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Abstract

Ocean productivity is the foundation of marine food web, which continuously removes atmospheric carbon
dioxide and supports life at sea and on land. Spatio-temporal variability of net primary productivity (NPP), sea
surface temperature (SST), sea surface salinity (SSS), mixed layer depth (MLD), and euphotic zone depth (EZD) in
the northern Bay of Bengal (BoB) during three monsoon seasons were examined in this study based on remote
sensing data for the period 2005 to 2020. To compare the NPP distribution between the coastal zones and open
BoB, the study area was divided into five zones (Z1−Z5). Results suggest that most productive zones Z2 and Z1 are
located at the head bay area and are directly influenced by freshwater discharge together with riverine sediment
and nutrient loads. Across Z1−Z5, the NPP ranges from 5 315.38 mg/(m2·d) to 346.7 mg/(m2·d) (carbon, since then
the same). The highest monthly average NPP of 5 315.38 mg/(m2·d) in February and 5 039.36 mg/(m2·d) in June
were observed from Z2, while the lowest monthly average of 346.72 mg/(m2·d) was observed in March from Z4,
which is an oceanic zone. EZD values vary from 6−154 m for the study area, and it has an inverse correlation with
NPP concentration. EZD is deeper during the summer season and shallower during the wintertime, with a
corresponding increase in productivity. Throughout the year, monthly SST shows slight fluctuation for the entire
study area, and statistical analysis shows a significant correlation among NPP, and EZD, overall positive between
NPP and MLD, whereas no significant correlation among SSS, and SST for the northern BoB. Long-term trends in
SST and productivity were significantly positive in head bay zones but negatively productive in the open ocean.
The findings in this study on the distribution of NPP, SST, SSS, MLD, and EZD and their seasonal variability in five
different zones of BoB can be used to further improve the management of marine resources and overall
environmental condition in response to climate changes in BoB as they are of utmost relevance to the fisheries for
the three bordering countries.
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1  Introduction
Ocean color (OC) is an important proxy for studying primary

productivity in oceans, as it is measured by satellite sensors
through the interaction of incident light with optically active sub-
stances present in the upper water column up to the euphotic
zone depth (EZD). These optically active substances include sus-
pended sediments, colored dissolved organic matter (CDOM),
and chlorophyll a (Chl a) (Frolov et al., 2012). Water leaving radi-
ance measured at the visible portion of the electromagnetic spec-
trum measures the presence of these optically active substances
on the ocean surface. The net primary productivity (NPP), on the

other hand, measures how much inorganic carbon is fixed by
phytoplankton per unit volume of water per unit of time (Sakalli,
2017). In addition to NPP, other biophysical parameters such as
sea surface temperature (SST), EZD, mixed layer depth (MLD),
CDOM, nitrate, phosphate, and sea surface salinity (SSS) play a
crucial role in regulating phytoplankton biomass, ocean pro-
ductivity, and community structure. Therefore, a better under-
standing of these parameters is essential for studying marine eco-
systems and their response to various environmental factors
(Mutshinda et al., 2013). The ocean primary productivity, which
is the base of ocean food web and a key process for fixing energy  
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within the ecosystem, is directly influenced by these parameters.
It removes atmospheric carbon dioxide and supports life on land
and in the oceans (Arthur et al., 1987; Balch et al., 1992; Frey et
al., 2017). Primary productivity also influences planktivorous and
predatory organisms, mammals, and seabirds via zooplankton
dynamics (Capuzzo et al., 2018; Hossain et al., 2020; Raymont,
2014), and plays a major role in ocean biogeochemical, ecologic-
al, and biological processes (Mohanty et al., 2014; Sarker and
Wiltshire, 2017). Moreover, marine phytoplankton fixes 30−50
billion tons of carbon annually, equivalent to 40%−50% of the
global total, via this process (Raymont, 2014). Observing interan-
nual or long-term productivity variations provides insight into
how changes in the ocean environment propagate from primary
producers to higher trophic levels (Salgado-Hernanz et al., 2019).
The productivity variations are determined by phytoplankton
concentration together with photosynthetically available radi-
ation (PAR) and SST in the EZD since phytoplankton blooms de-
pend on the availability of sunlight, nutrients, and mechanisms
that regulate them seasonally (Behrenfeld and Falkowski, 1997).
Coastal and estuarine ecosystems exhibit maximum temporal
and spatial variability in productivity due to variability in biolo-
gical, biochemical, and physical properties of coastal waters,
such as monsoonal wind circulation, river fluxes, coastal ocean
circulation, upwelling, rainfall, and open ocean vertical stratifica-
tion (Abdul-Hadi et al., 2013; Hendiarti et al., 2004; Satpathy
et al., 2011). The Bay of Bengal (BoB) is an important region loc-
ated to the east of the Indian subcontinent, receiving freshwater
input from several major rivers such as the Ganges, Brahmaputra,
Meghna, Krishna, Godavari, Mahanadi, Sittang, Irrawaddy, and
Salween. Despite its significance, the BoB is known to be less pro-
ductive compared to the Arabian Sea, located to the west of India.
This could be attributed to the inability of the monsoon winds to
break the upper-ocean stratification caused by high freshwater
input from rivers and the torrential rainfall in the BoB. These
conditions inhibit the mixing of water layers and consequently
reduce the availability of nutrients, which are crucial for primary
productivity (Saikranthi et al., 2019). In addition, the limited pen-
etration of sunlight due to intense cloud cover and the persistent
presence of turbid coastal waters, extending offshore as mud
plumes, also play a significant role in inhibiting sustained high
productivity in the northern BoB (Bharathi et al., 2018).

The BoB is both environmentally and economically an im-
portant region, as millions of people rely on this regional sea for
their livelihood. Marine and estuarine fisheries play a crucial role
in terms of livelihood, food sources, and supporting the national
economy of the bordering countries (Hussain and Hoq, 2010;
Shamsuzzaman et al., 2017). The abundance and distribution of
fisheries depend heavily on the seasonal primary productivity of
the Bay. A few studies reported the BoB’s seasonal productivity
and SST distribution with different approaches and for different
periods (Mahesh et al., 2020; Pramanik et al., 2019; Zhou et al.,
2020). Hence, this study aims to investigate the relationship
between biophysical parameters such as NPP, SST, EZD, SST,
and SSS in regulating phytoplankton biomass, ocean productiv-
ity, and community structure in the BoB. The study also aims to
examine the interannual or long-term productivity variations to
gain insight into how changes in the ocean environment propag-
ate from primary producers to higher trophic levels. Specifically,
the study will focus on determining the relationship between
physical parameters and NPP and how this relationship is af-
fected by varying SSS and SST in the BoB. Additionally, the study
will explore the impact of wind reversal to flux on these relation-

ships, building on previous research. Overall, this research aims
to contribute to a better understanding of the complex interac-
tions between biophysical parameters and their impact on ocean
productivity and ecosystem dynamics in the BoB.

2  Materials and methods

2.1  Study area
The study area covers the northern BoB between 17°N to 23°N

latitudes and 85°E to 95°E longitudes. The BoB is situated on the
eastern side of the Indian subcontinent (Fig. 1), surrounded by
land except for the south, where it is exposed to the influence of
the open Indian Ocean. For ease of comparing NPP, MLD, SST,
SSS, and EZD variability, the study area has been divided into five
rectangular zones: Z1, Z2, Z3, Z4, and Z5. This division is based
on relative river influence, currents in the bay, and coastal geo-
graphy. Z1 is dominated by the influence of mangrove forests
(Sundarbans) and riverine freshwater input (Hooghly Estuary),
whereas Z2 is dominated by freshwater discharge from the
Ganges, the Brahmaputra, Karnaphuli, and Meghna river sys-
tems and the persistence of high turbidity. Z4 is entirely in the
open ocean, significantly away from any river influence, and is
subjected to stratification, which influences primary productivity.
Z3 is the southwestern part of the BoB, where the circulation dy-
namics are influenced by the seasonally reversing East Indian
equatorial current, and the major influencing rivers are Brah-
mani, Mahanadi, and Godavari rivers. In contrast, Z5, along the
Myanmar-Bangladesh coast, exhibits relatively stable coastal up-
welling and circulation dynamics, and the major influencing
rivers are the Irrawaddy and Kaladan Rivers.

We downloaded monthly gridded satellite images of ocean
color and sea surface temperature, along with analyzed gridded
data on NPP, from Aqua MODIS archives (https://coastwatch.
pfeg.noaa.gov), MLD from https://archive.podaac.earthdata.
nasa.gov/podaac-ops-cumulus-protected/ECCO_L4_MIXED_
LAYER_DEPTH_05DEG_MONTHLY_V4R4 and EZD (https://gio-
vanni.gsfc.nasa.gov), respectively. The data were obtained for the
BoB study area, which is located between 16°N to 22.5°N and
79°E to 95°E, covering the period of 2005 to 2020. SSS data for
2015−2020 was downloaded from the physical oceanography dis-
tributed active archive center (https://podaac.jpl.nasa.gov/data-
set/SMAP_RSS_L3_SSS_SMI_MONTHLY_V4) and for the period
2010−2015, monthly surface salinity gridded data product v1.8
were retrieved from the European Space Agency Climate Change
Initiative (http://data.ceda.ac.uk/neodc/esacci/sea_surface_sa-
linity). Based on the data from the dates for which salinity data
were available from both sources, two datasets were converted
into the same unit. At first, the Shapiro normality test was used;
both datasets are normality distributed (ESA: p = 0.186, and
smap: p = 0.292). Then, the F-test (p = 0.315), which means the
variance of the two datasets is equal, and after that, we conduc-
ted a T-test (p = 0.562), which indicates means were also equal.
Subsequently, datasets were merged. These data were extracted
from the five zones and analyzed for their monthly and inter-an-
nual variability in SST, NPP, SSS, EZD, and MLD. These data were
resampled seasonally for the southwest monsoon (SW monsoon)
(average of data from June to September), northeast monsoon
(NE monsoon) (average of data from October to December), and
pre-monsoon (average of data from March to May) and plotted
for the six years using Python’s Xarray library (Hoyer and Ham-
man, 2017).
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2.2  Wind pattern in the northern BoB
Circulation dynamics and marine productivity in the north-

ern BoB are controlled by the seasonally reversing wind system
called the monsoon. The pre-monsoon season occurs from
March to May and is followed by the summer monsoon or SW
monsoon, which dominates the Indian sub-continent from June
to September (Fig. 2). NE monsoon occurs from October to
December, also called Post-monsoon (Prakash and Pant, 2020).
The post-monsoon wind system blows from land to sea, whereas
the SW monsoon blows from sea to land (Vinayachandran and
Kurian, 2007), and it brings a steady stream of moisture that trig-
gers torrential rainy season in the region accompanied by mud-
slides and transport of heavy load of suspended sediment to the
ocean. The SW monsoon contributes to 80% of the annual rain-
fall over the Indian subcontinent (Saikranthi et al., 2019). In addi-
tion, the Indian Ocean Dipole (IOD) impacts circulation in the
BoB.

During summer, upwelling along the eastern Indian coast
due to the SW monsoon increases productivity compared to the
downwelling favorable NE monsoon wind system during winter
(Thushara and Vinayachandran, 2016). The SST is generally
lower during winter, and it remains higher during the rest of the
year (28.5−29℃). Meridional variation of SST in the northern BoB
is almost constant, and it varies between 28℃ to 28.5℃, with the
highest SST reported in the southwest part of BoB (Jaswal
et al., 2012). Occasional passage of cyclones across the bay also
contributes to the large-scale mixing of the water column and the
infusion of nutrients into the photic zone (Prasanna Kumar et al.,
2002). During the summer monsoon, salinity drops to ~1 in the
head bay region, and it increases to 15−20 during winter (Rah-
man, 2007).

2.3  Hydrology and nutrient discharge
Freshwater influxes play a significant role in controlling

ocean productivity. Surface currents distribute the freshwater
along the coast and lower the salinity level, creating a barrier
layer that impedes convection and limits vertical mixing and
heat flow. Stratification restricts the movement of nutrients,

which reduces productivity (Narvekar and Prasanna Kumar,
2014; Kay et al., 2018). However, the degree of stratification is de-
termined by freshwater input, monsoonal wind intensity, SST,
water clarity, and ocean currents (Gopalakrishna et al., 2002).
Head bay experiences the highest river discharge during SW
monsoon when rainfall is generally at its peak, and it is minimal
during the winter and pre-monsoon (Sandeep and Pant, 2019).
During SW monsoon, the river influx doubled to nearly 183×1011

m3/s. The rivers of Bangladesh alone supply 1 222×106 m3/s of
freshwater into the northern part of the bay (Sandeep and Pant,
2019). Monthly river discharge has the maximum between July
and September when the region is exposed to strong and sus-
tained wind from a southwesterly direction with high precipita-
tion (Fig. 3).

3  Results

3.1  Monthly and seasonal spatio-temporal distribution of NPP
Across Z1−Z5, the NPP ranges from 5 315 mg/(m2·d) to

346.7 mg/(m2·d) (Fig. 4). Z2 had the highest NPP, while Z4 had
the lowest. Compared with other zones, Z2 has the highest pro-
ductivity, Z1 has the second-highest productivity, and Z4 has the
least productivity. In almost all months, Z1 exhibits higher pro-
ductivity, but August to November have NPPs greater than
3 273 mg/(m2·d). Z2 has relatively higher productivity in Febru-
ary, March, June, and August to October, with 4 336 mg/(m2·d) or
more. Z3 and Z5 show moderate productivity compared to Z1
and Z2. Z3’s monthly NPPs range from 4 719 mg/(m2·d) (April)
to 462 mg/(m 2 ·d)  (March),  while Z5’s  NPPs range from
1 434 mg/(m2·d) (February) to 576 mg/(m2·d) (November). Z4
shows low productivity and the least monthly variation in which
NPP varies from 795 mg/(m2·d) (September) to 346 mg/(m2·d)
(March) (Figs 4 and 5).

NPPs vary greatly from season to season; for example, in Z1,
NPPs range from 2 915 mg/(m2·d) to 1 627 mg/(m2·d); NE mon-
soon shows higher, whereas pre-monsoon shows the lowest.
However, the same seasonal variation is not happening in Z2,
where the SW monsoon shows higher NPP (5 757 mg/(m2·d))
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Fig. 1.   Map of the Bay of Bengal and the five zones ( Z1−Z5) identified for studying the NPP, SST, SSS, MLD, and EZD variability
(coastline data retrieved from https://www.naturalearthdata.com and Bathymetric data from https://www.gebco.net).
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and the NE monsoon shows lower (4 004 mg/(m2·d)). The
exact opposite of Z2 is found in Z5, but the magnitude is compar-
atively lower in Z5; for instance, seasonal NPP varies from
1 071 mg/(m2·d) to 682 mg/(m2·d). Interestingly, Z3 and Z4 have
the exact opposite scenario to Z1, where NPPs range from
900 mg/(m 2 ·d)  to 681 mg/(m 2 ·d)  and 473 mg/(m 2 ·d)  to
373 mg/(m2·d), respectively (Fig. 6, Table 1).

As Z2 shows maximum productivity, this zone also shows
the highest seasonal variability, ranging from 4 049 mg/(m2·d)
(pre-monsoon) to 1 582 mg/(m2·d) (NE monsoon). The opposite
trend also was found in Z1, where variability varied from
2 696 mg/(m2·d) (NE monsoon) to 1 500 mg/(m2·d) (pre-mon-
soon). Similar variability was observed in both Z3 and Z5. For ex-
ample, pre-monsoon shows higher, and NE-monsoon shows
lower. However, compared to Z1−Z3 and Z5, Z4 did not show
more significant variability (Table 1).

3.2  Monthly and seasonal distribution and variability of SSS
Monthly SSS largely varied from Z1 to Z5. SSS in Z1 changes

between 32.4 to 22.6 with an average of 28.6. For Z2, SSS is the

most variable (28.9−16.8) across the month, where lower (~17.5)
from July to October and higher (28−30) from January to May. In
Z3, SSS changes between 26.3 to 33.01, where early January to
August showed higher SSS. Similar trends were observed in Z4.
Monthly SSS changes between 27.4 to 32 whereas January. to Au-
gust showed around 30, which is a relatively higher level (Fig. 7).

SSS of the BoB varied spatially, largely from north to south as
well as seasonally, given the monsoon-dominated rainfall pat-
tern and freshwater influxes from rivers. Overall, the SSS of the
five zones fluctuated during SW and NE monsoon seasons, while
it did not vary significantly during pre-monsoon (Fig. 8). Five
zones display varying trends in seasonal salinity distribution,
with Z1, Z2, and Z5 showing the highest variability during SW
and NE monsoons, whereas Z3 experienced frequent fluctu-
ations in variation trends during the same seasons (Table 2,
Fig. 7). As stated earlier, a network of small to medium-sized
rivers drains into Z1, and its SSS variability changes vastly during
SW and NE monsoons, but there is no significant variability of
SSS during pre-monsoon due to the inactive monsoon mode.

Seasonal averaged SSS ranged from 19 to 32. Z1−Z2 is located
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Fig. 2.   Prevailing northeast and southwest monsoons in the Bay of Bengal and the Arabian Sea. The arrow indicates the direction of
wind flow.
 

Jan.

D
is

ch
ar

g
e/

(m
3
·s

−1
)

0

Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.

Brahmaputra River
Ganges River

Mahanadi River
Godavari River
Krishna River

Month

50 000

40 000

30 000

20 000

10 000

Irrawaddy River

 

Fig.  3.     Freshwater discharge (m3/s)  from the six  major rivers flowing into the Bay of  Bengal.  Monthly discharge rates for  the
Brahmaputra River, Ganges River, Irrawaddy River, Mahanadi River, Godavari River, and Krishna River. Data was retrieved from the
Global Runoff Data Centre at https://portal.grdc.bafg.de/.
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close to the Ganges, Brahmaputra, Meghna (GBM) river system,
which is why salinity is low relative to the other zones. Season-
ally, SSS ranged from 32.1 to 25.8 in Z1, but it varied from 19.8 to
32, in which Z2 received huge freshwater river discharge and
rainfall during SW monsoon, which is probably the reason why
SSS dropped around 19 in Z2. There is no significant salinity drop

in Z3 and Z4; instead, all seasons show higher SSS (Fig. 8, Table 2).
The maximum SSS variability for Z1 was 2.27 during NE mon-

soon, whereas the minimum was 0.48 during pre-monsoon. SSS
for Z2 depends on freshwater discharge from the Meghna,
Padma, and Ganges-Brahmaputra rivers. The maximum SSS
variability for Z2 was 6.67 during SW monsoon, whereas the min-
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Fig. 4.   Monthly net primary productivity (NPP, in terms of C) maps in the northern Bay of Bengal.
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Fig. 5.   Monthly net primary productivity (NPP, in terms of C) distribution.
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imum was 3.89 during pre-monsoon. Z3 also received river in-
flux, which varied with seasons. This zone didn’t experience con-
siderable variability in SSS during SW and NE monsoons. The
maximum SSS variability for Z3 was 1.02 during SW monsoon,
whereas the minimum was 0.03 during pre-monsoon. Z4 is relat-
ively deeper and away from any kind of coastal Influence. It also
experienced variations ranging from 0.2 to 1.0, where SSS variab-
ility ranged from 0.5 to 1.1, as well as in Z5 (Table 2).

3.3  Monthly and seasonal distribution and variability of SST
Monthly SST doesn’t change significantly; however, the

highest SST always remains around 30℃ across all zones. In Z1,
SST changes from 30℃ to 23.9℃, averaging 28.03℃. Higher SST
was found during the winter months, and higher SST was ob-
served from April to October across the whole northern BoB. SST
changes between 30℃ and 22.9℃ in Z2. Again, it has the same
monthly distribution as Z2. Z3 to Z5 has a mean SST of 28℃ and
a range of 25℃ to 30℃. During winter months, lower SST was ob-
served near the coast, whereas the opposite was observed during
warm months (Figs 9 and 10).

Seasonally, SST distribution varied from 27℃ to 29℃. Every
zone experiences an almost similar range of average change. For
example, SST variability ranges from 0.51℃ to 0.34℃ across three
seasons where SSTs were 27.6℃, 28.7℃, and 29.7℃ in NE, pre-,
and SW monsoons. The remaining three zones also show a
change near 2℃. However, variability was highest in Z2 and Z5
during pre-monsoon, which is ~1.0 (Fig. 11, Table 3).

3.4  Monthly variability of euphotic zone depth
The computed EZD of northern BoB ranged between 6 m and

154 m (Fig. 12). Coastal Z1 and Z2 had lower EZDs than the deep
ocean zones Z3−Z5. As EZD and NPP are negatively correlated,
the beginning of the summer monsoon is marked by lower NPP,
thus higher EZD for Z1, and the opposite, i.e., lower EZDs during
the winter monsoon because of higher NPP, though Z1 was
highly productive for the whole year.

As discussed before, Z2 is the most productive zone of north-
ern BoB. Hence, the EZD was the shallowest in Z2 during the two
monsoon seasons due to the influence of nutrient discharge from
the GBM river systems. Z3 and Z5 are also partly influenced by
the coastal waters; they are moderately productive during winter
monsoon and have an EZD of 58 m to 103 m. Among the north-
ern BoB zones, Z4 has the highest EZD value and is the least pro-
ductive. There is no notable influence of monsoon on the NPP
concentration at Z4. However, during the summer monsoon, Z4
shows a higher value of EZD and is the opposite during the
winter monsoon.

3.5  Inter-annual variability and distribution of MLD, NPP, SSS,
and SST
The study examined the decadal changes in the mix layer

depth (MLD in meters) for five different zones from 1997 to 2017.
Results indicated that for Z1, the MLD increased from 21.53 m in
1997 to 22.54 m in 2007, representing a decadal change of 1.003 m.
However, the mix only slightly increased to 22.80 m in 2017, res-
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Fig. 6.   Seasonal net primary productivity (NPP, in terms of C) maps in the northern Bay of Bengal.

 

Table 1.   Seasonal NPP average and variability

Zone
NPP average (in terms of C)/(mg·m−2·d−1) NPP variability (in terms of C)/(mg·m−2·d−1)

Northeast monsoon Pre-monsoon Southwest monsoon Northeast monsoon Pre-monsoon Southwest monsoon

Z1 2 566.30 1 484.98 2 074.39 2 696.37 1 500.52 1 637.74

Z2 4 033.14 3 844.31 4 379.77 1 582.55 4 049.19 3 523.57

Z3 854.64 2 022.13 827.24 694.11 1 037.27 1 129.52

Z4 388.73 400.02 563.99 64.87 134.33 184.57

Z5 634.32 969.46 919.49 612.74 1 259.97 770.60
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ulting in a smaller decadal change of 0.263 m. For Z2, the mix in-
creased from 22.08 m in 1997 to 23.29 m in 2007, indicating a
decadal change of 1.210 m. The mix continued to increase to
24.37 m in 2017, with a larger decadal change of 1.079 m. In Z3,
the mix increased from 23.42 m in 1997 to 24.29 m in 2007, indic-
ating a decadal change of 0.880 m. However, the mix decreased
to 23.032 m in 2017, resulting in a negative decadal change of
−1.265 m. For Z4, the mix increased from 28.56 m in 1997 to
30.25 m in 2007, indicating a decadal change of 1.688 m. Never-
theless, the mix slightly decreased to 30.09 m in 2017, resulting in
a small negative decadal change of −0.154 m. Finally, for Z5, the
mix increased from 22.85 m in 1997 to 24.44 m in 2007, indicat-
ing a decadal change of 1.592 m. The mix continued to increase
to 25.23 m in 2017, with a smaller decadal change of 0.783 m.
These findings highlight the varying rates of change in MLD
across different zones and over time.

At Z1, NPP also had irregular distribution. In most cases, the
range of values was different, e.g., September to October of sever-
al years (2010, 2009, and 2011, etc.) showed higher concentra-

tion. A significant interannual variation in NPP was observed in
Z2 from 2005 to 2020. Moderate variation was also observed in
Z1. The other zones, Z3 to Z5, did not have significant variations.
From 2010 to 2020, NPP decreased from 952.5 mg/(m2·d) to
−59.7 mg/(m2·d) (negative values indicate decrease) across the
zone in which Z4 showed a significant decrease (−59.7 mg/(m2·d)).
However, other zones experienced more moderate to lower pos-
itive changes, such as 214.1 mg/(m2·d), 952.5 mg/(m2·d),
29.7 mg/(m2·d), and 558.0 mg/(m2·d).

Over the years from 2010 to 2020, Z1, Z3−Z5 have shown con-
sistent salinity in the range of 30 to 32. Between 2015 and 2017,
the salinity level dropped rapidly (27.2 to 19.1) in Z2. This is prob-
ably attributed to the increase in freshwater inputs and an un-
usual rainfall pattern. SSS’s decadal change (2010−2020) varied
from 1.05 to −4.42 across the zones. The most positive change
(1.05) was found in Z3, whereas the negative (−4.42) was found
in Z2.

Our monthly SST data did not capture a significant variation
across all zones, but it is interesting to note that significant vari-
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Fig. 7.   Monthly-averaged sea surface salinity maps in the northern Bay of Bengal.
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ations across all zones in the northern BoB were observed inter-
annually. Z3−Z5 have the most similar sea surface temperature
distributions, and Z1 to Z2 have similar distributions as well. The
decadal change (2010−2020) of SST ranged from 0.56℃ to 0.19℃,
in which Z4 showed more positive change (0.56℃). Other zones
experienced moderate to lower positive change, e.g., 0.31℃,
0.19℃, 0.37℃, 0.56℃, and 0.27℃ were found from Z1 to Z5, re-
spectively (Fig. 13).

3.6  The relationship analysis among NPP, MLD, SST, and EZD
The correlation analysis between NPP and MLD revealed an

overall Pearson Correlation Coefficient (PCC) of 0.23 (p = 0.003),
which indicates a positive correlation between NPP and MLD.
The PCC for each of the five zones were as follows: −0.3 for Z1, 0
for Z2, −0.3 for Z3, −0.1 for Z4, and 0.4 for Z5 (Fig. 14).

No significant correlation was observed between SST and
NPP distribution in the northern BoB (Fig. 12). PCC between SST
and NPP for Z1 was 0.2; for Z2, it was 0.0; for Z3, it was 0.1; for Z4,
it was 0.0; and for Z5, it was −0.2. A similar figure was also found
between NPP and SSS (Figs 15, S1).

⩾The NPP is negatively ( −0.4) correlated with euphotic depth
in every zone (Fig. 16). PCC between NPP and EDZ for Z1 was
−0.5; for Z2, it was −0.2; for Z3, it was −0.5; for Z4, it was −0.4; and
for Z5, it was −0.5.

We did not find any association between NPP, SST, and SSS in
our study areas. EZD correlates with NPP because the ocean’s re-
mote sensing NPP was originally derived from a vertically gener-

alized production model (VGPM) (Behrenfeld and Falkowski,
1997), which incorporates euphotic depth and absorption coeffi-
cient of phytoplankton over 400−700 nm just below the sea sur-
face.

4  Discussion
Monthly, seasonal, and interannual spatio-temporal distribu-

tion of NPP, MLD, SST, SSS, and EZD have been analyzed for the
northern BoB using five sub-grids. NPP spatio-temporal changes
are caused by variations in phytoplankton biomass and environ-
mental factors such as light penetration, nutrients, salinity, tem-
perature, and surface turbulence, as indicated by SST, SSS, and
EZD (George et al., 2013; Kong et al., 2019). The BoB is located
within the tropics, and nutrient discharge from the rivers and es-
tuaries dominates its seasonal cycle of primary productivity, in
addition to a seasonally changing wind system. The availability of
light and nutrients generally control the primary productivity in
BoB; in addition, seasonally reversing monsoonal wind, freshwa-
ter input, and remote atmospheric forcing, the IOD profoundly
affects the productivity in the BoB. The seasonal reversal in distri-
bution of NPP, especially at Z2 and Z1, is happening because of
these biophysical processes. Upwelling processes in the BoB only
occur close to the coast within 40 km (Shetye et al., 1991). Sea-
sonally reversing monsoonal wind forcing facilitates mixing of
highly stratified northern BoB, which brings nutrients to the
photic zone. For the northernmost Z1 and Z2, a continuous sup-
ply of nutrients from the major Ganges-Brahmaputra-Meghna
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Fig. 8.   Seasonal average sea surface salinity maps in the northern Bay of Bengal.

 

Table 2.   Seasonal sea surface salinity (SSS) average and variability

Zone
SSS average SSS variability

Northeast monsoon Pre-monsoon Southwest monsoon Northeast monsoon Pre-monsoon Southwest monsoon

Z1 25.842 32.144 27.024 2.279 0.480 2.670

Z2 20.710 32.144 19.807 4.820 3.899 6.671

Z3 28.779 32.144 30.856 0.987 0.332 1.020

Z4 30.214 32.144 31.258 1.073 0.282 0.976

Z5 28.211 32.144 30.786 1.096 0.529 1.280
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river system and subsequent mixing promotes primary pro-
ductivity, which was observed consistently in our study.

The circulation dynamics of Z3 is dominated by the East Indi-
an Coastal Current (EICC), which flows equatorward from Au-
gust to December and poleward (northeast) from February to
May (Chaitanya et al., 2015; Shetye et al., 1996). This zone experi-
ences strong seasonal upwelling and efficient mixing due to the
reversal of monsoonal winds and shelf bathymetric features.
During the SW monsoon, the east coast of India experiences fa-
vorable winds for upwelling (Shetye et al., 1991). At the same

time, EICC affects Chl a distribution in Z3 by affecting nutrient
transport, light penetration, and temperature in the euphotic
zone (Shanthi et al., 2015). During the SW monsoon, our analysis
showed the highest level (900.90 mg/(m2·d)) of NPP in Z3, which
falls under the east coast of India. Productivity is probably driven
by the monsoon season with shallower thermoclines, more vigor-
ous vertical mixing, less rain (Currie et al., 2013; Wiggert et al.,
2009). Some studies (Behrenfeld, 2014; Sarker et al., 2020; Sarker
and Wiltshire, 2017) reported a declining trend of primary pro-
ductivity across the BoB. However, our long-term data showed a
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Fig. 9.   Monthly-averaged sea surface temperature (SST) maps.
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perceptible decline in Z4 only. Our finding showed that decadal
change in NPP varied from 952.5 mg/(m2·d) to −59.7 mg/(m2·d).
Overall, four coastal zones (Z1−Z3 and Z5) experienced positive
change, which means an increase in productivity, whereas negat-
ive change, meaning reduced productivity, was found in Z4. A
slightly lower increase was found in Z5 because it does not re-
ceive a considerable amount of freshwater input like Z2, and the
effect of seasonally reversing wind is less pronounced. Z4 is an
open ocean environment and is far away from the influence of
coastal turbid water and experiences poor vertical mixing. It is
also the lowest productive zone, and Fig. 16 shows the increasing
trend of SST in this zone. Chaitanya et al. (2015) found that Chl a

concentration in the open ocean was low, between 0.06 mg/m3

and 5.5 mg/m3. Productivity in the open ocean is generally low
due to strong stratification associated with barrier layers, which
prevents the exchange of nutrients from deep water to surface
water. The occasional passage of tropical cyclones over Z4 helps
to break the strong stratification and thereby inject nutrients into
the photic zone that enhances productivity. However, several
studies have reported an expanding dead zone in the middle of
the BoB, and decadal reduced, lower productivity and warmer
water indicate stratification and reduction of mixing depth,
hence an intense oxygen minimum zone in Z4 (Diaz and Rosen-
berg, 2008; Sridevi and Sarma, 2020). The results of our study in-
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Fig. 10.   Monthly averaged sea surface temperature distribution from the five zones.
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Fig. 11.   Seasonal sea surface temperature (SST) distribution.

 

Table 3.   Seasonal sea surface temperature (SST) average and variability

Zone
SST average/℃ SST variability/℃

Northeast monsoon Pre-monsoon Southwest monsoon Northeast monsoon Pre-monsoon Southwest monsoon

Z1 27.65 28.47 29.761 97 0.339 0.581 0.513

Z2 27.81 28.95 29.727 03 0.660 1.025 0.593

Z3 28.10 28.52 29.597 49 0.216 0.643 0.374

Z4 28.28 28.72 29.247 56 0.130 0.147 0.102

Z5 28.87 28.84 29.319 5 0.868 1.218 0.678
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dicate that the MLD in Z3 and Z4 exhibited a decreasing trend
over the two-decade period with a negative correlation with the
NPP. This finding suggests that the water column in these zones
may be becoming less mixed over time. Such a decrease in mix-
ing could potentially have significant implications for the biolo-
gical productivity of the area. A less mixed water column can res-
ult in less nutrient cycling and lower levels of primary productiv-
ity, which could ultimately impact higher trophic levels in the
ecosystem. However, our findings reveal that opposite scenarios
occurred in Z1, Z2 and Z5. Across Z1−Z5, the NPP ranges from
5 315mg/(m2·d) to 346.7 mg/(m2·d). Seasonally, NPP varied sig-
nificantly. According to our findings, NPP distribution in Z2 is
highest during SE monsoon, while it is higher in Z1 during NE

monsoon. Despite being close to each other, these are com-
pletely opposite scenarios. The BoB is also exposed to powerful
tropical cyclones from October to December. From 2005 to 2020,
about fifteen major cyclones traversed across the BoB, and these
months (October and November) exhibit the most productivity
on the eastern Indian coast and adjoining open sea due to cyc-
lone-induced upwelling and vertical mixing, which favors higher
productivity (Latha et al., 2015). Several studies found that sea-
sonal and inter-annual variability in SSS is highest close to the
northern part and minimum in the central zones (Akhil et al.,
2014; Chaitanya et al., 2015). In the northern BoB, especially
Z1−Z3 and Z5, the SSS varies with the amount of river fluxes. The
SSS exhibits the greatest variability at Z1 (32.4−22.6) and fol-
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Fig. 12.   Monthly distribution of euphotic depth. a−l presents months from January to December.
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Fig. 13.   Inter-annual distribution of mixed layer depth (MLD) (a), net primary productivity (NPP, in terms of C) (b), sea surface tem-
perature (SST) (c), and sea surface salinity (SSS) (d).
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lowed by Z2 (28.9−16.8), over the course of the study. This is due
to the fact that they are mostly located at the mouth of major
rivers. Z2 and Z1 showed the highest variability during SW and
NE monsoons, whereas Z3 experienced frequent fluctuations in
variation trends during the same seasons. In Z1, SSS varied from
3.89 to 6.67 during the SW monsoon, with 6.67 found during the
SW monsoon. The lowest variations (1.0 to 0.2) and highest SSS
confidence (~32 to 30) were found in Z4 because this is far from
the coast and river influence. SSS’s decadal change (2010−2020)
varied from 1.05 to −4.42 across the zones. The negative values
observed from Z2 indicate salinity decreasing over time due to
higher freshwater inputs and rainfall from an intense monsoon
season. This can also be caused by more Himalayan ice melting
due to global warming. Although changes in SST are associated
with changes in Chl a, NPP, species physiological response, and
distribution (Behrenfeld et al., 2006; Dunstan et al., 2018), r val-
ues between calculated monthly SST and NPP are low (0 to 0.2)
from Z1 to Z4, whereas a negative r value has been found in Z5.
However, the decadal change (2010−2020) of SST ranged from
0.56℃ to 0.19℃, which indicates SST is increasing over time.

These changes might be due to rapidly increasing atmospheric
CO2 concentration and climate changes (D’Mello & Prasanna
Kumar, 2016; Levitus et al., 2001). Oceanic water mass dynamics
are governed by temperature, which is a key indicator of climate
change (Roemmich et al., 2012). Approximately 90% of the ex-
cess heat added to the earth’s climate system since the 1960s is
stored in the oceans (Levitus et al., 2001). Based on studies (Al-
ory et al., 2007; Chambers et al., 1999; D’Mello & Prasanna Ku-
mar, 2016; Dong et al., 2014), there has been an overall warming
of the ocean over the past half-century. A significant increase in
water temperature in the BoB is also supported by D’Mello and
Prasanna Kumar (2016), who reported an increase in SST at a
rate of 0.014℃ per year in the BoB from 1960 to 2011.

5  Conclusions
Daily and monthly imagery and gridded data sets were ana-

lyzed to study the spatio-temporal variations in NPP, EZD, MLD,
SST, and SSS in the northern BoB from January 2005 to August
2020, and the findings would contribute to a better understand-
ing of tropical ocean ecology of a regional sea under long term
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Fig. 14.   Correlation between net primary productivity (NPP, in terms of C) and mixed layer depth (MLD).
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Fig. 15.   Correlation between sea surface temperature (SST) and net primary productivity (NPP, in terms of C) in five different zones.
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Fig. 16.   Correlation between net primary productivity (NPP, in terms of C) and euphotic depth.
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climate change scenarios. The BoB, as a regional northward ex-
tension of the Indian Ocean, does not experience large-scale sea-
sonal and spatial variability in primary productivity and SST.
However, seasonal variability in freshwater discharge from the
rivers along the northern bay affects the SSS distribution signific-
antly, particularly for the two northern zones, Z1 and Z2. Z2 is the
most productive of the five zones that we have analyzed, and it is
driven by a heavy influx of nutrients from the rivers and the mix-
ing due to seasonally reversing monsoon winds. We also noticed
that sea surface temperature and sea surface salinity do not cor-
relate with the region’s primary productivity, implying that other
regional phenomena, viz., coastal upwelling, mixing from wind
reversal, and passage of power cyclones, etc., played a significant
role in the primary productivity. EZD is deeper during the sum-
mer monsoon while shallower during the wintertime, with a cor-
responding increase in productivity. The bay is highly stratified
from the large influx of freshwater discharge from the Ganges,
Brahmaputra, and Meghna rivers. Turbidity also plays a critical
role in inhibiting primary productivity in the northern head bay
region. The BoB is relatively less productive due to stratification
and less efficient mixing or upwelling compared with the nearest
Arabian Sea, with ephemerally elevated productivity. More re-
search is needed to further understand the variations and im-
pacts of localized processes on primary productivity.
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