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Abstract

Warming due to climate change stratifies the upper ocean and reduces nutrient input to the photic zone resulting in a decline
in net primary production (NPP). On the other hand, climate change increases both anthropogenic aerosol input into the
atmosphere and the river discharge due to the melting of glaciers on land resulting in enhanced nutrient inputs to the surface
ocean and NPP. To examine the balance between these two processes, spatial and temporal variations in the rate of warming,
NPP, aerosol optical depth (AOD), and sea surface salinity (SSS) were studied between 2001 and 2020 in the northern Indian
Ocean. Strong heterogeneity in the warming of the sea surface was observed in the northern Indian Ocean with significant
warming in the south of 12°N. Insignificant trends in warming were observed in the northern Arabian Sea (AS), north of
12°N, during winter and fall, and western Bay of Bengal (BoB) during winter, spring, and fall associated with higher levels
of anthropogenic AOD (AAQOD) due to a reduction in incoming solar radiation. The decline in NPP was observed in the
south of 12°N in both AS and BoB and correlated inversely with SST suggesting that a weak supply of nutrients due to
upper ocean stratification controlled NPP. Despite warming, the weak trends in NPP in the north of 12°N were associated
with higher AAOD levels and their rate of increase suggesting that the deposition of nutrients from the aerosols seems to
be compensating for declining trends due to warming. The decrease in sea surface salinity confirmed an increase in river
discharge, and nutrient supply led to weak NPP trends in the northern BoB. This study suggests that the enhanced atmospheric
aerosols and river discharge played a significant role in warming and changes in NPP in the northern Indian Ocean, and these
parameters must be included in the ocean biogeochemical models for accurate prediction of possible changes in the upper
ocean biogeochemistry in the future due to climate change.
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Introduction

The warming due to climate change (Dong et al., 2014;
Samset et al., 2018) brought significant modifications
in species phenology and community composition in the
marine ecosystem (Poloczanska et al., 2013; Beaugrand
et al., 2013; Hoegh-Guldberg and Bruno, 2010). Several
pieces of evidence on modification in the phytoplankton
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community structure have been reported through numerical
models and remote sensing data (Gregg and Rousseaux,
2019. Bakun, (1990) reported that global coastal upwelling
may accelerate due to the intensification of alongshore
wind stress that may have a dramatic impact on the marine
ecosystem. A lack of long-term baseline data, and few
observation time series extending back to a pre-industrial era
with good spatial coverage, limits the evidence for possible
long-term change in the ecosystem due to climate change
(Field et al., 2006; Spielhagen et al., 2011).

The northern Indian Ocean is a unique region with
reference to orography as it is bound by landmasses of South
and Southeast Asia and opened to the Indian Ocean in the
south. Winds change their direction with season resulting
in seasonal variability in the surface currents leading to
the occurrence of convective mixing and upwelling during
winter and summer, respectively, in the northwestern
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Indian Ocean (Arabian Sea (AS)) (Schott and McCreary,
2001; Fig. 1). Bakun et al., (1998) reported that coastal
upwelling has a strong impact on ecosystem productivity
and fish production in the western Indian Ocean. In
contrast, the river discharge stratifies the water column
in the northeastern Indian Ocean (Bay of Bengal (BoB))
resulting in weak coastal upwelling and an absence of
convective mixing (Sarma et al., 2013, 2016). The northern
Indian Ocean receives the highest amounts of anthropogenic
aerosols from South and Southeast Asia (Zhang and Reid,
2010). Banerjee and Prasanna Kumar (2014)) observed that
episodic phytoplankton blooms in the AS are associated
with dust storms. Ladsher (2021)) found an increase in
primary production by ~30% due to the deposition of iron
(Fe) through atmospheric dust in the AS suggesting that dust
plays a significant role in controlling primary production.
Rapid warming of sea surface temperature (SST) in the
tropical Indian Ocean was reported (Roxy et al., 2015)
resulting in weak vertical transport of nutrients and a decline
in primary production in the western AS during the sum-
mer monsoon (Dunstan et al., 2018; Roxy et al., 2016). A
decline in Somali upwelling intensity and decreased evapo-
ration due to the weakening of winds were attributed to the
warming of the Indian Ocean in recent decades (D’Mello
and Prasanna Kumar (2018). Several investigators reported
both an increase and decrease in chlorophyll-a (Chl-a), a
proxy for primary production, in the past few decades using
different time scales of remote sensing data. For instance, a
significant increase in summer monsoon phytoplankton bio-
mass by 350% was reported in the western AS (Behrenfeld
et al., 2006; Goes et al., 2005; Gregg et al., 2005) between
1998 and 2004 (7 years). It is attributed to an increase in
temperature over the Eurasian landmass that enhanced the
temperature gradient between land and ocean leading to an
increase in summer monsoon intensity and upwelling (Goes
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Fig.1 The map of the study region in which the surface seasonal
circulation is shown as arrows. The locations of coastal upwelling
and convective mixing are identified. The major rivers discharging

to the Bay of Bengal (BoB) are also shown. The region of different
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et al., 2005). Prakash et al., (2012) extended time-series data
from 1998 to 2010 (13 years), and significant positive trends
in Chl-a were observed only off Somalia during the sum-
mer (southwestern AS). Roxy et al., (2016) analyzed remote
sensing data between 1997 and 2013 (16 years) and reported
a significant decrease in summer Chl-a in the western AS
(Off Somalia and Oman) and southeast coast of AS. In all
these studies, the variability in Chl-a is studied only during
summer in the AS, and its variability during other seasons
and the northeastern Indian Ocean is not studied.

The long-term variability in surface Chl-a was also car-
ried out using numerical models associated with remote
sensing data. For instance, the long-term remote sensing
data between 1998 and 2015 (18 years) has been assimi-
lated to an ocean biogeochemical model and estimated a
significant decline in annual primary production in the
north and equatorial Indian Ocean basins (north of 10°S)
associated with shallowing of the mixed layer and decrease
in nutrient inputs (Gregg and Rousseaux, 2019). In these
models, a significant decline in primary production was
observed in the BoB and eastern AS, whereas there was
an overall declining trend throughout the equatorial Indian
Ocean basin rather than the more localized trends. The
equatorial Indian Ocean exhibited a significant relation-
ship between the decline in primary production and the
increase in SST; however, such a relation was absent in the
northern Indian Ocean (Gregg and Rousseaux, 2019). The
potential mechanism responsible for the decline in primary
production in the northern Indian Ocean was not evident.
While remote sensing data show a decline in phytoplank-
ton biomass in the western AS only, CMIP5 (Coupled
Model Intercomparison Project) data projects a decline
in the primary production in the entire AS but insignifi-
cant trends in the BoB (Bopp et al., 2013). Kong et al.,
(2019) observed a significant decline in modeled primary
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zone, such as southwestern AS (SWAS), northwestern AS (NWAS),
northeastern AS (NEAS), southeastern AS (SEAS), northern BoB
(NBoB), southwestern BoB (SWBoB), and southeastern BoB
(SEBoB) are drawn
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production in the BoB and the southeastern Indian Ocean
during Indian Ocean Dipole (IOD) and El Nifio-South-
ern Oscillation (ENSO) events. Therefore, a significant
difference in trends in primary production was observed
between models and remote sensing data and processes
contributing to the spatial heterogeneity in the trends that
were unclear in the northern Indian Ocean.

In remote sensing data analysis, Chl-a is used as a
proxy for primary production. It is well known that the
concentration of Chl-a in the phytoplankton cell responds
to changes in photoacclimation, nutrient status, taxonomy,
and other environmental stressors (Geider, 1987; Falkowski
and La Roche, 1991; Behrenfeld et al., 2016); hence, it does
not represent primary production (Westberry et al., 2008);
Behrenfeld et al., 2016). The potential reasons responsible
for the inconsistency between trends in warming and net
primary production (NPP) and strong heterogeneity in
response within the basin could not be explained (Bopp
et al., 2013); Roxy et al., 2016). In addition to this, the
northern Indian Ocean receives significant amounts of
atmospheric aerosols from South and Southeast Asian
countries, and this region is a hot spot for the production
of aerosols (Ramanathan et al., 2001); Zhang and Reid,
2010). Kurokawa and Ohara, (2020) found that atmospheric
pollutants are increasing rapidly in the atmosphere over
South and Southeast Asia since the middle of the 1990s.
Recently, Sarma et al., (2022)) estimated that an increase
in the aerosol mass load (0.05-1.67 pg m~ year™!), nitrate
(0.003-0.04 pg m~2 year™!), and ammonium (0.006-0.11
pg m~3 year™!) concentrations was observed between 2001
and 2020 due to an increase in anthropogenic pollutants over
South and Southeast Asia. Guieu et al., (2019) estimated
that atmospheric deposition of nutrients supports about 22%
of the primary production in the AS, whereas Srinivas and
Sarin (2013) estimated about 13% in the BoB. Recently,
Sarma et al., (2022) estimated that 27-30% of the primary
production is contributed by the atmospheric deposition of
nutrients in the northern Indian Ocean. On the other hand,
the decline in glacier over the Himalayan region was reported
(Goes et al., 2020), and this resulted in an increase in river
discharge to the BoB and a decrease in surface salinity (Trott
et al., 2019); Sridevi and Sarma, 2021). River discharge is
a source of nutrients for the BoB (Krishna et al., 2016);
Sarma et al., 2019). These processes may have a significant
impact on warming and NPP in the northern Indian Ocean.
Hence, the objectives of this study are to (1) examine the
spatial and temporal variability in surface warming in the
Indian Ocean due to climate change, (2) demarcate the
regions where significant modification in NPP occurred and
evaluate potential reasons responsible, and (3) evaluate the
role of atmospheric deposition of aerosols and freshening on
changes in NPP in the northern Indian Ocean.
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Material and methods
Data and methodology

Data from different sources are utilized to carry out the
present work. Monthly field from linear interpolation of
weekly optimum interpolation of version 2 of sea surface
temperature (SST) data was obtained from the Asia-Pacific
Data-Research Center (APDRC; http://apdrc.soest.hawaii.
edu/dods/public_data/NOAA_SST/OISST/monthly) with
a spatial resolution of 0.25° x 0.25° during the period
2001-2020. Monthly reanalysis of sea surface salinity
(SSS) data was obtained from Copernicus Marine Envi-
ronment Monitoring Service (CMEMS) of GLOBAL_REA-
NALYSIS_PHY_001_031 data product, which is a global
product of monthly intervals with 0.25° spatial resolution.
The detailed documentation of the product is available at
http://marine.copernicus.eu/documents/QUID/CMEMS-
GLO-QUID-001-025-011-017.pdf. The salinity data of
CMEMS was compared with the satellite (Soil Moisture and
Ocean Salinity (SMOS) and Soil Moisture Active Passive
(SMAP)) and in situ data and found to match well (Dossa
etal., 2021). Monthly Chl-a data of MODIS (Moderate Res-
olution Imaging Spectroradiometer) onboard Terra satellite
with 9-km resolution were obtained for the period 2001 to
2020 from the Earth Observing System Data and Informa-
tion System (EOSDIS; https://giovanni.gsfc.nasa.gov/giova
nni/). Since Chl-a data from SeaWiFS (Sea-viewing Wide
Field-of-view Sensor) is also available between 1997 and
2010, we compared the blended product of SeaWiFS with
MODIS during the period when both data sets are avail-
able (2001-2010) and found a significant offset between
these two data sets (higher MODIS than SeaWiFS) in the
northern Indian Ocean. In addition to this, the difference
has variability with space and time. Hence, we decided to
use only the single sensor data of MODIS in this study to
avoid any errors associated with differences between the
two sensors. Monthly wind vector data with 0.25° spatial
resolution at 10 m above the sea surface from ERAS were
used during the period 2001-2020 (http://apdrc.soest.
hawaii.edu:80/dods/public_data/Reanalysis_Data/ERAS/
monthly_2d/Surface). ENSO and IOD indices data were
taken from https://ggweather.com/enso/oni.htm and https://
psl.noaa.gov/gcos_wgsp/Timeseries/DMI/, respectively.
Aerosol optical depth (AOD) data at 550-nm wavelength
was extracted from MODIS Terra satellite (collection 6.1
and level 3) with a spatial resolution of 1° X 1° during the
period of 2001-2019, and anthropogenic (AAOD) and dust
AOD (DAOD) were estimated by following Kaufman et al.,
(2005) as follows:

Total aerosol optical thickness (z) is defined as the sum
of anthropogenic (z,,y,) from pollution and smoke + dust
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(Taus) + baseline marine (z,,,) sources. Therefore, 7, can
be written as

Tp = f550 * Tsso = (fanth * Tamh) + (fdust * Tdust) + (fmar * Tmar)
ey
where f .., faus @nd f,,, are fraction fine particles from
marine, dust, and anthropogenic sources. The total fine
fraction (fss,) and optical thickness (zss,) are derived from
MODIS. Both 74, and 7,,,,, for the northern Indian Ocean
were computed from MODIS onboard Terra using the
method given by Kaufman et al. (2005)) using the follow-
ing equations:

Tdust = [fSSOTSSO_fanthTanth _fmarTmar]/ _fdusl (2)

By substituting Eq. 2 in Eq. 1, we get

Tanth = [(fSSO_fdust)_TSSO - (fmar_fdust) * Tmar]/( anth _fdust)]
3)
where 7 is the monthly mean aerosol optical depth and it
is a fraction of 7 contributed by the fine aerosols (f) and it is
obtained from MODIS/Terra from January 2001 to Decem-
ber 2019. f, ., was taken as 0.90 based on measurements in
the northern Bay of Bengal (Nair et al., 2005). f,1ine Was
taken as 0.47 based on measurements over the western part
of the Equatorial Indian Ocean, and f;,, was taken as 0.32.
The maritime aerosol optical depth (z,,,) was obtained
from the wind speed using the following equation given by
Smirnov et al. (2003): 7,,,,=007W + 0.05, where W is the
wind speed (m/s).

Monthly NPP data were obtained from the carbon-based
production model (CbPM; http://sites.science.oregonstate.
edu/ocean.productivity/index.php) with a spatial resolution
of 9 km during the period from 2001 to 2020. To bring all
parameters into the same spatial resolution, both Chl-a and
NPP were re-gridded to 0.25° X 0.25° grid. Dalabehera and
Sarma (2021) compared NPP by CbPM with in situ data
in the Indian Ocean (north of 30°S) and found it to match
within 20%.

To understand the long-term changes of all these parame-
ters on a seasonal scale, data is prepared into seasonal means
(winter, December, January, February; spring, March, April,
and May; summer, June, July, August, and September; and
fall, October and November), and then liner trend analysis
was performed on all the parameters.

Computation of trend analysis and statistical
significance

We have determined the trends and statistical significance
of the parameters by following Santer et al., (2000). The
trends of the parameters were computed using a least-
square fit method for each seasonal data as

x(t)=a+btforr=1,...,nt

The significance of the computed trends was evaluated
following Santer et al. (2000), in which regression residu-
als (e(?)) are defined as

e(t) = x(t) —xm(t);fort =1, ... ,nt

x,, is the mean value, and for statistically independent
values of e(?), the standard error of the slope, b, is defined
as

Sb = Se/(Z (t— zm)2>0'5

where 7, is the mean and Se? is the variance of the
residuals about the regression line, which is given by

Se? = (1/nt —2) 2 e(r)’

Whether the e(¢) trend is significantly different from
zero is tested by computing the ratio between the estimated
trend and its standard error.

1, =Db/s,

We noticed that e(¢) is not statistically independent;
hence, autocorrelation method involving sample size is
used following Santer et al., (2000).

To understand the relationship between warming and
biological response, seasonal regression analysis of SST
vs NPP and SST vs Chl-a was performed (Table 1). The
regression analyses were performed on the seasonal mean
data of each parameter in the selected boxes, such as
southwestern AS (SWAS), northwestern AS (NWAS),
northeastern AS (NEAS), southeastern AS (SEAS),
northern BoB (NBoB), southwestern BoB (SWBoB),
and southeastern BoB (SEBoB) (Table 2). All the regres-
sion and trend analyses and illustrations were prepared
in MATLAB.

Computation of Ekman mass transport

Using monthly wind vectors data, the Ekman mass trans-
port (M, ;) was computed following bulk aerodynamic for-
mulae based on Pond and Pickard, (1983) and Narayana
et al., (2020).

M,z =7, /f where 7, = pCywv;

where 7, is alongshore wind stress and p=1.25 is the
density of the air (kg/m?); C,is drag coefficient and 1.3
x 1073 is taken for present study; w is wind speed (m/s),
v is alongshore wind (m/s), and f=2wsing is the Corio-
lis parameter (s™') for the latitude ¢, and o is the Earth

rotation rate.
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Table 1 Year-wise occurrence

El Nifio-Southern Oscillation Year ENSO 10D
(ENSO) period, 10D period Period Index range Period Index range
with a range of index during the
event from 2001 to 2020 2001
2002 Weak El Nifio; Jun—Mar 0.59-0.95
2003
2004 Weak El Nifio; Aug—Mar 0.5-0.82
2005
2006 Weak El Nifio; Sep—Jan 0.53-0.82 Positive; Sep—Nov 0.58-0.88
2007 Strong La Nifia; Sep—Jun —0.56to —1.46
2008 Weak La Nifa; Nov—Feb —0.52 to —0.72
2009 El Nifio; Aug—Apr 0.59-1.31
2010 Strong La Nifia; Jul-May —0.53to —1.41 Negative; Sep—Nov —0.58 to —0.74
2011 La Nifia; Aug-Mar —0.56 to —1.04
2012 Positive; Jul-Oct 0.41-0.89
2013
2014 Weak El Nifio; Oct-Dec 0.53-0.81
2015 Strong El Nifio; Jan-Dec—May 0.63-1.59 Positive; Jul-Nov 0.42-0.77
2016 Negative; Jun—Oct —0.61 to —0.94
2017 Positive; Mar—Sep 0.42-0.64
2018 Weak El Nifio; Sep—Dec 0.56-0.89 Positive; Aug—Nov 0.4-0.64
2019 El Nifio; Jan—Dec—Apr 0.5-0.88 Positive; May—Dec 0.46-1.62
2020 La Nina; Oct—-Mar —-0.5t0 -0.93

Results

Spatial variations of SST, AAOD, DAOD, SSS, Chl-a,
and NPP

The SST displayed typical seasonality with cooler during
winter and warmer during summer in the northern Indian
Ocean. Surface waters warmed up more in the south com-
pared to the north during all seasons in the northern Indian
Ocean. In the case of BoB, the western Bay was cooler
during winter than the eastern Bay and contrasted to that
observed during summer and fall monsoon (Fig. 2a—d). The
annual mean SST suggests that northern and western AS
was cooler by ~2°C than BoB (Fig. 2f). The AAOD lev-
els were higher along the Indian coast during all seasons
(>0.3) and decreased towards the offshore region (~0.1).
Relatively higher AAOD levels were observed during winter
and fall and the least during summer (Fig. 2f—i). The annual
mean AAOD suggested higher levels in the eastern AS and
western BoB than in other regions in the northern Indian
Ocean (Fig. 2j). Significantly higher DAOD levels were
observed during summer and fall and the least during win-
ter (Fig. 2k—o0). Higher DAOD levels were observed in the
AS than in BoB during all seasons. The annual mean DAOD
shows higher levels in the AS, especially along the coasts of
Oman, Afghanistan, Pakistan, and India, than offshore in the
AS and along the east coast of India in the BoB (Fig. 20).
Significantly higher salinity was observed in the AS

@ Springer

compared to BoB. The lowest salinity was observed during
summer and fall compared to winter and spring in the BoB
with an increase in salinity from north to south (Fig. 2p-t).
The annual mean salinity suggested lower salinity by 2—4
units than AS with an increase in salinity from north to south
in the Bay (Fig. 2t). The concentration of Chl-a was higher
in the northern AS during all seasons (Fig. 2u—y), and an
increase in Chl-a was observed in the western AS during
summer (Fig. 2w). The concentration of Chl-a was lower
in the Bay with less seasonality (Fig. 2u—x). The annual
mean Chl-a was higher in the western and northern AS
than in BoB (Fig. 2y). The NPP was higher in the western
AS during all seasons with a peak during fall and winter,
whereas it was higher during fall and summer in the BoB.
NPP increased from north to south in the BoB, whereas it
decreased from west to east in the AS (Fig. 2z—cc). The
annual mean NPP was higher in the AS than in BoB with an
increase in NPP from north to south in the Bay (Fig. 2)dd.
During the study period, the Indian Ocean experienced
several atmospheric extreme events such as El Nifio (with
strong, moderate, and weak), La Nifia, and Indian Ocean
Dipole (IOD), except for 4 years (2001, 2003, 2005,
and 2013). The summary of ocean-atmospheric coupled
events, the period of their occurrence, and the climatic
index (DMI, ENSO) are given in Table 1. The strong El
Nifio occurred in 2009, 2015, and 2019, whereas posi-
tive IOD was noticed in 2006, 2012, 2015, 2017 to 2019.
Most of these events occurred during the fall and winter
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Table 2 The mean rate of seasonal change in properties in the selected boxes in the northern Indian Ocean. The significance of rates is given as
* ok ks ks for p<0.1, p<0.05, p<0.01, and p<0.001, respectively

Region Parameter Winter Spring Summer Fall Annual
SWAS 53-58°E and 2-7°N SST *0.030 *#%().033 *#0.037 ##5%().059 #H4%(0.038
SSS 0.0123 -0.0119 —0.0024 0.0031 —0.0016
Chl —0.0021 0.0002 *-0.0117 **-0.0036 —0.0039
AAOD *#%(.0038 *#%(),0033 ##%-(.0023 *#%().0040 **0.0016
DAOD —0.0002 0.0005 *%0.0033 0.0006 *0.0016
NPP *-10.5 *-5.2 -5.8 **_11.4 *—-8.0
NWAS 58-61°E and 18-22°N SST —0.002 0.017 *#0.031 0.007 0.016
SSS —-0.0014 0.0032 0.0006 0.0046 0.0018
Chl -0.0118 —-0.0147 —0.0542 —0.0190 —0.0209
AAOD *%0.0023 0.0019 —0.0037 ##44().0082 0.0011
DAOD 0.0010 0.0025 *#0.0174 *0.0070 *#0.0108
NPP 1.9 *-5.0 1.3 -1.8 -1.9
NEAS 66-69°E and 18-22°N SST 0.004 ##0.032 *#0.041 0.021 *#%(.027
SSS 0.0016 0.0066 0.0046 0.0026 0.0030
Chl —0.0080 0.0058 —-0.0141 0.0017 —0.0036
AAOD *x5%(),0087 *#%().0033 —-0.0016 *x%%(,0160 ##%(,0041
DAOD 0.0011 0.0037 *0.0119 *0.0040 *#0.0105
NPP -0.13 -2.0 -6.1 -6.1 =52
SEAS 75-78°E and 9-12°N SST 0.0153 *#0.0366 *%0.0341 *0.0239 *#%().0292
SSS 0.0202 —0.0049 —0.0047 —-0.0141 —-0.0017
Chl —0.0032 —0.0105 0.0091 —0.0030 —0.0026
AAOD ##x%(0.0172 ##%%(0.0173 —-0.0013 *#%0.0165 ##4%(0.0105
DAOD 0.0005 —-0.0015 *0.0053 0.0025 *#0,0046
NPP 1.1 -1.0 **-13.9 **_72 -84
NBoB 87-91°E and 17-21°N SST 0.0010 *0.0146 *#%%().0496 *0.0113 *#%().0246
SSS **-0.0413 *-0.0195 ##%_(.028 *%-0.0263 ##%-(.0265
Chl 0.0037 —-0.0012 0.0007 0.0034 0.0018
AAOD ##%%(.0189 *x%%(.0168 *#0,0064 *#%0,0151 *#%%(0.0129
DAOD 0.0000 —0.0003 —-0.0016 0.0008 —0.0007
NPP 59 -6.0 59 6.2 1.4
SEBo0B 90-94°E and 4-8°N SST *#0.0200 *#%0.0360 *#0,0229 *#%().0322 ###%(0.0273
SSS —-0.0011 —0.0084 —0.0024 -0.0122 —0.0054
Chl 0.0022 0.0006 0.0006 0.0002 0.0005
AAOD —0.0006 0.0021 —-0.0016 0.0026 0.0003
DAOD —0.0003 —0.0002 *#0.0039 0.0004 *0.0019
NPP 3.9 -0.7 -39 *~5.4 *—4.0
SWBoB 82-86°E and 4-8°N SST *0.0237 *#0.0318 *0.0145 *#0.0272 *%%(,0233
SSS 0.0042 0.0016 —0.0032 —-0.0173 —0.0033
Chl 0.0006 0.0001 0.0019 —0.0001 0.0005
AAOD 0.0022 0.0027 —-0.0016 *0.0039 0.0012
DAOD —0.0001 0.0005 *#0.0036 0.0002 *0.0020
NPP -0.01 wHE_1.4 -0.76 wHE_6.7 **_377

seasons. The supplementary figures S1 present the time-  Spatial variations of SST trends
series variations in SST, SSS, DAOD, AAOD, and NPP in

the selected boxes and identified the major climatic events.  The spatial distribution of trends in SST between 2001 and

Slight warming of sea surface temperature and insignifi- 2020 indicated strong heterogeneity during all seasons in
cant variations in Chl-a and NPP was observed during El ~ the northern Indian Ocean (Fig. 3a—d). Significant warm-
Nifio and IOD than normal periods (Fig. S1). ing was confined to the south of 12°N in the AS and BoB
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Fig.2 Seasonal mean climatology of sea surface temperature (SST)
during (a) winter (DJF), (b) spring (MAM), (c¢) summer (JJAS), (d)
fall (ON) monsoon and (e) annual mean, AAOD (f-j), DAOD (k-o),

during winter, whereas slight cooling was observed in the
northern basins (north of 12°N). But the cooling trends were
statistically not significant at 90% confidence levels. The
warming of the entire northern Indian Ocean was observed
during summer, except for the south-central Indian Ocean,
with a relatively higher rate of warming in the western and
northern AS and northern BoB (0.05°C/year) compared to
the southern basin (0.02°C/year; Fig. 3a—d). Higher warm-
ing was observed in the southwestern AS (0.05°C/year)
during fall and insignificant warming in the northern BoB
and central AS (Fig. 3)d. The northern and western BoB
displayed an insignificant warming during winter, spring,
and fall monsoons. The eastern BoB (Andaman Sea) was
warmed during all seasons with a higher rate during spring
(0.04°Clyear) and fall (0.03°C/year) than in other seasons.
The annual mean trends in SST suggest significant warming
of the entire northern Indian Ocean at a rate of ~0.03°C/year
at a 90% confidence interval with relatively higher warming
in the western AS and eastern BoB with insignificant trends
in the northwestern and southeastern regions of the northern
Indian Ocean (Fig. 3e).
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production (NPP) (mgC m™> day‘l; z—dd) in the northern Indian
Ocean

Spatial variations of AAOD and DAOD trends

The AAOD displayed a significant positive trend in the AS
during winter, spring, and fall monsoons with a higher rate
of increase in the eastern than western basin (Fig. 3f-i). Sig-
nificant decreasing trends in AAOD were observed during
summer in the entire AS (Fig. 3h). The rate of increase in
AAOD was higher during fall followed by winter along the
east coast of AS (Fig. 3f, i). In the case of BoB, significant
positive trends in AAOD were observed along the west coast
of BoB during all seasons with a higher rate during winter
followed by spring and fall (Fig. 3f, i). Insignificant trends
in AAOD were observed in the south and southeastern BoB,
including the Andaman Sea, during all seasons. The weak
cooling or insignificant warming trends were observed along
the western BoB associated with higher AAOD during all
seasons (Fig. 3a—i). The annual mean trends in AAOD sug-
gest an increase in AAOD in the northern Indian Ocean
with a higher rate of increase in the eastern AS and western
BoB, whereas insignificant trends were noticed in the north-
western AS and southeastern BoB (Fig. 3j). The DAOD
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displayed significant increasing trends during summer in the
entire AS and southern BoB and central AS during the fall
monsoon season (Fig. 3m, n). The insignificant trends were
observed during winter, spring in the northern Indian Ocean,
and fall monsoon in the BoB. The spatial distribution of sea-
sonal SST displayed an inverse relation with AAOD during
winter (*=0.84; p<0.001) and spring (+*=0.59; p<0.001),
and it is insignificant during summer and fall (Supplemen-
tary Figure S2). The DAOD did not display significant rela-
tion with SST in the northern Indian Ocean.

Spatial variations of SSS trends

The SSS displayed patchy trends with reference to space and
time in the northern Indian Ocean. Significant decreasing
trends were observed during all seasons in the northern and
central BoB and the Andaman Sea (Fig. 3p—s). The declin-
ing trends in SSS were confined to northwestern BoB during
spring and summer whereas the entire northern and central
BoB during winter and fall monsoon seasons. Especially
declining trends in SSS were observed along the coastal
region, and it was stronger during the fall monsoon (Fig. 3s).

Wl b

60‘}'::_70‘15 Sﬁ'E 90-‘15 >100‘E 50E

60°E

y), and NPP (mg C m~2 day_l; 7z—dd) in the northern Indian Ocean.
The thick black contour line in the figures indicates significance at a
>90% confidence level

Insignificant trends in SSS were observed in the AS dur-
ing summer and fall but increasing trends in the southwest-
ern AS during winter and declining trends in the southern
AS during spring were observed (Fig. 3p, q). The annual
mean trend suggested that salinity decreased in the BoB,
especially north of 10°N, whereas insignificant trends were
noticed in the AS (Fig. 3t).

Spatial variations of Chl-a trends

The rate of change in Chl-a exhibited strong heterogeneity
in the northern Indian Ocean. Significant decreasing trends
were observed off Somalia in the southwestern AS during
the winter, summer, and fall monsoons (Fig. 3u—x). Though
a positive trend in Chl-a was observed in the northern AS
during spring, it was not significant at a 90% confidence
level. Positive trends in Chl-a were observed in the northern
BoB during winter and fall monsoon (Fig. 3u, x). Despite
positive trends in Chl-a were observed off Oman, the south-
east coast of AS, and western BoB during summer, they are
not statistically significant at 90% confidence levels. The
annual mean trends in Chl-a suggested a decreasing trend in
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the AS, whereas a significant increasing trend was observed
in the western BoB (Fig. 3y). Chl-a displayed significant
inverse relation with SST in the southern and central AS
during winter and western AS during spring, southwestern
and central AS during summer, and southern AS during fall
monsoon seasons (Fig 4a—d). Though trends in Chl-a were
significant only in a few regions in the AS, the relationship
between Chl-a and SST suggested the significant impact of
warming on Chl-a in the entire basin in the AS. In the case
of BoB, a significant inverse relation between SST and Chl-a
was observed in the western BoB during winter and southern
(south of 6°N) BoB during fall monsoon (Fig. 4a and d).

Spatial variations of NPP trends

The overall declining trends in NPP were observed in the
northern Indian Ocean with large spatial variability. Sig-
nificant declining trends in NPP were observed in the south-
ern AS and BoB during all seasons, except during winter
in the BoB. The area covered with a decline in NPP was
more during spring and fall monsoons than in other seasons
(Fig. 3z—cc). The declining trends in NPP were observed
off Somalia in southwestern AS during all seasons, and it
was relatively weaker during summer and stronger during
fall and winter. A significant decline in NPP was observed
in the northwestern AS during spring, and it was insignifi-
cant during other seasons. No significant trends in NPP were
observed in the eastern AS. A significant decline in NPP was
observed during spring in the entire AS, whereas it was only
in the southern BoB during fall (Fig. 3)cc. The annual mean
trends in NPP suggested a decrease in the south of 12°N in
the northern Indian Ocean and insignificant trends in the
north of 12°N (Fig. 3)dd. The declining trends in NPP were
consistent with the warming trends in the northern Indian
Ocean. The SST and NPP displayed a significant inverse
correlation in the southern AS (south of 12°N) during winter
and fall and southwestern AS during spring and summer

(Fig. 4e—h). In the case of BoB, this relationship was signifi-
cant only during the fall monsoon in the SWBoB (Fig. 4h).

Regional variability of trends in SST, SSS, Chl-a,
and NPP

To examine the regional variability in trends of SST, SSS,
Chl-a, and NPP, the northern Indian Ocean is divided into
7 regions, as shown in Fig. 1, and the mean rate of changes
was given in Table 2. SST displayed a significant warming
trend during all seasons (0.030 to 0.059°C year™!) in the
SWAS with an annual mean rate of 0.038°C year™! asso-
ciated with an insignificant trend in salinity and declin-
ing trends in Chl-a (=0.0036, —0.0117 mg m~> year™})
during fall and summer and NPP (-11.4 to —5.2 mgC
m~2 day~! year™!) during all seasons. Significant posi-
tive trends in AAOD were observed during all seasons
(0.0019 to 0.0189 year™!) in the AS and NBoB, except
during summer whereas summer and spring seasons in
the NWAS region (Table 2). Insignificant trends in AAOD
were observed in the SWBoB and SEBoB. DAOD dis-
played a significant positive trend during summer (0.0033
year™!), but it was insignificant during other seasons at
SWAS (Table 2). In the case of the NWAS, significant
warming was observed only during summer (0.031°C
year™!), whereas insignificant changes were observed
during other seasons with annual insignificant warming
(Fig. 3a—f; Table 2). AAOD exhibited a positive trend dur-
ing the winter and fall seasons (0.0023 to 0.0082 year™ )
in the NWAS. DAOD displayed a positive trend during the
summer and fall seasons only (Fig. 3m, n) with an annual
rate of increase of 0.0108 year™!. Insignificant variability
in surface salinity and Chl was observed during any season
at a 90% confidence interval (Fig. 3p—y). The significant
decreasing trend in NPP was observed only during spring
(=5.0 mgC m~2 day™! year™!) in the NWAS, whereas
it was insignificant during other seasons. Significant
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Fig.4 The relationship between SST and Chl-a during (a) winter (DJF), (b) spring (MAM), (c¢) summer (JJAS), and fall (ON) monsoon and the
same with NPP (e-h). The thick black contour line in the figures indicates significance at a >90% confidence level
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warming of SST was observed only during spring and
summer (0.032 and 0.041°C year‘l) with an annual mean
rate of 0.027°C year™! associated with positive trends in
AAOD during all seasons, except summer in the NEAS.
DAOD displayed a significant positive trend during sum-
mer and fall (Table 2). Both Chl-a and NPP did not dis-
play significant trends in the NEAS. Warming trends were
observed during all seasons (0.024 to 0.037°C year™'),
except winter, associated with insignificant trends in salin-
ity and Chl-a in the SEAS. A significant positive trend in
AAOD (0.0165 to 0.0173 year™!) was observed during all
seasons except summer in the SEAS. An increasing trend
in DAOD was significant only during summer. Chl-a did
not display a significant trend, whereas the decline in NPP
was observed during summer and fall (=7.2 to —13.9 mgC
m~2 day~! year™!) in the SEAS.

In the NBoB, significant warming was observed during all
seasons (0.0113 to 0.0496°C year‘l), except winter, associated
with a significant positive trend in AAOD during all seasons
(0.006 to 0.0189 year™"). Insignificant trends in DAOD, Chl-
a, and NPP were found (Table 2). A significant decline in
salinity was observed during all seasons (—0.019 to 0.041
year™ ') in the NBoB. NPP did not display significant trends in
the NBoB. Significant warming trends in the sea surface were
observed during all seasons (0.0145-0.0318°C year™!) with
annual mean warming of 0.0233°C year™! with insignificant
trends in SSS, and Chl-a was observed in the SWBoB.
AAOD exhibited a positive trend during fall whereas DAOD
during summer in the SWBoB. NPP displayed a declining
trend during the spring and fall seasons (—1.4 and —6.7 mgC
m~2 day~! year™!) in the SWBoB. Significant warming was
observed during all seasons (0.020 to 0.036°C year™"), and no
significant trends in SSS, Chl-a, and AAOD were observed in
the SEBoB. DAOD displayed a positive trend during summer,
and a decline in NPP was observed during fall (—5.4 mgC m™>
day~! year™!) in the SEBoB.

The peak in the rate of warming exhibited seasonal
variability with reference to space as a peak in spring/
fall monsoon was observed in the south of 12°N [SWAS
(0.059°C year™!), SEAS (0.0366°C year™!), SWBoB
(0.0318°C year'l), and SEBoB (0.036°C year'l)], whereas
it was during summer in the north of 12°N [NWAS
(0.031°C year™"), NEAS (0.041°C year™!), and NBoB
(0.049°C year™!)]. Similarly, the peak in a season of a
significant declining trend in NPP also displayed spatial
variability with a higher declining trend during fall mon-
soon in the south of 12°N [SWAS (—11.4 mgC m~ day ™!
year™!), SEAS (—=13.9 mgC m~2 day~! year™!), SWBoB
(—=6.7 mgC m~2 day~! year™!), and SEBoB (5.4 mgC m~>
day~! year!)], whereas it was during spring in the north
of 12°N [NWAS (-5.0 mgC m~2 day~! year™!) and NBoB
(—6.9 mgC m~? day‘1 year‘l)] (Table 2).

Discussion

Heterogeneity in warming trends in the northern
Indian Ocean

The warming between 2001 and 2020 during summer in
the western AS is almost double (~0.03/year) than that
reported between 1950 and 2012 (~0.016°C/year; Roxy
et al., 2016) (Table 2). The rate of warming displayed a sig-
nificant seasonal and spatial variability with slight cooling
or insignificant warming observed in the north of 12°N in
the northern Indian Ocean during the winter, spring, and fall
monsoon periods. The patchy warming trends in the north-
ern Indian Ocean may be caused by local processes than
global warming.

The Indian Ocean receives anthropogenic aerosols
during winter associated with northeasterly winds and
mineral dust and sea salt during summer with south-
westerly winds (Li and Ramanathan, 2002). The major
source of dust in the northern Indian Ocean comes from
the Nubian Desert, the Arabian Peninsula, Iran, Pakistan,
Afghanistan, and North-West India with maximum activ-
ity between May and October (Pease et al., 1998; Leon
and Legrand, 2003). Higher DAOD levels and positive
trends (0.01 to 0.02/year) were observed during summer
and fall (Fig. 3m, n) over the AS, but their trends were
insignificant in the BoB. In contrast, the trends in AAOD
were higher along with the western coastal BoB (>0.01/
year) and eastern coastal AS during all seasons, except
summer in the AS (Fig. 3f—i). A higher rate of increase
in AAOD over the northern Indian Ocean was reported
over the past two decades (Zhang and Reid, 2010); Yadav
et al., 2021). Distribution and trends of both AAOD and
DAOD were higher in the north of 12°N than south of the
northern Indian Ocean (Fig. 3f-0), whereas higher warm-
ing trends were observed in the south of 12°N than north
(Fig. 3a—d) suggesting the significant impact of aerosols
on heterogeneity in warming trends.

The higher positive SST trends were observed during sum-
mer in the AS than in other seasons associated with higher
levels and positive trends of DAOD (Fig. 3m) and lower levels
and negative trends of AAOD (Fig. 3h) suggesting a signifi-
cant role of AAOD in controlling SST trends in the northern
Indian Ocean. Similarly, weaker or insignificant trends in SST
were found in the western BoB (Fig. 3a—d) during all sea-
sons, except summer, associated with higher positive AAOD
(Fig. 3f-i) and insignificant DAOD trends (Fig. 3k—n) further
confirming that AAOD plays a significant role on the warming
of northern Indian Ocean. Ramanathan et al., (2001) suggested
that Indo-Asian aerosols, called Asian Brown Clouds (ABC),
have a significant impact on radiative forcing through cooling
(=20 W m™?) at the surface and comparable heating of the
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atmosphere at higher altitudes. Sarma et al., (2015) found that
cooling of 1.3°C between 1991 and 2011 during winter and
spring seasons in the northwestern BoB attributed to enhanced
loading of anthropogenic aerosols. The fraction of AAOD to
the total AOD was higher during winter and spring (60-70%)
than in summer (30-40%) over the Indian Ocean (Satheesh and
Srinivasan, 2002), and therefore, it lowers more incoming solar
radiation during former than later seasons. AAOD displayed a
significant inverse relation with SST in the BoB during winter
(*=0.84; p<0.001) and spring (r*=0.59; p<0.001), and this
relationship is insignificant during summer (Supplementary
figure S2). Dong et al., (2014) reported that the cooling of SST
due to aerosols is more significant over the BoB than AS due to
higher levels of AAOD in the former region. Zhu et al., (2007)
also noticed a decrease in radiative forcing associated with
dust plumes in the global ocean. Therefore, the heterogeneity
in the SST warming trend in the northern Indian Ocean may
be mainly caused by the inhibition of incoming solar radiation
due to anthropogenic aerosols.

In addition to this, the significant warming in the SWAS
and NWAS during summer may also be contributed to

Fig.5 Long-term variabil-
ity in Ekman mass transport
(upwelling index; kg/m/s)
during summer at a SWAS, b

8000 —

1 (a)SWAS
7600 —

variations in the strength of winds and upwelling (Table 2).
To examine this, the upwelling index was computed in the
selected region in the SWAS, NWAS, and SEAS regions
where seasonal upwelling occurs during summer (Barber
et al., 2001); Gupta et al., 2021). The Ekman mass transport
suggested that a significant decreasing trend between 2001
and 2020 in SWAS, NWAS, and SEAS regions (Fig. 5) indi-
cate that the weakening of upwelling decreased the injection
of cooler subsurface waters leading to warming. D’Mello
and Prasanna Kumar, (2018) also suggested that warming
off Somalia and Oman’s coasts were caused by a decrease
in upwelling and evaporation, respectively. Based on global
circulation models, deCastro et al., (2016) observed that
upwelling intensity may be increased under the RCP 8.5
scenario in the north of 8.5°N off Somalia coast, and it is
contrasting to that of long-term trends based on remote sens-
ing data (D’Mello and Prasanna Kumar, 2018); Roxy et al.,
2016); present study.

On the other hand, AAOD levels and their trends were
restricted to north and western coastal BoB, and insignifi-
cant trends were found in the open sea region during the
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summer and fall monsoon seasons (Fig. 3h, i). But the warm-
ing trends were observed in the entire BoB during summer
and fall monsoon (Fig. 3c, d) irrespective of AAOD trends
suggesting that other than AAOD may be contributed to the
warming. The decreasing trends in SSS were observed dur-
ing all seasons in the northern and central Bay, but it was
spread to the entire Bay during the summer and fall monsoon
seasons between 2001 and 2020 (Fig. 3r—s). Similar trends
were reported between 1993 and 2014 in the northern and
central BoB (Kumar et al., 2016); Trott et al., 2019). Since
Ganga-Brahmaputra riverine system originates in the Hima-
layan mountains, where the precipitation accumulates in the
form of snow and it is the source of freshwater to the Bay.
Due to the rise in atmospheric temperature (IPCC, 2013;
Lozan et al., 2001), Goes et al., (2020) reported a significant
decline in ice cover over the Himalayan mountains over the
past three decades that might have contributed to an increase
in river discharge and a decrease in SSS in the BoB (Kumar
et al., 2016); Paul, 2018); Trott et al., 2019; Sridevi and
Sarma, 2021). The increase in riverine freshwater influx
stratifies the upper water column leading to the warming
of the entire BoB during the summer and fall monsoon sea-
sons (Fig. 3c, d). Therefore, the heterogeneity in SST warm-
ing trends in the northern Indian Ocean was contributed by
trends in anthropogenic aerosols and sea surface salinity.

Heterogeneity NPP in response to warming
in the northern Indian Ocean

The present study suggests an ~40% decline in Chl-a in
southwestern AS during the summer and fall monsoon
seasons between 2001 and 2020, and it was higher than
the earlier study of 20% between 1950 and 2012 (Roxy
et al., 2016). The difference in decline in Chl-a between
1950-2012 and 2001-2020 may be associated with the
warming trend. Significant declining trends in Chl-a were
reported only in the western AS during the summer between
1998 and 2013 with insignificant trends in the eastern AS
and BoB (Roxy et al., 2016). In contrast, the declining trends
in NPP were observed in the entire southern AS and BoB
during all seasons (Fig. 3z—cc), where insignificant trends
in Chl-a were observed (Fig. 3u—x). The trends in NPP were
contrasted to that of Chl-a in some regions in the northern
Indian Ocean. For instance, significant declining trends in
Chl-a were observed in SWAS during summer (—0.0117 mg
m~> year™!; Fig. 3u) associated with insignificant declin-
ing trends in NPP (Fig. 3z). In contrast, insignificant trends
in Chl-a were observed during spring in the southwestern
AS (Fig. 4q) associated with a significant declining trend
in NPP (Fig. 3)aa. On the annual scale, the decline in NPP
was observed in the south of 12°N and insignificant trends

in the north of 12°N in the northern Indian Ocean (Fig. 3)
dd. In contrast, a significant decline in Chl-a was observed in
southwestern AS and an increasing trend in the western BoB
whereas insignificant trends in the other regions (Fig. 3y).
This study suggests that Chl-a trends do not represent NPP
trends in the northern Indian Ocean.

In general, trends in surface Chl do not translate into
trends in NPP because of varying Chl: C ratios (Behrenfeld
et al., 2016); Westberry et al., 2008) or subsurface produc-
tion (Cullen, 1982); Winn et al., 1995); Behrenfeld et al.,
2005) Nevertheless, this study suggests that significant
decline in primary production occurs in the northern Indian
Ocean, south of 12°N, during all seasons at the rate of 10
to 15 mgC m~2 day™' year™!, whereas the impact was lower
in the north of 12°N, except during spring monsoon (Fig
3z—cc). This is consistent with a higher rate of warming in
the south of 12°N than north of 12°N in the northern Indian
Ocean (Fig. 3a—d). The significant inverse relationship
between SST and NPP was observed in the south of 12°N
in the AS during winter and both AS and BoB during fall,
whereas it was restricted to SWAS during spring and sum-
mer (Fig. 4e—h). This suggested that the decline in NPP in
the other regions may be contributed by other than warming
in the northern Indian Ocean. Similarly, SST also displayed
a significant inverse relationship with Chl-a (Fig. 4a—d) in
the AS during all seasons suggesting that warming of the
upper ocean decreased the standing stock of phytoplankton
due to a decrease in nutrient input. Nevertheless, the influ-
ence of warming on Chl-a was found in most of the regions
in the AS compared to that of NPP as an increase in SST;
therefore, solar radiation may affect fluorescence quench-
ing leading to a decrease in NPP. In contrast, the relation-
ship between SST and Chl-a was weaker in the BoB, where
warming was relatively lower (0.0113 to 0.0496°C/year)
compared to that of AS (0.0239 to 0.059°C/year), which
may probably result in less impact on Chl-a changes in the
former basin.

The declining trend in NPP co-occurred with warming, con-
sistent with a shut-off of nutrients in the south of 12°N. On the
other hand, despite significant warming occurring in the NBoB
during summer, the NPP trends were insignificant (Fig. 3z—cc).
In addition, cooling or insignificant warming occurred in the
western BoB during all seasons, except summer (Fig. 3c), and
northern AS during winter and fall (Fig. 3a and d) where insig-
nificant trends in NPP were observed suggesting that other
than warming may be responsible for the weak response of
NPP in the north of 12°N in the northern Indian Ocean. As
discussed above, with the strong role of aerosols and the fresh-
ening of surface waters on the warming of the upper ocean, it
is possible that the heterogeneity in NPP may also be caused
by them in the northern Indian Ocean.
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Role of aerosols on weakening of NPP trends
in the northern Indian Ocean

Insignificant trends in SST (or slight cooling) and NPP dur-
ing winter, spring, and fall in the western BoB and northern
AS (north of 12°N) during winter and fall monsoon were
associated with higher levels and positive trends in AAOD
and DAOD than in other regions (Fig. 3f—i, k—n). The higher
DAOD levels and positive trends during summer and fall
(Fig. 3m, n) suggest a significant contribution of Fe and
phosphorus to the northern AS through mineral dust. In
contrast, insignificant trends in DAOD were noticed in the
BoB, except southern bay during summer, (Fig. 3m) indi-
cating weak transport of Fe and phosphorus to the BoB.
Chinni et al. (2019) observed that dissolved Fe concentra-
tions were above 0.6 nM in the BoB, and it may not limit
primary production (Morel et al., 1991); Schoffman et al.,
2016). In contrast, the rate of increase in AAOD was higher
along with the western coastal BoB (>0.01/year) and east-
ern coastal AS during all seasons, except summer in the AS
(Fig. 3f-i) suggesting the contribution of nitrogen nutrients
to the northern Indian Ocean. A higher rate of increase in
AAOD over the northern Indian Ocean was reported over
the past two decades (Zhang and Reid, 2010); Yadav et al.,
2021). Distribution and trends of both DAOD and AAOD
were higher in the north of 12°N than south in the northern
Indian Ocean suggesting that a significant amount of Fe,
phosphorus, and nitrogen may be deposited over the north-
ern Indian Ocean (north of 12°N) increasing Chl-a and NPP.

Several studies revealed that atmospheric aerosols are
a strong source of nutrients, especially Fe and phospho-
rus (dust), nitrogen (anthropogenic aerosols) nutrients, to
the surface ocean that supports primary production (Duce
et al., 2008; Mahowald et al., 2011; Boyd et al., 2010). An
increase in phytoplankton biomass associated with dust
storms was reported in the northern Indian Ocean (Baner-
jee and Prasanna Kumar, 2014; Patra et al., 2007; Prasanna
Kumar et al., 2010; Shafeeque et al., 2017). Guieu et al.
(2019) found that atmospheric dust deposition including Fe
and only N and P enhanced NPP by 30 and 3%, respectively,
suggesting that Fe input by dust is an important controlling
factor of NPP in the AS. Enhanced primary production by
3 to 33% in the BoB was reported due to dry deposition of
atmospheric nitrogen and <5% in the AS (Srinivas et al.,
2011; Srinivas and Sarin 2013; Yadav et al., 2016; Bikkina
et al., 2021), whereas Sarma et al. (2022) reported 27-30%
of the primary production in the northern Indian Ocean sup-
ported by atmospheric aerosols. Variable rate of increase
in DAOD and AAOD in the north of 12°N than south of
the northern Indian Ocean suggests that increased NPP due
to Fe and nitrogen deposition may be compensated for the
decrease due to warming. It is further observed that Fe con-
tribution by dust and nitrogen by anthropogenic aerosols
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contributed dominantly to the increase in NPP in the AS,
whereas anthropogenic aerosol contribution is significant
in the BoB.

Role of river discharge on weakening of NPP trends
in the BoB

Significant decreasing trends in the SSS have been observed
during all seasons in the Bay suggesting freshening of the
upper layer (Fig. 3p—s). Freshwater is a significant source of
nutrients (both organic and inorganic) to the BoB and sup-
ports primary production (Gauns et al., 2005; Sarma et al.,
2019). The decreasing trends in SSS between 2001 and 2020
in the northern and central Bay suggest that a significant
amount of nutrients may be entered into the Bay through
river discharge that might have compensated for nutrient
decrease through vertical mixing due to warming. Therefore,
this study suggests that an increase in nutrients through river
discharge and atmospheric deposition may be responsible
to compensate for the decrease in NPP caused by warm-
ing resulting in negligible trends in NPP in the northern
and western BoB and northern AS. The enhanced nitrogen
supply through rivers and dry deposition of atmospheric
aerosols modify N/P ratios in the upper ocean that change
phytoplankton composition and food web dynamics (Yadav
et al., 2016; Kumari et al., 2022). Continuous monitoring of
these sensitive zones is highly essential to examine possible
changes in ecosystem structure in the future.

Regional variability in decline in NPP
in the northern Indian Ocean

The trends in warming and decline in NPP displayed signifi-
cant regional variability. The peak in warming was observed
during summer in the north at 12°N whereas the fall mon-
soon in the south at 12°N in the AS and BoB suggesting that
the northern basin is warmed earlier than the south. On the
other hand, a peak in decline in NPP was observed in the
north of 12°N during spring, whereas it was fall monsoon in
the south of 12°N in the AS and BoB. The peak in warming
and decline in NPP were consistent with each other in the
south of 12°N in the AS and BoB but not in the north sug-
gesting that other than warming is controlling the decline in
NPP in the former region.

Though annual mean warming is not significantly differ-
ent in the AS (0.025°C/year) than BoB (0.022°C/year), the
annual mean rate of decline in NPP was higher in the AS,
with more decline in the SWAS (~7%) followed by NWAS
and SEAS (~4.5%), than BoB (2.5-3.2%) indicating that
warming alone is not responsible for the decline in the NPP
in the northern Indian Ocean. On the other hand, the annual
mean AAOD over the AS is lower (0.134+0.07) than BoB
(0.156+0.06) suggesting that more anthropogenic pollutants



Environmental Science and Pollution Research (2023) 30:53616-53634

53629

reach the BoB than AS, and it is consistent with the earlier
reports (Srinivas and Sarin, 2013). The chemical composi-
tion of aerosols suggests that more concentrations of nitrate
were observed in the aerosols over the BoB than in the AS
(Kumar et al., 2008). In contrast, the annual mean DAOD is
higher in the AS (0.28) than in BoB (0.19) suggesting that
mineral dust brought more Fe to the former region than in
the latter. Therefore, the lower rate of decline NPP in the
BoB and AS may be contributed by the deposition of nutri-
ents (Fe, N, P) from the atmosphere in the northern basin
(north of 12°N). The higher decline in NPP in the SWAS,
NWAS, and SEAS regions compared to other regions in the
northern Indian Ocean is caused by a decrease in Ekman
mass transport due to a decrease in winds (Fig. 5; Roxy
et al., 2016; D’Mello and Prasanna Kumar, 2018). On the
other hand, enhanced nutrients (especially nitrate and phos-
phate) associated with Chl-a were simulated in the NBoB
(Roxy et al., 2016), and it is contrasting with the present
results. Due to the use of historical river discharge data or
lack of real-time river discharge data, models could not
able to capture the real contribution of nutrient supply by
rivers to the BoB. In addition, the chemical composition
of the river water, mainly the Ganges and Brahmaputra, is
unknown to incorporate in the model. Similarly, the atmos-
pheric source of nutrients is also not part of most of the
models to account for its impact on primary production.
Recently Sarma et al. (2022) estimated monthly mean inor-
ganic nitrogen concentrations in the aerosols using AOD in
the northern Indian Ocean. Therefore, the inclusion of these
processes in the models would highly improve the prediction
of possible changes in NPP and the ecosystem in the future
due to climate change.

To examine the major controlling factors on NPP in the
northern Indian Ocean, multiple linear regression (MLR)
analysis was conducted with NPP as a dependent variable
and others as independent (Table 3). The NPP in the selected
regions (Fig. 1) displayed significant seasonal variability.
For instance, the decrease in NPP was observed during all
seasons in the SWAS, only during spring in the NWAS and
summer/fall in the SEAS. Similarly, a decrease in NPP was
noticed in the selected region during spring and summer
in the NBoB, SWBoB, and SEBoB (Fig. 3z—dd). Based on
the MLR analysis, the decrease in NPP was contributed by
a decrease in the intensity of upwelling, as evidenced by a
decrease in Ekman mass transport (Fig. 5), and during sum-
mer, warming of SST leads to a decrease in nutrients inputs
during spring and fall. The increase in NPP was noticed
due to an increase in DAOD and AAOD during winter and
summer in the SWAS (Table 3). The declining trends in
NPP during spring in the NWAS and SEAS during the fall
monsoon were contributed by the warming of the sea sur-
face leading to a decrease in nutrient inputs to the photic
zone. The increase in NPP was contributed by the increase

in aerosol inputs during spring and summer in the NWAS,
NEAS, and SEAS. The significant decline in NPP during
the summer and fall monsoons in the NBoB, SEBoB, and
SWBoB was mainly contributed by warming and a decrease
in salinity, whereas an increase in NPP due to an increase
in aerosols was noticed during winter and summer. In sum-
mary, the south of 12°N was influenced by warming and a
decrease in upwelling intensity, whereas salinity decreased
and the input of nutrients through aerosols modified NPP in
the north of 12°N.

Summary and implications
to biogeochemistry of Northern Indian
Ocean

To examine the impact of the warming on NPP in the north-
ern Indian Ocean, two decades of long data were analyzed. It
was noticed that strong heterogeneity in warming of the sea
surface trends was observed in the northern Indian Ocean
with significant warming in the south of 12°N but weaker in
the north of 12°N associated with higher AOD in the former
than the latter region. The enhanced AOD decreased incom-
ing solar radiation resulting in weaker warming in the north
of 12°N in the northern Indian Ocean. A significant decrease
in NPP was observed in the south of 12°N in both AS and
BoB and inversely correlated with SST suggesting the weak
supply of nutrients. Either weak or no trends in NPP in the
north of 12°N were associated with higher dust and anthro-
pogenic AOD levels, and their rate of increase suggests that
the deposition of iron and nutrients from the aerosols seems
to be compensating for declining trends due to warming.
A significant decrease in sea surface salinity was observed
in the northern BoB suggesting that an increase in river
discharge and nutrient supply might have supported NPP
to compensate decrease due to warming, resulting in weak
trends in the northern BoB.

Climate change is rapidly warming the surface ocean in
the northern Indian Ocean; however, the warming is not uni-
form due to higher levels of atmospheric aerosols. Though
a significant decline in NPP was observed in the northern
Indian Ocean, it is weaker in the northern regions where the
intense oxygen minimum zone (OMZ) occurs. The occur-
rence of strong OMZ was reported in the northeastern AS
(Sarma et al., 2020a) and northwestern BoB (Udaya Bhaskar
et al., 2021). A significant warming was observed above
the OMZ regions only during summer with an insignificant
change observed during other seasons (Table 2). The annual
NPP declined in the northeastern AS by 22%, whereas it was
10% in the northern BoB. As a result, the sinking carbon
fluxes to the OMZ are expected to be declined resulting in a
weakening of OMZ. In contrast, the expansion of OMZ was
reported through numerical modeling due to the warming

@ Springer



53630

Environmental Science and Pollution Research (2023) 30:53616-53634

Table 3 The multiple regression coefficients and their significance values during different seasons in the selected regions. n.s. represents not

significant
Region Season SST SSS Chla AAOD DAOD
Coeff p-value Coeff p-value Coeff p-value Coeff p-value Coeff p-value
SWAS Winter 23.3 n.s —49.5 n.s 2055.9 <0.001 -792.6 <0.01 2.7 <0.001
Spring -28.2 <0.05 70.3 n.s 1131.5 <0.01 74.5 n.s 0.3 n.s
Summer 7.9 n.s 45.1 n.s 545.1 <0.001 —257.5 n.s —1638.6 <0.001
Fall -29.0 n.s 67.4 n.s 2012.3 <0.001 -319.5 n.s -0.3 n.s
Annual -38.3 <0.05 62.7 n.s 632.3 <0.001 564.2 <0.01 -0.5 n.s
NWAS Winter 135.9 <0.001 —168.9 n.s —184.6 <0.001 -176.7 n.s 0.9 n.s
Spring -8.0 n.s 327.6 n.s —42.0 n.s —1461.1 n.s —1029.5 <0.01
Summer 1.3 n.s -395.1 n.s 0.9 n.s 292.0 <0.05 -292.2 <0.05
Fall -101.8 n.s —609.4 n.s 132.8 <0.1 433.1 n.s 1.5 n.s
Annual 56.3 <0.001 —655.8 n.s —0.6 n.s -1.3 n.s 2.2 <0.001
NEAS Winter 15.5 n.s -31.6 n.s —189.5 <0.05 —422.4 n.s 0.0 n.s
Spring —40.5 <0.1 154.8 <0.1 -36.0 n.s —-1216.7 <0.05 —1058.2 <0.001
Summer —1.1 n.s 73.8 n.s —-16.3 n.s 645.1 n.s 47.3 <0.01
Fall 6.5 n.s —20.1 n.s 765.9 <0.01 —402.7 n.s —0.1 n.s
Annual -9.6 n.s —34.8 n.s 0.2 n.s 0.0 n.s -0.4 n.s
SEAS Winter 97.0 <0.1 47.5 <0.05 987.8 <0.001 -252.2 <0.05 0.1 n.s
Spring 383 n.s 325 n.s 255.4 <0.1 =520 n.s 0.0 n.s
Summer —18.1 n.s 138.6 n.s —4.1 n.s 2163.1 <0.05 —264.6 <0.01
Fall —181.3 <0.05 16.6 n.s 183.7 <0.001 —139.9 n.s -0.2 n.s
Annual —24.8 n.s 121.2 <0.001 -2.9 n.s 43.6 n.s —0.6 n.s
NBoB Winter 20.9 n.s 59.2 n.s 1177.0 <0.01 308.0 n.s -1.0 <0.1
Spring 29.1 n.s -59.1 n.s 548.4 n.s —225.8 n.s 0.6 n.s
Summer 70.2 <0.05 =253 <0.01 -0.3 n.s -302.9 <0.1 -360.3 <0.01
Fall 53.2 n.s 15.6 n.s 380.5 n.s 107.9 n.s -1.5 n.s
Annual 34.7 <0.001 -21.3 <0.001 -1.2 n.s —24.4 n.s -0.5 <0.1
SEBoB Winter 51.6 <0.05 37 n.s 1798.0 <0.001 —698.8 <0.05 0.2 n.s
Spring =57 n.s 17.5 n.s 1584.8 <0.001 196.0 n.s -0.3 n.s
Summer 13.2 n.s -53.3 <0.05 529.1 <0.5 98.0 n.s —271.0 <0.1
Fall -50.0 <0.05 0.2 n.s 1670.0 <0.01 -96.4 n.s —1236.6 <0.05
Annual 6.4 n.s —10.0 n.s 1261.6 <0.001 —0.2 n.s 0.2 n.s
SWBoB Winter 18.8 n.s 449 <0.1 659.8 <0.01 —582.2 <0.05 0.4 n.s
Spring -35.8 <0.05 -9.6 n.s 1294.8 <0.05 24.7 n.s 0.0 n.s
Summer 31.2 n.s 40.3 <0.01 545.9 <0.001 -238.0 n.s -892.1 <0.001
Fall —85.2 <0.01 84.7 <0.001 1253.8 <0.001 -292.2 <0.05 0.4 n.s
Annual -2.7 n.s 89.4 <0.001 678.4 <0.001 0.0 n.s 0.0 n.s

of the upper ocean by 10% per decade in the northern AS
(Lachkar et al., 2019). They further reported that the upper
ocean warming and stratification are very sensitive to the
transport of oxygen to the OMZ, and it is the main reason
for the expansion of OMZ in the AS. In contrast, our study
suggests that warming is not uniform in the northern AS
due to the reduction of incoming solar radiation by atmos-
pheric aerosols. In addition to this, the decline in the NPP
reduces sinking carbon flux leading to a decrease in the
microbial oxygen demand resulting in an increase in oxy-
gen in the OMZ. Though warming is expected to decrease

@ Springer

oxygen levels, a decrease in sinking carbon fluxes and sub-
sequent decomposition may compensate for oxygen levels
in the OMZ in the northern Indian Ocean. Several global
models suggested that OMZ is stable over the past several
decades in the northern Indian Ocean (Oschlies et al., 2018;
Stramma et al., 2008; Breitburg et al., 2018). The long-term
unsystematic time-series data analysis suggests a decline in
oxygen in the OMZ between 15 and 20°N by 0.09 to 0.18
pM/year and an increase in oxygen in the north of 20°N in
the AS (Banse et al., 2014). On the other hand, the CMIP5
models projected the intensification and expansion of OMZ
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in the northern Indian Ocean due to climate change (Bopp
et al., 2013). The recent model comparison (Coupled Model
Intercomparison Project Phase 6; CMIP6) with the higher
horizontal resolution, complex biogeochemical models, and
improved representation of O, in the OMZ showed that a
rate of deoxygenation in the 100-600-m layer is up to 40%
faster than in the CMIP5-based projections (Seferian et al.,
2020; Kwiatkowski et al., 2020).

The deposition of atmospheric aerosols seems to be pro-
moting primary production in the northern Indian Ocean
(Patra et al., 2007; Guieu et al., 2019; Srinivas and Sarin
2013). The chemical composition of atmospheric aerosols
suggests higher concentrations of dissolved inorganic and
organic nitrogen, whereas phosphate is very low. The depo-
sition of atmospheric nitrogen enhances the N:P ratios in
the upper ocean. This may lead to a severe limitation of
phosphate in the upper ocean. Recently, Sarma et al. (2020b)
observed a severe limitation of phosphate in the BoB to pri-
mary production and nitrogen fixation (Sarma et al., 2020c).
The removal of phosphate through adsorption on suspended
particles was observed in the BoB resulting in severe limi-
tations (Rao et al., 2021). Under a business-as-usual sce-
nario, the increase in atmospheric aerosols may deposit more
amount of nitrogen on the surface ocean of the BoB and
removes phosphate from the water column through adsorp-
tion (Rao et al., 2021), which may lead to severe limitation
of phosphate in the BoB in future.

Roxy et al. (2016) indicated that the decline in primary
production might have contributed to some extent to a rapid
decline in the tuna fish caught in the Indian Ocean. They
also observed an increase in tuna catch in some regions
associated with a decline in Chl-a concentration suggesting
complexity in the food web controlled by various other pro-
cesses. Nevertheless, this study suggests that insignificant
changes in NPP occurred along the coastal regions in the
northern Indian Ocean, where the maximum fish catch is
being obtained, indicating that the decline in fish catch may
not be contributed by the availability of prey (phytoplank-
ton) but may be possible due to warming. On the other hand,
significant warming along the Indian coast is observed only
during summer, whereas it is insignificant in most parts of
coastal India during other seasons suggesting that warm-
ing also may not be a potential reason for the decline in
fish catch. The other potential reasons such as migration to
other regions due to several unknown physicochemical fac-
tors must be evaluated to understand the reason behind the
decline in the fish caught along the Indian coast.

Nevertheless, this study suggests that atmospheric aero-
sols have a significant impact on the biogeochemistry of
the northern Indian Ocean. None of the numerical models,
neither global nor regional, include the impact of atmos-
pheric aerosols and their impact on ocean warming and
biogeochemistry in the northern Indian Ocean. Though

atmospheric aerosols influence may not be very impor-
tant in the global ocean, its impact cannot be ignored in
the northern Indian Ocean with reference to warming and
nutrients inputs (Dong et al., 2014; Srinivas et al., 2011;
Yadav et al., 2016) and ocean acidification (Doney et al.,
2007; Sarma et al., 2015) due to unique orographic settings
and faster industrial development along the coastal regions
surrounded by the northern Indian Ocean. Since a signifi-
cant amount of data is available, through observations and
satellites, it would be interesting to include the impact of
atmospheric pollution on the biogeochemistry of the north-
ern Indian Ocean in the models to simulate the impact of
climate change on carbon and nitrogen cycling in the future.
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