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The seasonal variations and driving mechanisms of the surface and subsurface chlorophyll-a concen-
trations in the Bay of Bengal are far from resolved, as only a few local, short-term studies have been
performed. Hence, this study investigates a comprehensive basin-wide framework of the seasonal
variations in the chlorophyll-a concentration, its dominant external forcing, and the internal dynamics
of the Bay of Bengal. Multivariate empirical orthogonal function decomposition and heterogeneous

Keywords: correlation analyses are applied to numerous observational, reanalysis, and satellite datasets, including
Bay of Bengal chlorophyll-a, nutrients, temperature, salinity, turbidity, and wind stress curl datasets collected from
Ekman pumping various sources, including the Copernicus Marine Environment Monitoring Service, World Ocean Atlas,
Euphotic depth and ERA-Interim. This study suggests that the chlorophyll-a concentrations at both the surface and the

Wind stress curl
Subsurface chlorophyll-a maximum
Depth of 26 °C isotherm

subsurface chlorophyll-a maximum (SCM) are higher during summer and early autumn than during
the other seasons, especially along the coastal regions and western part of the Bay of Bengal. During
summer and early autumn, riverine nutrient inputs, the intrusion of nutritious water from the Arabian
Sea, and coastal upwelling are the three dominant drivers controlling the chlorophyll-a concentrations
at both the surface and the SCM. The positive wind stress curl-induced uplift of the thermocline
increases the nutrient supply and thus significantly enhances the chlorophyll-a concentration at the
SCM along the entire western side of the bay during the second half of the year. During spring, the
deep euphotic depth plays a vital role in controlling the concentration and depth of the SCM. The
depth of the 26 °C isotherm can be used as a proxy of the depth of the SCM. This study provides an
improved understanding of the high chlorophyll-a concentrations and their drivers in five potential
zones within the Bay of Bengal, which will help to identify the rich marine ecosystems therein.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In the oligotrophic regions of the tropical and subtropical
oceans, high subsurface chlorophyll-a concentrations appear just
below the mixed layer (a layer with uniform density) and ex-
tend above the depth of the thermocline; this extent is defined
as the subsurface chlorophyll-a layer (Fig. 1) (Furuya, 1990; Li
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et al., 2012a; Thushara et al., 2019). Moreover, the maximum
chlorophyll-a concentration (occurring at a given depth) within
the subsurface chlorophyll-a layer is known as the subsurface
chlorophyll-a maximum (SCM, see Fig. 1; Brown et al., 2015;
Steiner et al,, 2016). The SCM commonly forms near the bot-
tom of the euphotic zone, the uppermost layer of the ocean
that receives enough sunlight to support photosynthesis (Gong
et al,, 2017). Hence, the SCM is widely utilized as a proxy for
the overall subsurface chlorophyll-a concentration in the oceans
(Riley, 1949; Anderson, 1969; Fennel and Boss, 2003; Li et al,
2012a; Brown et al., 2015; Bhushan et al., 2018; Thushara et al,,
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Fig. 1. Typical vertical profile of chlorophyll-a concentration (mg m~>) contain-
ing subsurface chlorophyll-a maximum (SCM), temperature (°C), and density (kg
m~3) in the Bay of Bengal. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

2019). Although remote sensing technology makes it easy to mea-
sure the surface chlorophyll-a concentration (Jeffrey et al., 1997;
Picado et al,, 2014), knowledge of subsurface chlorophyll-a is
generally limited due to the lack of easily retrievable and readily
available subsurface datasets (Brown et al.,, 2015; Baldry et al,,
2020). Similarly, our knowledge of the subsurface chlorophyll-a
distribution in the Bay of Bengal is very limited (Narvekar and
Kumar, 2014; Thushara et al., 2019; Masud-Ul-Alam et al., 2020).
Therefore, this study investigates the seasonal variations in the
concentration and depth of the SCM to better understand the
basin-wide variations in subsurface chlorophyll-a throughout the
Bay of Bengal.

Generally, the conditions necessary for the chlorophyll-a con-
centration to increase are controlled by certain environmental
physicochemical parameters such as nutrients (e.g., NO; and
Poi‘), water temperature, and light (Sathyendranath et al., 1991;
Lewis et al., 2000; Li et al., 2017). Thus, the driving forces that
affect the nutrient supply, light availability, and temperature in
the water body also influence the chlorophyll-a concentration in
the oceans (e.g., McCreary et al., 1996; Vinayachandran, 2005;
Falkowski and Oliver, 2007; Wang et al.,, 2010; Narvekar and
Kumar, 2014). The Bay of Bengal, which forms part of the north-
ern Indian Ocean, is well known as a biologically less productive
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zone than the adjacent latitudinally similar Arabian Sea (Rad-
hakrishna et al.,, 1978; Gomes et al., 2000; Madhupratap et al.,
2003; Chowdhury et al., 2017), even though the economy of the
surrounding regions strongly depends on fishing activity within
the Bay of Bengal (Hasan et al., 2018). Thus, the three physico-
chemical parameters discussed above and their driving forces are
not well understood and need to be re-evaluated. Furthermore,
studying these parameters can help understand the causes of low
productivity in the Bay of Bengal and identify unexplored zones
for fisheries.

An increase in the strength of the thermal stratification of the
upper ocean water column decreases the mixing between surface
and subsurface waters and diminishes the surface chlorophyll-
a concentration (Wolken et al., 1955; Morel and Antoine, 1994;
Bricaud et al., 2002; Zhang et al., 2016; Chowdhury et al., 2019;
Trombetta et al,, 2019). In the western Bay of Bengal, the sea
surface temperature (SST) and surface chlorophyll-a concentra-
tion exhibit an inverse relationship. For instance, in spring, high
SST-induced stratification shallows the mixed layer depth (MLD,
i.e., the bottom of the mixed layer) and thus reduces the sur-
face chlorophyll-a concentration (Madhupratap et al., 1996; Ku-
mar et al, 2007), whereas winter cooling favors an increase
in surface chlorophyll-a (Sarangi et al., 2008). Nevertheless, the
role of temperature in determining the subsurface chlorophyll-a
concentration in the Bay of Bengal remains unclear.

The Ganges-Brahmaputra-Meghna (GBM) River system lo-
cated in the northern Bay of Bengal supplies a large amount of
nutrient-rich freshwater and highly influences the chlorophyll-
a concentration in summer (Kumar et al., 2002; Sengupta et al.,
2006; Baliarsingh et al.,, 2015). However, extensive freshwater
inputs can induce haline stratification (Patra et al., 2007; Chowd-
hury et al., 2017; Bhushan et al., 2018) and impede the transfer of
nutrients to the euphotic zone from below (Gomes et al., 2000).
Furthermore, during summer, suspended solids from rivers trig-
ger high turbidity levels (Syvitski et al., 2005), ultimately reducing
the penetration of light into the subsurface (Kumar et al., 2004;
Bhushan et al., 2018). In addition, suspended phytoplankton may
cause the water column to become more turbid. Although some
studies reported that nutritious freshwater inputs from the GBM
River system increase the surface chlorophyll-a concentration
(e.g., Kumar et al., 2004; Li et al., 2012b; Narvekar and Kumar,
2014), contributions from the Krishna-Godavari river system and
the Irrawaddy River (see Fig. 2 for the locations of these rivers)
to the chlorophyll-a concentration in the Bay of Bengal have not
been thoroughly explored. Moreover, the influences of stratifica-
tion and turbidity on the basin-wide chlorophyll-a concentration
at the SCM are not well understood and thus are investigated in
this study.

The seasonally reversing monsoonal wind system in the Bay of
Bengal (Shankar et al., 1996; Narvekar and Kumar, 2006; Akhter
et al.,, 2021) may have significant effects on the chlorophyll-a con-
centration in this region. Southwesterly winds transport nutrient-
rich, highly saline water into the Bay of Bengal from the Arabian
Sea in summer (Kumar and Prasad, 1999; Vinayachandran et al.,
1999). These southwesterly winds also induce coastal upwelling
(Shetye et al., 1991; Muraleedharan et al., 2007; Thushara and
Vinayachandran, 2016) and upward Ekman pumping along the
western coast of this bay (Vinayachandran, 2004). The cold-core
eddy in this bay forms throughout this year (Nuncio and Kumar,
2012, 2013; Huang et al., 2020) but becomes stronger in summer,
resulting in a considerably shallower SCM (Kumar et al., 2004).
These internal dynamics of the Bay of Bengal, for example, cold-
core eddies and coastal upwelling, cause the thermocline layer
in the Sri Lanka dome to uplift (Thushara et al., 2019). Although
the existence of such internal dynamics (upwelling, eddies, and
Ekman pumping) has been documented by several local studies
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Fig. 2. The Bay of Bengal and surrounding regions (coastline, rivers, and country boundaries are indicated by black, blue, and red lines respectively). Black dot lines
demarcate three sub-regions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Shetye et al.,, 1993; Kumar et al., 2004; Muraleedharan et al.,
2007; Thushara and Vinayachandran, 2016; Huang et al., 2020,
a basin-wide understanding of the chlorophyll-a concentration
in the water column of the Bay of Bengal due to these internal
dynamics is lacking; hence, this study seeks to explore this issue.

Several investigations on the surface and/or subsurface
chlorophyll-a concentration in the Bay of Bengal have focused on
river inputs, the availability of sunlight, the SST, and coastal up-
welling as drivers of the chlorophyll-a concentration (e.g., Gomes
et al., 2000; Murty and McMurtrie, 2000; Madhupratap et al.,
2003; Madhu et al., 2006; Kumar et al., 2009; Li et al., 2012b;
Narvekar and Kumar, 2014; Thushara et al., 2019), but most of
these studies covered only portions of the bay over short time
scales. Accordingly, a higher-resolution comprehensive frame-
work of the processes governing the surface and/or subsurface
chlorophyll-a distributions and their relative effects is needed,
and therefore, the following three questions are addressed in this
paper.

(1) Do major external factors (riverine nutrients, freshwater
inputs, the intrusion of water from the Arabian Sea, and
wind stress) and internal processes (thermocline dynam-
ics, Ekman pumping, the MLD, and the euphotic depth)
have similar effects on both the surface chlorophyll-a con-
centration and the SCM? If not, what are their relative
contributions?

(2) What is the primary physical forcing that triggers a ther-
mocline shift, which can result in a change in the
chlorophyll-a concentration at the SCM?

(3) Does the depth of the SCM correlate with the depth of the
thermocline?

2. Materials and method
2.1. Study area

This study focuses primarily on the Bay of Bengal, which is
a part of the northern Indian Ocean (Fig. 2). To explore the
equatorial influences inside the Bay of Bengal, the eastern equa-
torial Indian Ocean is also included in this study because it is
an adjacent region that connects this bay to the equator, and
fluxes are exchanged between these bodies of water. Hence,
for the convenience of the systematic analyses and discussion
presented herein, the study area is divided into three subregions
as follows according to the different features of the chlorophyll-a
distribution caused by variations in river inputs and wind forcing
in the bay (Li et al., 2012b; Narvekar and Kumar, 2014; Thushara
et al., 2019):

1. Northern Bay of Bengal (latitudinal range from 18°N to
23°N)

2. Southern Bay of Bengal (from 4°N to 18°N)

3. Eastern equatorial Indian Ocean (from 5°S to 4°N).

2.2. Data sources

Chlorophyll-a, nitrate (NO3 '), phosphate (Poi’), temperature,
salinity, wind stress, and diffuse attenuation coefficient data are
collected from various available data sources, which are described
in the following subsections. All the data utilized in this study
are collected for the same time interval (2005 to 2017). No-
tably, observational datasets, especially the vertical profiles of
chlorophyll-a, NO5, and Poi‘, are very limited in the Bay of
Bengal (Narvekar and Kumar, 2014; Akhil et al., 2014; Masud-
Ul-Alam et al., 2020). Thus, to study the vertical structure of
chlorophyll-a and its associated forcing, suitable reanalysis or
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model datasets could be a better option in this region. Recently,
the Copernicus Marine Environment Monitoring Service (CMEMS)
has provided comprehensive datasets derived from different in
situ, satellite, reanalysis, and model-based data that have been
widely used in scientific studies (https://marine.copernicus.eu/).
Therefore, we utilize chlorophyll-a, nutrients, diffuse attenuation
coefficient, and surface current data from CMEMS sources.

2.2.1. Chlorophyll-a and nutrients

The global-reanalysis-bio-001-029-monthly datasets from the
Pelagic Interactions Scheme for Carbon and Ecosystem Stud-
ies (PISCES) numerical model (Aumont et al., 2015) distributed
by CMEMS (Nouel, 2012) (http://marine.copernicus.eu/services-
portfolio/accessto-products/) are employed as the sources of
chlorophyll-a (mg m~2), NO; (mmol m~3), and PO}~ (mmol m~3)
data. The horizontal resolution is 0.25° x 0.25°, and the model
includes 75 layers vertically.

This PISCES model is forced offline by daily fields from an
ocean dynamical simulation and from the ERA-Interim global
atmospheric reanalysis datasets. The simulation is initialized with
the World Ocean Atlas 2013 for nitrate, phosphate, oxygen and
silicate (Garcia et al., 2014).

The model is compared with a multisensor gridded Level-3
product (OCEANCOLOUR_GLO_CHL_L3_REP_OBSERVATIONS_009_
085) for a quality check (https://catalogue.marine.copernicus.
eu/documents/QUID/CMEMS-GLO-QUID-001-029.pdf). At the sea
surface, the modeled chlorophyll-a field shows good agreement
(with a root mean square difference (RMSD) of 0.371 for 1997-
2017) with the satellite data. In the Indian Ocean, the modeled
chlorophyll-a level has a slightly negative bias (—0.182). Nev-
ertheless, the model can reproduce the summer bloom along
Somalia and the Arabian Peninsula in the Indian Ocean (Lévy
et al,, 2007; Koné et al., 2009) and succeeds well in reproducing
the seasonal cycle at mid- and high-latitudes. The modeled nutri-
ent concentrations (NO3 and PO?{) also display good agreement
with the WOA climatology at the global scale except in the
Southern Ocean, where the concentrations of nutrients are too
high. However, the concentrations of NO3 and POi’ in the Indian
and South Pacific Oceans are slightly low, although they may be
increased with more precise terrestrial inputs.

2.2.2. Temperature and salinity

The monthly temperature (°C) (Locarnini et al., 2019) and
salinity (Zweng et al., 2019) climatology data are obtained from
the World Ocean Atlas 2018. The horizontal resolution is 0.25°x
0.25°, and 102 layers are defined from the surface to a depth of
5,500 m. World Ocean Atlas 2018 is a collection of the available
observational data, including Argo profiles, which are objectively
analyzed and quality controlled (https://www.nodc.noaa.gov/) for
analyzing data, instituting boundary and/or initial conditions in
numerical models, and validating satellite data.

2.2.3. Diffuse attenuation coefficient and surface current

Data of the spectral diffuse attenuation coefficient at a wave-
length of 490 nm (m~!), named KD (490), are derived from
satellite-based monthly products merged from SeaWiFS, MODIS,
MERIS, VIIRS-SNPP&JPSS1, and OLCI-S3 A&S3B data using the
Morel algorithm (Doron et al., 2006; Morel et al., 2007). KD (490)
demonstrates a good correlation (R*> of 0.8) and small RMSD
(0.21) with observations, and the grid resolution is 4 km.

The monthly surface current data (zonal and meridional veloc-
ities) used in this study are derived from MULTIOBS, a satellite-
derived gridded product (Bonjean and Lagerlorf, 2002; Copernicus
Marine In Situ Tac, 2020). This product utilizes a methodology
similar to the popular Ocean Surface Current Analyses Real-time
(OSCAR) system data and gives good results when compared
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with the OSCAR data. Coastal biases are removed in MULTIOBS,
but some biases remain in the tropics and western boundary
currents. The RMSDs of the zonal velocity (0.146) and the merid-
ional velocity (0.147) are the same compared with the observa-
tions (Argo float-derived velocities). The horizontal resolution is
0.25° x 0.25°.

2.2.4. Wind speed and wind stress curl

The monthly mean zonal and meridional components of the
wind velocity (m s~') at 10 m above the ground used in this
study are taken from the widely used ERA-Interim dataset pro-
duced by the European Centre for Medium-range Weather Fore-
cast (ECMWF) (2011). The wind stress curl (N m~3) is then
calculated from the wind velocity with a grid resolution of 0.25°.

2.3. Methods

2.3.1. Data processing

The current study attempts to analyze the monthly/seasonal
cycles of each variable. The temperature and salinity data are
directly downloaded as their monthly mean climatologies (12
months). In contrast, the chlorophyll-a, NO3, Poi‘, wind stress,
surface current, and diffuse attenuation coefficient data are down-
loaded as monthly means over 13 years of data (2005-2017) and
are then converted into their monthly mean climatologies (12
months) by a simple averaging method. In this study, the seasons
are considered as follows according to Thadathil et al. (2007) and
Shee et al. (2019): winter (December to February), spring (March
to May), summer (June to September) and autumn (October to
November). Although the temporal resolution is the same (2005-
2017) among all the datasets extracted from different sources,
the spatial resolutions among some of these datasets are uneven,
and thus, the data are linearly interpolated to a common spatial
grid. Likewise, the vertical resolutions of some datasets are also
unequal, and thus, the data are linearly interpolated with a 1-m
depth interval to improve the comparability among the variables.

2.3.2. Calculation of different parameters

The depth of the SCM in this study is defined as an increase in
the chlorophyll-a concentration in the water column by at least
0.05 mg m~> relative to the surface concentration (Fig. 1). The
euphotic depth (m) is the depth where the light field decreases
to 1% of the light at the surface and is calculated based on KD
(490) after Kirk (1994) as euphotic depth = 4.6/KD (490). Since
KD (490) can reflect the turbidity in the water, it is also regarded
as a proxy of turbidity (m~1) in the rest of this paper.

The water density calculated from the temperature and salin-
ity gridded data collected from the WOA climatology is used to
calculate the MLD. In this study, an increase of 0.2 kg m~3 in the
surface density is used as the fixed-density criterion to determine
the MLD (Monterey and Levitus, 1997; Girishkumar et al., 2013;
Thadathil et al., 2002, 2016). The depth of the 26 °C isotherm is
considered a proxy of the thermocline depth in the current study.

The Brunt-Viisala frequency is calculated from the water den-
sity following equation (Roseli et al., 2015):

N2 = _gﬂ

p Az
where N = Brunt-Viisdld frequency, g = gravitational accelera-
tion, p=potential density, A p = difference between the potential
densities of two water parcels, and Az = the vertical distance
between the two water parcels. If N> > 0, the stratification is
stable, and overturning does not occur locally.
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2.3.3. Empirical orthogonal function (EOF) and statistical analyses

The EOF method has been widely discussed by different au-
thors (e.g., De Viron et al., 2006; Rangelova, 2007; Kusche et al.,
2011) as well as in textbooks (e.g., Preisendorfer and Mobley,
1988; Jolliffe et al., 2003) and is utilized to analyze the spatial
and temporal variability of geophysical data (Bjornsson and Vene-
gas, 1997). The time series of a variable can be decomposed by
Zf’: 1 PC (t;) .EOF (x;, yi), where EOF(x;, y;) represents the spatial
structures of the major factors and PC(t) denotes the principal
components that state how the amplitude of each EOF mode
varies with time. The first EOF mode is responsible for the largest
component of the variance, followed by the second mode, etc.

The aim of the current investigation is to reveal the spatial
and temporal relationships of the monthly mean concentration of
chlorophyll-a at both the surface and the SCM with its causative
parameters (wind stress curl, MLD, depth of the 26 °C isotherm,
temperature, salinity, turbidity and nutrients). For this purpose,
all relevant (multiple) variables are systematically employed in
a single-variable EOF analysis (Preisendorfer and Mobley, 1988;
Enfield and Mestas-Nufiez, 1999), known as multivariate EOF de-
composition. More specifically, chlorophyll-a and all other phys-
ical control variables are combined into a large data matrix (all
variables are standardized), and then EOF decomposition is per-
formed. The size of the data matrix is cm * n (multiple) instead
of m * n (single), in which ‘c’ is the number of variables, ‘m’ is
the number of pixels in the spatial region for each variable, and
‘n = 12 months’ is the number of times. The data are arranged
in sequence variable by variable, so the eigenvector obtained for
each EOF mode is equally divided into ‘c’ segments, with each
segment corresponding to a spatial pattern for one variable. In
addition, the principal component (PC) for each (multivariate)
EOF mode contains only one common time series. The advantage
of this method is that the relationships among all (physical)
variables (as well as the relationship between any two pixels)
are considered. Notably, a strongly coupled zone of variance
among relevant variables for the same period is identified from
the multivariate EOF decomposition, and then this EOF pattern
is interpreted in terms of potential regional physical processes
to establish a significant relationship among multiple variables.
In this study, the spatial EOF modes are denoted EOF1, EOF2,
and EOF3 (in ascending order of dominant modes), and their
corresponding temporal modes are denoted PC1, PC2, and PC3,
respectively.

In addition, another method is used to study the relationships
between chlorophyll-a and the other physical control variables.
The correlation fields between PC1 (the first dominant mode)
derived from the single-variable EOF decomposition of the surface
chlorophyll-a concentration and the 3D dataset of each physi-
cal control variable (e.g., MLD, salinity) are determined; these
fields are known as heterogeneous correlation maps (Bjornsson
and Venegas, 1997). These spatiotemporal correlations are de-
termined between the response and control variables with a
significance level greater than 95% in the current study. Finally,
the gridded mean correlations between the chlorophyll-a concen-
tration at both the surface and the SCM and its probable control
parameters are determined for selected potential zones.

3. Results

The spatial and temporal variations of the chlorophyll-a con-
centrations at both the surface and the SCM depend primarily
on river inputs, the influences from adjacent seas, the available
nutrient supply, and the regional wind dynamics. Hence, the dis-
tributions of the chlorophyll-a concentration at both the surface
and the SCM are evaluated comprehensively along with their
control mechanisms in the northern Bay of Bengal, southern Bay
of Bengal, and eastern equatorial Indian Ocean in the following
subsections.
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3.1. Seasonal distributions of chlorophyll-a at the surface and the
SCM

The chlorophyll-a concentrations at the surface and the SCM
and the depth of the SCM differ both seasonally and spatially
in the Bay of Bengal and the eastern equatorial Indian Ocean
(Figs. 3-4).

3.1.1. Northern Bay of Bengal

In the northern Bay of Bengal, the surface chlorophyll-a con-
centration is the highest (0.3 to 4 mg m~3) during summer
but slightly reduces in autumn, decreases further in winter, and
becomes the lowest (0.1 to 1 mg m~3) in spring (first row in
Fig. 3). During summer and autumn, high surface chlorophyll-
a concentrations (0.2 to 4 mg m~3) cover the entire northern
part of the bay and are observed along the western coast and
slightly toward the eastern coast of the bay (Figs. 3c1-d1). During
winter and spring, high chlorophyll-a concentrations are confined
to the mouth of the GBM River estuary; however, a band of high
chlorophyll-a concentrations (0.2 to 1 mg m~3) also extends to
the eastern coast of the bay during winter (Figs. 3a1-b1).

The seasonal variations in the chlorophyll-a concentration at
the SCM are subtle in the northern Bay of Bengal, as the SCM
remains high (0.8 to 2 mg m~3) throughout the year along the
coastal belt (first row in Fig. 4). Furthermore, the depth of the
SCM remains shallow (20 to 45 m) along the coastal belt but
occurs at deeper depths (45 to 70 m) in the offshore regions of
the bay throughout the year (second row in Fig. 4).

3.1.2. Southern Bay of Bengal

During summer, three zones of high surface chlorophyll-a
concentrations (0.2 to 2 mg m~3) are observed in the southern
Bay of Bengal: along the western coast near the Krishna-Godavari
River system, at the mouth of the Irrawaddy River, and within the
Sri Lanka dome (Fig. 3c1; see Fig. 1 for locations). During autumn,
a similar spatial distribution of surface chlorophyll-a is observed,
but the chlorophyll-a concentration is slightly reduced compared
with that in summer. During winter, a band of high surface
chlorophyll-a concentrations (0.1 to 0.2 mg m~3) is discernible
only along the western coast (Fig. 3al). In spring, the surface
chlorophyll-a concentration is the lowest (0.05 to 0.1 mg m~3)
throughout the bay (Fig. 3b1). Overall, throughout the year, the
surface chlorophyll-a concentration is higher along the coastline
and the western coast than in the rest of the bay (first row in
Fig. 3).

During summer, the chlorophyll-a concentration at the SCM is
significantly higher (0.4 to 0.6 mg m~3) along the western side
of the southern Bay of Bengal (including the Sri Lanka dome)
than during the other seasons (Fig. 4c1). The observed high SCM
concentrations occur at shallow depths (45 to 65 m). A similar
spatial distribution of the SCM is observed during autumn, albeit
with lower chlorophyll concentrations and deeper SCMs than in
summer. In addition, the chlorophyll-a concentration at the SCM
in winter is lower than that during the other seasons. Notably,
during spring, high chlorophyll-a concentrations (ranging from
0.4 to 0.5 mg m~>) are observed at the SCM throughout the
southern Bay of Bengal (Fig. 4b1), although the surface chloro-
phyll concentration is the lowest; moreover, the SCM occurs at
the deepest depth (~90 m) during the spring. In general, the
chlorophyll-a concentration at the SCM is higher and the SCM
depth is shallower in the west than in the east (second row in
Fig. 4). Additionally, along the mouth of the Irrawaddy River, the
chlorophyll-a concentration at the SCM remains high throughout
the year (0.6 to 1 mg m~3), and the SCM occurs at relatively
shallow depths (20 to 50 m) (Figs. 4a1-d1).
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3.1.3. Eastern Equatorial Indian Ocean

The surface chlorophyll-a concentration ranges from 0.05 to
0.1 mg m~ in the eastern equatorial Indian Ocean and remains
low throughout year compared to the Bay of Bengal (first row
in Fig. 3). In addition, the surface chlorophyll-a concentration
remains slightly high during autumn and winter (~0.1 mg m~3)
and reaches a minimum (~0.05 mg m~3) in spring. Similar to that
at the surface, the concentration of chlorophyll-a at the SCM is
lower in this equatorial region throughout year, and the depth of
the SCM (60 to 90 m) is substantially deeper than that in other
parts of the study area (Fig. 4).

3.2. Driving mechanisms of the spatial, temporal, and vertical distri-
butions of chlorophyll-a

Typically, the forcing factors of the vertical distribution of
chlorophyll-a (i.e., at both the surface and the SCM) within a
given region should be similar, as they can be affected by identical
hydrological and oceanic mechanisms. Thus, multivariate EOF
analyses are performed separately for the chlorophyll-a concen-
trations both at the surface (Fig. 5) and at the SCM (Fig. 6)
with their respective responsible variables (e.g., salinity, turbidity,

NO3, PO?{, depth of 26° isotherm, wind stress curl). Further-
more, two-dimensional correlation coefficient maps between the
time series (PC1) of surface chlorophyll-a and the grid cells of
the three-dimensional spatiotemporal datasets of the individ-
ual control variables (sea surface salinity (SSS), turbidity, NO3,
POi’. SST, and MLD) are calculated to establish the spatial re-
lationships between them (Fig. 7). The dominant mode of the
single-variable (surface chlorophyll-a concentration) EOF decom-
position accounts for approximately 95% of the total variance,
showing substantially positive variability in five potential zones
during the second half of the year (Figs. 7a-b). Furthermore, the
correlations between the chlorophyll-a concentrations and their
associated forcing variables in the selected potential zones are
listed for the chlorophyll-a concentrations at both the surface
(Table 1) and the SCM (Table 2).

3.2.1. Northern Bay of Bengal

The dominant mode obtained from the multivariate EOF de-
composition of the chlorophyll-a concentrations at both the sur-
face and the SCM and their possible driving factors show strong
seasonal variations (Figs. 5 and 6). The combination of EOF1 and
PC1 of the chlorophyll-a concentration at both the surface and
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the SCM exhibits positive variability during summer and early
autumn along the northern and western coasts of the northern
Bay of Bengal (Figs. 5a-b and 6a-b). This positive variation cor-
responds to the observed high chlorophyll-a concentration at the
surface and SCM during these seasons (described in Section 3.1.1).

During summer and early autumn, SSS displays strong nega-
tive variability along the northern coastline (Fig. 5¢). The presence
of low-salinity water is also evident from the spatial distribu-
tion of SSS (30 to 31) (Figs. 8c-d). The salinity at the SCM also
exhibits negative variability during these seasons (Fig. 6c). A
large amount of freshwater from the GBM River system and
monsoonal precipitation are the sources of low-salinity water in
this bay (Webster, 1987; Fluteau et al., 1999; Akhil et al., 2014).
This nutritious riverine low-salinity water is significantly corre-
lated with the high surface chlorophyll-a concentration during

these seasons (r = —0.51, p-value = 0.04, Table 1 and Figs. 3,
7¢). The significant correlation between the surface chlorophyll-
a concentration and turbidity (r = 0.63) (Table 2) evidences

the presence of suspended phytoplankton and nutrient-rich tur-
bid riverine water. The haline stratification generated by this

low-salinity water (Fig. 9) causes the MLD to be shallow in
the northern Bay of Bengal (Gopalakrishna et al., 2002; Akhil
et al,, 2014), and this shallow MLD is negatively correlated with
the surface chlorophyll-a concentration in this part of the bay
(Fig. 7e) and helps uplift the thermocline (26 °C isotherm) during
summer and early autumn (Figs. 5e-f). A positive wind stress
curl (upward Ekman pumping) also helps uplift the thermocline
during these seasons (Fig. 5g), and Ekman pumping enhances
the surface chlorophyll-a concentration (r = 0.64, p-value =
0.01, Table 2). The inverse correlation (r = —0.69) between
the chlorophyll-a concentration at the SCM and the thermocline
depth indicates that a shallow thermocline might also enhance
the chlorophyll-a concentration at the SCM (first row in Fig. 4).
In addition, the shallow thermocline is spatially correlated to the
depth of the SCM, as both are uplifted in the northern part of
the bay (second row in Fig. 4). Although the nutrients (NO3 and
POi_) transported by continental rivers show positive variabil-
ity in the multivariate EOFs (Figs. 5h-i), the spatial relationship
between the surface chlorophyll-a and NO3 (r=0.61, p-value =
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0.03) is slightly weaker than the relationship between the sur-
face chlorophyll-a and POfl_(r = 0.8, p-value = 0.00) (Table 1,
Fig. 3). However, NO3 is more correlated with the concentra-
tion of chlorophyll-a at the SCM than is POi_(Table 2). Primary
production may be nitrogen-limited in this area (Kumar et al,,
2002). Therefore, nutritious freshwater from the GBM River sys-
tem keeps the concentration of chlorophyll-a high at both the
surface and the SCM, and this strong freshwater-induced strat-
ification is responsible for shoaling of the SCM during summer
and early autumn in the northern Bay of Bengal.

During winter and spring, the concentration of chlorophyll-a
both at the surface and at the SCM exhibits discernible neg-
ative variability (Figs. 5a-b, 6a-b), which corresponds to the
observed distribution of low chlorophyll-a concentrations de-
scribed in Section 3.1.1. The variations in the probable driving
forces also correspond to the low chlorophyll-a concentrations

during these seasons (Figs. 5-6). For instance, the dominant EOF
mode shows positive variability in the SSS and salinity at the
SCM during these seasons. Drastic reductions in river discharge
and precipitation keep the SSS higher during winter and spring
than during summer and autumn (Narvekar and Kumar, 2014;
Bhushan et al., 2018). Comparatively high-salinity water in con-
junction with a negative wind stress curl-induced deep thermo-
cline (Figs. 5f-g, 6d-e) cannot sufficiently increase the supply
of nutrients in the upper ocean, resulting in the reduced con-
centration of chlorophyll-a at both the surface and the SCM
during these seasons. The deep thermocline during winter and
spring deepens the depth of the SCM (second row in Fig. 4)
and further reduces the concentration of chlorophyll-a at the
SCM during these seasons. On the other hand, a band of high
chlorophyll-a at both the surface and the SCM along the eastern
coast during winter is observed due to the positive wind stress
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curl-induced shallow thermocline along this band (Figs. 5g, Ge).
Notably, northeasterly winds favor upwelling along the eastern
coast in winter (Suryanarayana et al., 1993; He et al, 2020).
Therefore, the reduced freshwater input and negative wind stress

curl are responsible for the low chlorophyll-a concentrations at

both the surface and the SCM during winter and spring in the
northern Bay of Bengal.

3.2.2. Southern Bay of Bengal

The dominant modes of both the multivariate EOF analysis
(Figs. 5a-b) and the single-variable EOF analysis (Figs. 7a-b)
exhibit positive variability in the surface chlorophyll-a near the
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Irrawaddy River estuary in the east, the Krishna—-Godavari river
system on the northwestern coast, and the Sri Lanka dome on
the southwestern side of the southern Bay of Bengal during sum-
mer and early autumn. These three plausible zones characterized
by a high surface chlorophyll-a concentration are also revealed
from the spatial distribution of surface chlorophyll-a (Figs. 3c-
d). The SCM also shows positive variability in these three zones
(Figs. 6a-b). In addition, the chlorophyll-a concentration at the
SCM is also observed to exhibit positive variability along the
entire western part of the southern Bay of Bengal during summer

10

and early autumn (Figs. 6a-b). Furthermore, negative variability
in the SSS and salinity at the SCM (Figs. 5b-c, 6b-c) and positive
variability in turbidity (Fig. 5d) and nutrients (Figs. 5h-i) are
found in the southern Bay of Bengal near the Irrawaddy River
estuary during summer and autumn. The spatial correlations of
SSS (negative), turbidity (positive), and nutrients (positive) with
the surface chlorophyll-a concentration in this zone indicate that
the Irrawaddy River might be the source of nutritious low-salinity
water in this part of the bay (Figs. 7a-d, f-g). The presence of a
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high concentration of chlorophyll-a at the SCM in this region (hy-
drologically similar to a high surface chlorophyll-a concentration)
might also be due to nutrient-rich freshwater input. However,
the negative wind stress curl (negative variability) and associ-
ated deepening of the thermocline are disadvantageous to the
increases in the chlorophyll-a concentration at both the surface
and the SCM in this part of the bay (Figs. 5f-g, 6d-e). Hence,
nutrient inputs from the Irrawaddy River are the main driver in
increasing the chlorophyll-a concentrations at both the surface
and the SCM in the Irrawaddy River estuary.

During summer and early autumn, salinity demonstrates pos-
itive variability in the entire western part of the southern Bay
of Bengal (Figs. 5¢, 6¢) with comparatively higher SSS (32 to
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33.5) (Figs. 8c—d). The presence of highly saline water indicates
that continental river input has no control over the salinity in
this region; rather, the input of saltier water from the surround-
ing regions or from underneath might dominate the input of
river discharge. The intrusion of saline water from the highly
productive Arabian Sea is evident from the spatial distributions
of the surface current and SSS (Figs. 8c-d). During the summer
monsoon, the Bay of Bengal is affected by a strong southwesterly
wind (Shankar et al., 1996; Narvekar and Kumar, 2006), which
rapidly generates upward Ekman pumping (positive variability),
resulting in the upwelling of cold saltier water from underneath
and the subsequent uplift of the thermocline (negative variability)
throughout the entire western part of the bay (Figs. 6¢c-f). The
SCM also occurs at relatively shallow depths in the western part
of the bay during summer and autumn (second row in Fig. 4.
The concentration of chlorophyll-a at the SCM has a significant
correlation with the occurrence of upward Ekman pumping (r
= 0.51) and the thermocline depth (r = —0.90) throughout the
entire western part of the southern Bay of Bengal (Table 2), which
is further characterized by NO; and PO~ both showing positive
variability with the concentration of chlorophyll-a at the SCM
(Figs. 6g-h), and the chlorophyll-a concentration at the SCM is
significantly positively correlated with NO3 (r = 0.57) and POi’
(r =0.51) at the depth of the SCM (Table 2). Therefore, the uplift
of the thermocline and subsequent enrichment of nutrients are
the main drivers of the increased concentration of chlorophyll-a
at the SCM throughout the whole western part of the southern
Bay of Bengal during summer and early autumn.

Although a high concentration of chlorophyll-a at the SCM
spreads throughout the entire western side of the southern Bay
of Bengal, surface chlorophyll-a is confined to the western coastal
belt and along the Sri Lanka dome (Figs. 5a, 6a) because the dis-
cussed forcing on the western side of this bay might not be suffi-
ciently strong to enrich the surface with nutrients. The abundance
of surface chlorophyll-a along the western coast of the southern
Bay of Bengal could be explained by the prevailing direction of
the zonal wind stress. The zonal wind stress is directed northeast-
ward from the coast during summer (Vinayachandran et al., 1999;
Vinayachandran, 2005), which is discernible from the direction
of the surface current along the western coast (Fig. 8c). This
Ekman drift-generated coastal upwelling transports nutritious
saltier water from beneath, and this water, which is confined
mostly along the western coast of the southern Bay of Bengal
during summer and early autumn, enriches the chlorophyll-a
concentrations at both the surface and the SCM (Figs. 3c-d, 4c1-
d1). This finding is also supported by the significant correlation
between the surface chlorophyll-a concentration and the zonal
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wind stress (r = 0.73) and upward Ekman pumping (r = 0.68)
along this coastline (Table 1. Within the Sri Lanka dome, the
northeastward strong surface current and intruding signature of
SSS (33 to 35) also indicate the influence of saltier water from the
Arabian Sea (Fig. 8c). In addition, the surface chlorophyll-a con-
centration shows a noteworthy correlation with the occurrence
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of Ekman pumping (r = 0.76) and the thermocline depth (r =
—0.80) (Table 1). Therefore, upward Ekman pumping and water
from the Arabian Sea are sources of the surface and subsurface
nutrients in this dome. Notably, PO}~ is more correlated than
NO3 with the surface chlorophyll-a concentration, while both
NO; and PO?[ are strongly correlated with the concentration of
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Table 1

Correlations between surface chlorophyll-a concentration and related variables along five potential zones in surface.

Variables Northern Bay of Bengal Irrawaddy Krishna-Godavari Sri Lanka dome Indonesia dome
r p-value r p-value r p-value r p-value r p-value
SSS —0.51 0.04 —-04 0.1 0.15 0.43 0.67 0.02 0.43 0.02
Turbidity 0.63 0.03 0.65 0.02 0.76 0 0.97 0 0.91 0.00
Nitrate 0.61 0.03 026 041 —0.15 0.65 —024 046 0.59 0.07
Phosphate 0.85 0 066 0.02 0.83 0 0.85 0 0.91 0.00
MLD —0.48 0.1 025 043 0.1 0.77 —0.2 0.12 —0.30 025
SST 0.71 0.01 035 027 0.38 0.22 —028 0.38 —0.83 0.00
Ek. P 0.64 0.01 0.18 058 0.68 0.03 0.76 0.02 0.49 0.04
D26 —0.64 0.02 0.52 0.08 —0.48 05 —0.8 0 —0.40 0.09
Zonal wind  0.55 0.05 059 0.04 0.73 0.03 0.6 0.04 0.40 0.20

Note: More than 95% significant correlations are Italic boldfaced. D26 stands for the depth of 26 °C isotherm, Ek. P stands for Ekman
pumping, and zonal wind stands for zonal wind stress. Zones are defined as follows: northern Bay of Bengal (82 to 100°E, 18 to
23°N), Irrawaddy (92 to 98°E, 15 to 18°N), Krishna-Godavari (78 to 86°E, 15 to 18°N), Sri Lanka dome (75 to 86°E, 6 to 10°N),

Indonesia dome (92 to 100°E, 5°S to 4°N).

Table 2
Correlations between chlorophyll-a concentration at SCM and associated
variables along three potential zones in subsurface.

Variables Northern Bay of Bengal West BoB Indonesia dome
r p-value r p-value r p-value
Ekman pumping 0.45 0.10 0.51 0.03 0.2 0.35
D26 —0.69 0.01 —0.90 0 —0.68 0.03
Nitrate 0.99 0.00 0.57 0.04 042 0.06
Phosphate 0.40 0.20 0.51 0.04 0.51 0.04
Depth of SCM —0.64 0.03 —0.85 0 —0.52 0.05
Zonal wind stress 0.51 0.05 0.6 0.02 0.5 0.04

Note: More than 95% significant correlations are Italic boldfaced. D26 stands
for the depth of 26 °C isotherm. Zones are defined as follows: western Bay of
Bengal (75 to 90°E, 4 to 23°N), and others are same as in Table 1.

chlorophyll-a at the SCM in the entire southern Bay of Bengal
(Tables 1-2).

Along the western coast of the southern Bay of Bengal, a band
of high surface chlorophyll-a concentrations is observed during
winter (Fig. 3a), as was observed in a previous study (Lévy et al.,
2007; Vinayachandran et al., 2013). The residual low-salinity wa-
ter remaining after monsoonal precipitation and river discharge
along the northern Bay of Bengal spreads out with a time lag
during winter (Fig. 8a) hugging the western coast of the bay
following the East India Coastal Current (Shetye et al., 1996) and
eventually retains a large amount of surface chlorophyll-a along
the western coast of this bay. Notably, the second multivariate
EOF mode of the surface variables (e.g., nutrients and surface
chlorophyll-a) also captures this phenomenon along the western
boundary during autumn to early winter (figure not shown).
However, the variability of surface chlorophyll-a is negative in
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the remaining part of the southern Bay of Bengal. Moreover, the
negative variability of the chlorophyll-a concentration at the SCM
is observed in the southern Bay of Bengal during autumn to early
winter (Figs. 6a-b). A negative wind stress curl-induced deep
thermocline (Figs. 5g, 6d-e) might be responsible for the low
concentration of chlorophyll-a in the southern Bay of Bengal at
both the surface (except western boundary) and the SCM during
winter.

In spring, a high SSS with low turbidity indicates the pres-
ence of less continental water and less suspended phytoplankton
in the southern Bay of Bengal (Fig. 8b). Moreover, the nega-
tive variability of the wind stress curl indicates that subsurface
nutrients do not have a significant contribution at the surface
(Fig. 5g). During spring, a weak wind blows over this bay (Rao
and Sastry, 1981; Han et al.,, 2010), which might maintain the
negative variability of the wind stress curl. Furthermore, low sur-
face chlorophyll-a concentrations are positively correlated with
the thermally stratified shallow MLD in the southern Bay of
Bengal during spring (Fig. 7). Although the surface chlorophyll-
a concentration is the lowest during this season, approximately
67.2% of the study area is characterized by a high chlorophyll-
a concentration (>0.4 mg m~3) at the SCM, and the SCM occurs
at deeper depths in spring than in the other seasons (Table 3).
The second multivariate EOF mode (which accounts for 22% of the
total variance) of the chlorophyll-a concentration at the SCM also
captures the basin-wide high concentration of chlorophyll-a at
the SCM during spring (figure not shown). The depth of the 26 °C
isotherm also occurs at deeper depths (~71.43 m) in spring than
in the other seasons (Table 3). Furthermore, a downwelling gyre
is a prominent feature along the western side of the bay in spring
(Babu et al., 2003; Vinayachandran et al., 1996). This downwelling
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gyre can lower the thermocline, causing the SCM to occur at a
deeper depth at this location. Although a deep thermocline is not
favorable for a high concentration of chlorophyll-a at the SCM, an
excessively deep euphotic depth (>150 m) during spring enables
the high chlorophyll-a concentration at the SCM to cover more
area than during the other seasons (Figs. 4a3-d3).

3.2.3. Eastern equatorial Indian Ocean

The absence of inputs from continental rivers might be the
reason for the low concentrations of chlorophyll-a at both the
surface and the SCM in the eastern equatorial Indian Ocean
compared with those in the Bay of Bengal throughout the year
(Figs. 3-4). On the other hand, the presence of a negative wind
stress curl (Fig. 5g) and downwelling Kelvin waves (Yu et al,,
1991; Schott and McCreary, 2001; Kumari et al., 2018) deepen the
thermocline, which is unfavorable for the upwelling of subsurface
nutrients to the surface, and thus, these conditions are also
responsible for the low chlorophyll-a concentrations at both the
surface and the SCM, as is evident from the negative correlation
between the depth of the thermocline and the concentration of
chlorophyll-a at the SCM (Table 2). A deep thermocline might also
sustain the increased depth of the SCM (70 to 100 m) in the east-
ern equatorial Indian Ocean relative to that in the Bay of Bengal
(Fig. 4). However, the EOF decomposition modes (chlorophyll-a
concentrations at the surface and SCM) reflect a patch of high
chlorophyll-a on the eastern side of the eastern equatorial Indian
Ocean (within the Indonesia dome) during summer and early
autumn (Figs. 5a, 6a). The variability of the dominant EOF mode
and corresponding PC demonstrates the uplift of the thermocline
(negative variability) due to upward Ekman pumping (positive
variability) (Figs. 5f-g, 6d—e). Moreover, the (easterly) zonal wind
stress anomaly plays an important role in this regard (Saji and
Yamagata, 2003; Gonaduwage et al., 2019; Huang et al., 2019), as
is evident from the high correlation (r = 0.50, Table 2) between
the concentration of chlorophyll-a at the SCM and the zonal
wind stress. The significant positive relationship between the
SSS and turbidity and the surface chlorophyll-a concentration
further suggest that highly saline turbid water might originate
from the subsurface (Table 2). Thus, the uplift of the thermo-
cline transports cold, nutritious, and highly saline water to the
surface, shallowing the MLD and enhancing the concentrations of
chlorophyll-a at the surface and SCM within the Indonesia dome.
Notably, POf{‘ is more correlated than NO3 with the chlorophyll-a
concentrations at both the surface and the SCM in the Indonesia
dome (Tables 1-2).

4. Discussion

This study provides a comprehensive investigation of the
seasonal variations in the spatial and vertical distributions of
chlorophyll-a in the Bay of Bengal and the eastern equatorial
Indian Ocean. High concentrations of chlorophyll-a at the surface
and in the subsurface (at the SCM) within the northern Bay of
Bengal, especially in the GBM River estuary and the Irrawaddy
River estuary, are greatly influenced by riverine nutrient in-
puts. However, a prominent river system (the Krishna-Godavari)
flows into the western Bay of Bengal and does not govern the
concentrations of chlorophyll-a at the surface and SCM, as nu-
trients from the Arabian Sea and coastal upwelling dominate
over this river flow, as is evidenced by the presence of high
salinity and the northward-flowing surface current (Fig. 8c). The
strong southwesterly wind-mediated Ekman drift causes this
coastal upwelling along the western boundary (zonal wind stress
in Table 1, Figs. 5f-g, 6d-e), and a similar wind-driven surface
current brings water from the Arabian Sea into the Bay of Bengal
(Vinayachandran et al., 1999; Wijesekera et al., 2016; Thushara
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et al,, 2019). Although uplift of the thermocline shallows the
depth of the SCM in the entire western part of the Bay of Bengal
during summer and early autumn, deepening of the thermocline
increases the depth of the SCM and reduces the concentration
of chlorophyll-a at the SCM along the eastern side of the Bay
of Bengal and eastern equatorial Indian Ocean (Figs. 4al-d1,
4a2-d2).

Although the basin-wide mean concentration of chlorophyll-a
at the SCM is higher during summer (1.09 mg m—3) and autumn
(1.01 mg m~3) than during winter and spring, the surface area
covered by a high concentration of chlorophyll-a at the SCM is
maximal in spring (Table 3, Fig. 10). Moreover, the euphotic depth
is shallower during summer and autumn than in the other sea-
sons due to the tremendous volume of monsoonal precipitation
and river discharge (Kumar et al., 2010). The euphotic depth is
also shallow in winter due to residual monsoonal riverine water.
However, in spring, the river discharge of suspended sediment
decreases drastically, and eventually, the turbidity of the seawa-
ter diminishes (Gomes et al., 2000; Milliman and Farnsworth,
2011). The presence of comparatively high-salinity water also
supports the evidence of reduced river discharge during spring
compared with other seasons (see the salinity contours in Fig. 11).
Lower turbidity allows sunlight to penetrate to deeper depths
(euphotic depth > 150 m) (third row in Fig. 4) throughout the
spring, resulting in high chlorophyll-a concentrations at the SCM
across the bay. Due to the vast input of continental turbid water
and suspended phytoplankton, the euphotic depth is shallow in
the northern Bay of Bengal, but it deepens latitudinally southward
as the turbidity decreases and is deepest in the eastern equatorial
Indian Ocean (third row in Fig. 4 and vertical section along 88°E
longitude in Fig. 11).

The MLD remains shallow throughout the northern Bay of
Bengal (Fig. 12) owing to the freshwater-mediated haline stratifi-
cation being stronger than that in the southern bay (Fig. 9), as was
reported in an earlier study (Chaitanya et al., 2014; Akhil et al,,
2014). Hence, the persistent high chlorophyll-a concentration and
shallow MLD exhibit an inverse correlation (r = —0.48) in this
region (Table 1). Although mixing is thought to be conducive to
transporting nutrients into the surface layer, in the offshore areas,
including the southern Bay of Bengal and the eastern equatorial
Indian Ocean, a deep MLD (25 to 45 m) (Fig. 12) is observed
throughout the year in conjunction with low surface chlorophyll-
a concentrations. Hence, the MLD is not significantly correlated
with the surface chlorophyll-a concentration in the Bay of Bengal
(Table 1, Figs. 7e, 12).

The surface chlorophyll-a concentration is higher during sum-
mer and autumn than in the other seasons when the SST is
positively correlated with the surface chlorophyll-a concentration
(Figs. 7h, 12c-d). During spring, the highest SST (29 to 31 °C)
(Fig. 12b) generates strong thermal stratification (Shenoi et al.,
2002) and reduces the concentration of surface chlorophyll-a in
the Bay of Bengal (Narvekar and Kumar, 2014), which is anal-
ogous to the current study region (Fig. 12b). More specifically,
the SST and surface chlorophyll-a concentration are positively
correlated (r = 0.71) in the northern bay, negatively correlated
(r = —0.83) within the Indonesia dome, and not significantly
correlated in the remaining regions (Table 1). Therefore, the spa-
tiotemporally variable relationship between the SST and sur-
face chlorophyll-a concentration suggests that the latter does not
always depend on the former in the Bay of Bengal.

During summer and autumn, two eddy-like features are re-
vealed by the vertical distribution of chlorophyll-a (as well as
by other studies, e.g., Kumar et al., 2004, 2010; Narvekar and
Kumar, 2006; Nuncio and Kumar, 2012: one is in the southern
Bay of Bengal (approximately 8—-9°N latitude), and the other is in
the northern Bay of Bengal (approximately 18-19.5°N latitude)
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Table 3

Basin mean of chlorophyll-a concentration of SCM and associated parameters during different seasons in the study domain.
Parameters Unit Winter Spring Summer Autumn
Chlorophyll-a concentration at SCM mg m~3 0.69 0.58 1.09 1.01
Surface area of SCM (>0.4 mg m~3) % 40.3 67.2 30.9 40.9
Temperature at SCM depth °C 26.07 25.81 26.38 26.44
Salinity at SCM depth unitless 34.48 34.64 34.46 34.41
Nitrate at SCM depth mmol m~—3 3.59 4.11 5.58 4.13
Phosphate at SCM depth mmol m~—3 0.35 0.46 0.45 0.36
Depth of SCM meter 65.84 68.02 63.35 61.22
Depth of 26 °C isotherm meter 69.50 71.43 67.74 65.09

(Fig. 11c-d). These eddies are also discernible from the depth of
the 26 °C isotherm (see the contours in Figs. 11c-d). This eddy-
like upward pumping might help to uplift the SCM depth by 10 to
20 m during summer and autumn relative to that during the other
seasons, thereby demonstrating the role of eddies in uplifting the
thermocline and thus shoaling the depth of the SCM.

The depth of the SCM is shallow in the northern Bay of Bengal
and becomes deeper latitudinally southward, and it is the deepest
in the eastern equatorial Indian Ocean (second row in Fig. 4). The
depth of the SCM shoals more in the western part of the bay than
in the eastern part during summer and autumn. However, the
depth of the SCM is deep during winter and reaches the greatest
depth in spring throughout the bay. The spatial and temporal
distributions of the 26 °C isotherm is similar to those of the
depth of the SCM (second row in Fig. 4). The depth of the former
follows (within #5 m) that of the latter, as is observed from
the north-south vertical section along 88°E longitude (Fig. 11).
The temperature at the SCM varies seasonally between 25.81 and
26.44 °C (Table 3). This indicates that the 2640.5°C thermocline
temperature always follows the depth of the SCM. Therefore, the
depth of the 26 °C isotherm can be considered a proxy of the
depth of the SCM in the Bay of Bengal and the eastern equatorial
Indian Ocean.

5. Conclusions

To date, a complete framework of the dominant processes
responsible for the seasonal variation in the concentration of
chlorophyll-a at both the surface and the SCM in the Bay of Bengal
has not been presented, and thus, this study attempts to com-
prehensively address this issue. Both external factors, e.g., river
inputs, wind forcing, and inflow from the adjacent Arabian Sea,
and internal oceanic dynamics, e.g., Ekman pumping, coastal up-
welling, variation in the euphotic depth, and thermocline dynam-
ics, regulate the concentration of chlorophyll-a at both the surface
and the SCM.

Five potential zones of high chlorophyll-a concentrations at
the surface and at the SCM are explored in the current study:
along the GBM River estuary, the Irrawaddy River estuary, along
the western coast of the Bay of Bengal, the Sri Lanka dome, and
the Indonesia dome. Additionally, the entire western part of the
southern Bay of Bengal is characterized by a high concentration of
chlorophyll-a at the SCM during summer and early autumn, and
this newly identified high-concentration area could be a potential
source of productivity in the Bay of Bengal.

The GBM and Irrawaddy River systems are the dominant sup-
pliers of nutrients along the estuaries and ultimately enhance the
chlorophyll-a concentration both at the surface and in the subsur-
face. The southwesterly wind-induced positive wind stress curl
uplifts the thermocline layer, which enriches the concentration
of chlorophyll-a at the SCM in the western Bay of Bengal during
summer and early autumn. Moreover, the southwesterly along-
shore wind induces coastal upwelling driven by Ekman transport
within the Sri Lanka dome and along the western coast of the Bay
of Bengal during these seasons. Hence, southwesterly monsoonal

winds exert strong controls over the internal processes in this
bay such as thermocline dynamics, coastal upwelling, and Ekman
pumping, and increase the concentration of chlorophyll-a at the
SCM throughout the whole western part of the Bay of Bengal.

The surface area covered by a high concentration of
chlorophyll-a ( > 0.4 mg m~3) at the SCM is greater during spring
than in other seasons due to the comparatively deep euphotic
depth during the former. The favorable temperature at the SCM
is approximately 26+0.5°C, and thus, the depth of the 26 °C
isotherm can be considered a proxy of the depth of the SCM. In
addition, the MLD does not significantly control the concentration
of surface chlorophyll-a, especially in the offshore areas. The SST
also shows a spatiotemporally variable relationship with surface
chlorophyll-a, and the surface chlorophyll-a concentration does
not always correlate with the SST in this bay.
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