytoplank-
ton biomass, whereas increased picoplankton contribution 
by ~ 20%. In contrast, an increase in nitrate and both nitrate 
and acid enhanced contribution of microplankton biomass 
to total biomass but decreased picophytoplankton (Fig. 7). 
Therefore, atmospheric deposition of pollutants enhanced 
acidification and nutrients that lead to modification in the 
size structure of the phytoplankton towards enhancing bigger 
phytoplankton that allows them to sinks faster to a deeper 
depth and efficiently sequester atmospheric carbon dioxide.

Summary and conclusions

Aerosols carry several inorganic elements, and their deposi-
tion over the surface waters may acidify and fertilize coastal 
waters that may have a significant impact on the phytoplank-
ton composition and primary production. To test this hypoth-
esis, aerosol samples were collected at a monthly interval 
over the central east coast of India. Aerosols over the study 
region were mixed with the coastal waters, and the bio-
logical response was observed through microcosm experi-
ments. The higher concentration of nitrate and sulphate were 
observed in the TSP during summer followed by winter and 
the least during intermonsoon periods due to dominant ter-
restrial during the former two seasons and marine sources 
in the latter season. The mixing of monthly aerosols to the 
surface waters increases fucoxanthin (marker pigment for 

Bacillariophyceae), and peridinin (dinophyceae) and Chl-b 
(Chlorophyceae) were observed, whereas a decrease in zeax-
anthin (Cyanophyceae) was noticed compared to control. A 
significant linear relationship was observed between phy-
toplankton biomass response and the amount of increase in 
nitrate and phosphate concentrations and their ratios. The 
addition of aerosols enhanced the primary production of 
the coastal waters by 0.6 to 7.6 mgC  m−3  d−1 (3 to 19%) 
from that of control. Similar to phytoplankton biomass, an 
increase in primary production exhibited significant lin-
ear relation with a concentration of sulphate and nitrate in 
the atmospheric aerosols suggesting both acidification and 
enhanced nutrients concentrations due to aerosols’ increased 
primary production. The contribution of an increase in acidi-
fication to primary production was estimated to be ~ 22% of 
the increase in production, and the remaining fraction was 
contributed by the increase in nutrients concentrations. The 
decrease in pH led to a decline in the contribution of micro 
and nanoplankton by 10% whereas increase in picophyto-
plankton. In contrast, an increase in nitrate enhanced the 
contribution of microplankton by 20%. This study suggests 
that deposition of aerosols enhances coastal acidification and 
fertilisation resulting in a modification in the phytoplank-
ton composition, size structure, and an increase in primary 
production. Recent studies (Yadav et al. 2021) suggested 
that anthropogenic aerosol levels, through aerosol optical 
depth, are increasing at the highest rate over the BoB than 
elsewhere in the world between 2001 and 2020. Therefore, 
the impact of atmospheric aerosols on surface ocean biogeo-
chemistry in the BoB may be highly significant. Since the 
northern Indian Ocean is surrounded by landmasses on three 
sides, the impact of aerosols is significant, and more efforts 
are required to include these processes in the regional model 
to evaluate the impact of the climate change on the ocean 
biogeochemistry in the northern Indian Ocean.
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