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Abstract

The northern Indian Ocean has been warming steadily for over a half-century, especially the north-western Indian Ocean.
It is widely reported that the increasing sea surface temperature in the global oceans decreases phytoplankton biomass
and productivity. The impacts of long-term variations in the sea surface properties on the phytoplankton biomass
(chlorophyll a) are least studied in the northern Indian Ocean. In this study, we have retrieved satellite, model, and
ARGO float data sets to investigate the long-term variations in the distributions and trends of major oceanic variables
for a better understanding of the respective changes that occurred in chlorophyll a concentration in the central regions
of the Arabian Sea (AS) and the Bay of Bengal (BB). We have selected variables such as sea surface temperature
(SST), sea surface salinity (SSS), photosynthetically available radiation (PAR), euphotic depth (ZEU), mixed layer
depth (MLD), wind speed, mean sea level anomaly (MSLA), surface currents, etc., to relate with chlorophyll a. We
found significant increasing trends in SST and positive-MSLA in both basins, and the chlorophyll a was decreased in
the AS but contrastingly increased in the BB. Further data analysis revealed the possible reasons, such as seasonal
changes in mean sea level anomaly and meridional currents, for the increasing trend of chlorophyll a in the central
Bay of Bengal. The northward flow of the meridional currents during the southwest monsoon (SWM), transports
the nutrient-rich water from the coastal upwelling zone of the southwest coast of India to the southern and central
BB, and enhances chlorophyll a. Contrastingly, the southward flow of low-saline and nutrient-depleted Bay of Bengal
water reduces the chlorophyll a. In addition, the large area of cold-core eddies found during the NEM enhanced the
chlorophyll a in the central BB. Though contrasting trends between both basins in chlorophyll a distribution were
found, the mean concentration of chlorophyll a in the northern Indian Ocean decreases. The present study signifies the
importance of monsoon currents and eddies in regulating the chlorophyll a biomass and primary productivity in the AS
and BB.
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1. Introduction

The global ocean is warming by 0.2°C decade™! (Doney,
2006; McCulloch et al,, 2024) and the north-western In-
dian Ocean (Arabian Sea) experiences the most signifi-
cant warming among the tropical seas (Mohan et al.,, 2021;
Roxy et al,, 2014). The seasonally reversing winds over
the northern Indian Ocean drive major variability in physi-
cal, chemical, and biological variables of the water column
(Chowdhury et al.,, 2021; Jyothibabu et al., 2015; Prasanna
Kumar et al., 2004). The reversing ocean surface currents
are the outcomes of monsoon, which exchange water mass
between the Arabian Sea (AS) and the Bay of Bengal (BB)

(Figure 1). In general, the AS is one of the most produc-
tive oceanic regions because of strong coastal upwelling
along the western and parts of eastern boundaries during
the southwest monsoon (June-September; SWM), advec-
tion of the same to the open ocean and the winter con-
vection in the northern AS during the northeast monsoon
(November-February; NEM) (Banse, 1968; Madhupratap
etal, 1996). The BB (north-eastern Indian Ocean) is known
to be a zone with low productivity compared to the AS
due to the large volume of freshwater influx and warm
sea surface, causing stratification in the surface water col-
umn (Prasanna Kumar et al,, 2002; Sarma et al.,, 2016).
The global ocean primary productivity and phytoplankton


https://creativecommons.org/licenses/by/4.0/deed.en

Long-term responses of phytoplankton biomass to the ocean surface variables ...

Latitude

50°E 60°E 70°E
Bathymetry

« B B B EE S £ =& E S 5 £ 5 &

533z 388 i3 8 EEGEGE

Longitude

2/20

SWM currents
—— NEM currents

Ocean Data View

80°E 90°E
Linear trend of Chi-a (2002-2020)

Figure 1. Study area in the central Arabian Sea and the central Bay of Bengal showed in the map as black square boxes.
The color gradients within the square boxes overlaid on the bathymetry map represent the linear trend of chlorophyll a
concentration over the selected time period (2002-2020). The blue and red color gradients indicate decreasing and
increasing trend in chlorophyll a, respectively. The pattern of major near-surface currents during the southwest monsoon
(green arrows) and northeast monsoon (yellow arrows) overlaid. The near-surface circulation patterns adopted from
Shenoi et al. (1999). The cumulative wind directions during each season also showed. Photo-editing tool was used to

overlay the features.

biomass in the water column have been continuously de-
creasing during the recent decades due to the increasing
SST and associated changes in the water column (Behren-
feld et al., 2006; Sarmiento et al., 2004).

Studies on long-term processes or climatic effects re-
quire effort in standardisation and uniformity in measure-
ments over a considerable period, as they are occurring
slowly (Yang et al,, 2013). The uniformity of the on-site
measurements during a longer timespan is hard to achieve
due to varying coverage areas, irregular sampling inter-
vals, advancement of methods, and varying resolution of
instruments over time (Venrick et al.,, 1987). Similarly,
the oceans are under increasing anthropogenic activity
pressures and local-scale natural changes, which lead to
high irregularities in data measurements. Laboratory or
field-based micro-, meso- and macrocosm experiments
can predict the future ecosystem changes (Anil etal., 2021;
Calbet et al,, 2014; Yadav et al,, 2016). Global and regional

mathematical models are developed to predict future cli-
mate changes (Araujo and Rahbek, 2006; Giorgi, 2005; Luo
etal,, 2012; Mohan et al., 2021). The experiments-based
research and the ocean biophysical and biogeochemical
models are providing valuable results on ocean food webs
and elemental cycling (Gregg and Rousseaux, 2019; Mur-
phy et al,, 2019; Wiggert et al., 2005; Wollrab et al.,, 2021).
As the continuous monitoring and data collection from the
field is more expensive, long-term satellite observations,
data re-analysis, and numerical modeling are considered
to be suitable and standard methods to understand the
changes in the ocean parameters over a longer period of
time (Dalpadado et al., 2021; Gregg and Rousseaux, 2019;
Jiang and Wang, 2018; Sarmiento et al.,, 2004; Singh and Oh,
2007).

The coastal ecosystem is highly dynamic, where various
local scale influences are introduced by river influx, tidal
activity, wave activity, coastal currents, and anthropogenic
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inputs (ports and harbor, industries, recreation, farming,
domestic, etc.). It is very complex to understand the trends
of ecosystem change on a long-term scale for such coastal
and bay regions. To avoid high instabilities that occur in
the shelf waters (optically complex), the open ocean re-
gions are more suitable for such studies (Behrenfeld et al.,
2005). The remote sensing and ARGO floats cover large
open ocean areas with reliable and standard/uniform mea-
surements over a longer period (Guinehut et al., 2004; Ma
etal,, 2021). The long-term trends in physical and biologi-
cal properties in the AS and the BB showed inconsistency
(Goes et al., 2005; Khan et al., 2004; Kumar et al,, 2016;
Lotliker et al.,, 2020; Prakash et al., 2012; Prakash and
Ramesh, 2007; Pramanik et al., 2020; Prasanna Kumar et
al,, 2010). For example, the studies by Goes et al. (2005)
and Prakash and Ramesh (2007) reported huge and in-
significant changes in chlorophyll a concentration in the
AS, respectively. In the current study, we have used remote
sensing data to deepen the existing knowledge of the long-
term variations in oceanic variables and the ecosystem
responses. We focused on phytoplankton biomass (chloro-
phyll a) because of their importance in carbon fixation and
the food web (primary food in the ocean made through
photosynthetic activity to the utmost marine organisms)
(Falkowski et al., 2008; Raymont, 2014).

Phytoplankton are more sensitive to environmental
variabilities and therefore they can be considered an im-
portant ecological indicators of the oceans. The increasing
SST and associated changes in the surface hydrography sig-
nificantly alter the phytoplankton diversity, biomass, and
productivity, ultimately affecting the entire aquatic food

web and carbon fixation/cycling (Doney, 2006; Lewandowska

etal,, 2014). The significance of the present study will be
to understand different responses (decreasing/increasing
trend) of chlorophyll a to the long-term changes in the
ocean surface variables in the central parts of the AS and
the BB. As these two ocean basins support a significant
number of livelihoods, this study may have better impli-
cations on the policymaking for fisheries and climatolo-
gists. The specific objectives of this study are (a) to find
the relationship between the trend of surface chlorophyll
a and the trend of surface temperature, (b) to recognize
similar/different responses of chlorophyll a to the other
hydrographical settings of the central Arabian Sea, and the
Bay of Bengal and (c) to distinguish specific parameters
controlling the chlorophyll a variability in each basin.

2. Methods

2.1 Study area

The AS and the BB are semi-enclosed seas located almost in
the same latitude, but the AS is in the west and the latter in
the east. The reversing monsoon winds and currents have
a significant impact on the biological productivity of these
regions (Jyothibabu et al,, 2015; Shankar et al,, 2002). In
the present study, we have selected only the central regions
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of the basins to avoid possible coastal fluctuations in the
long-term trends. We fixed a representative area of ~555
km? in the same latitudes (11-16°N) of each basin (AS:
63-68°E; BB: 85-90°E) (Figure 1). The selected regions
are far away from the coast, located in the open ocean
(depth >3000 m).

2.2 Data retrieval

The long-term monthly time series data sets from satellite-
remote sensing and ARGO floats were retrieved and used in
this study. The merged mean SST (AVHRR, ship, buoy, GSFC-
ice, and daily-0I-V2) from 2002 to 2020 was retrieved from
CSIR-NIO’s live access server (las.nio.org). The sea surface
salinity (SSS) and mixed layer depth (MLD) were retrieved
from BOA-ARGO (2004-2020; argo.ucsd.edu; change in
density by 0.03 kg m~2 from that at 10 m depth; Hosoda et
al,, 2010; Li et al,, 2017) by downloading directly from the
respective FTP server. The ARGO-derived data, depth of
26°C isotherms (D26), was retrieved from INCOIS’s live ac-
cess server (2004-2019; las.incois.gov.in). The wind speed
was retrieved from Quickscat (2002-2007; las.nio.org) and
ASCAT (2007-2020; oceanwatch.pifsc.noaa.gov), and both
datasets were combined to derive long-time data series
(2002-2020). The mean sea level anomaly (MSLA), zonal
currents (u), and meridional currents (v) were retrieved
from AVISO live access server (2002-2020; las.aviso.al-
timetry.fr). The MODIS-Aqua derived PAR, ZEU, and chloro-
phyll a were retrieved from NOAA's Ocean Watch data ac-
cessserver (2002-2020; oceanwatch.pfeg.noaa.gov). NASA
Ocean Biogeochemical Model derived nitrate (NO?) con-
centration was also retrieved (spatial resolution: 0.67° x

1.25°;2002-2015; giovanni.gsfc.nasa.gov; Gregg and Casey,
2007; Rousseaux and Gregg, 2012).

2.3 Data processes and analyses

2.3.1 Spatial and temporal trend analysis

The spatial means of the above parameters for the AS and
the BB were individually computed using the software Py-
Ferret (v7.63) and converted to monthly time series. The
spatial variation (linear trend) in chlorophyll a over a long
time (18 years; 2002-2020) for the selected regions over-
laid on the map (Figure 1) was generated by converting
each time step as a number (n=216) and the spatial cor-
relation analysis was done between time and the chloro-
phyll a variable in PyFerret. The time-series data was split
to estimate the trend (T,; long-term orientation), season-
ality (S;; repeating/cyclical patterns), and random (R;; ir-
regularities) components by applying mathematical equa-
tions which are available in RStudio via the decompose
function (Coghlan, 2018). As the magnitudes of seasonal
variations of the time series data sets did not increase or
decrease noticeably (graphical method), we selected the
additive model (D, =T, + S, + R,) to decompose the data
sets. In this model, the D, is time series data, T, is trend, S,
is seasonal, and R, is residual components. The time-series
trend was calculated as T, =D, — (S; + R,). In this study,
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we have focused on the trend component, which is chang-
ing over the decade due to changing climate. The slope and
intercept for the trend data were analyzed to understand
the linearity. The longitude-time plots were made for se-
lected parameters for the recent decade (2010-2020 for
better visualization) to understand the associations among
those parameters in both basins (PyFerret v7.63). The spa-
tial maps of MSLA and chlorophyll a for selected months
were prepared for both basins to explain the impacts of
MSLA on the chlorophyll a concentration.

2.3.2 Change-point and wavelet analysis

The change-point analysis is one of the standard methods
to identify significant changes in a time series data set.
The analysis was carried out to assess whether significant
changes occurred in chlorophyll a over the selected period
(2002-2020). Analysis was done using the changepoint
package (v2.2.3), and the pruning method (PELT) was se-
lected in RStudio (Killick et al., 2012). In addition to the
trend analysis, the wavelet power spectrum and their mean
were analyzed for selected parameters (showed signatures
to explain variations in chlorophyll a) to understand the
hidden periodical changes and dominant signal frequen-
cies concerning the time (2002-2020) (Liu et al,, 2014).

2.3.3 Correlation and generalized additive model statistics

The monthly means of each parameter (D,; calculated in
PyFerret) and the computed trend values by subtracting
seasonality and residuals (T,; calculated in RStudio) for
each basin were used to analyze the non-parametric Spear-
man multivariable correlation. The correlation results
were presented as a matrix of shades and pie charts (in
the lower-left diagonals) and correlation coefficients (in
the upper-right diagonals) to get accurate links among
the parameters (in RStudio; corrgram and corrplot pack-
ages; Friendly, 2002). Also, the generalized additive model
analysis was done to understand the partial impacts of se-
lected variables on the change in chlorophyll a (in RStudio;
package: mgcv). We have followed the attribution guide-
lines to map the study area (Figure 1) using Ocean Data
View and other spatial data presentations using PyFerret
tool (v7.63). The graphs were plotted using Grapher v7.2.
(Golden Software, USA) and RStudio (v 1.3.1093).

3. Results

3.1 Trend distributions and change-points

The chlorophyll a concentration in the AS showed a de-
creasing trend (n =219; r = 0.22; slope = —0.0004 and in-
tercept = 0.44) over the selected period (Figure 2a). There
were three significant peaks (>0.5 mg m—3; 2004, 2006,
and 2008) found in the trend before 2010 in chlorophyll
a, and later, there was only one peak found in 2018. The
SST showed a positive trend with respect to time (n = 209;
r=0.22; slope = 0.0008 and intercept = 27.9). Especially
after 2010, the SST trend increased noticeably and exhib-
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ited a clear opposite trend to chlorophyll a (Figure 2a).
The trend of MSLA also displayed a significant increasing
pattern (Figure 2b; n =209; r = 0.83; slope = 0.0004 and
intercept = 0.02). No noticeable trend change was found
in MLD, ZEU, and PAR in the AS (Figure 2c-e).

In the BB, trends of the variables were much similar to
the Arabian Sea, except ZEU (n =216; r = —0.56; slope =
—0.04 and intercept = 104.8), which was decreasing (Fig-
ure 2f-j). An important feature we noticed in the BB was
the trend of chlorophyll a, which was increasing with re-
spect to the time (n=216; r = 0.64; slope =0.0001 and
intercept = 0.15), along with increasing SST (Figure 2f).
It particularly increased after 2010 with few significant
peaks.

There were three significant change-points in chloro-
phyll a found in the AS (Figure 3a) till December 2003
(0.25 +0.013 mg m—3), 2008 (0.54 4- 0.26 mg m—3), 2010
(0.25 4 0.01 mg m—3) and 2020 (0.37 4+ 0.09 mg m—3). In
the BB, there was a drop point (0.13 mg m~2) found be-
tween March and May 2011, and it was slightly increased
later (0.17 4- 0.002 mg m—3) than before (0.16 4- 0.001 mg
m~?) (Figure 3b). Among the basins, the AS showed an
apparent decline (December 2010), but the BB showed an
upsurge (March 2011).

3.2 Meridional (inter-annual) variations

The changes in selected physical parameters and chloro-
phyll a over a period of time (after 2010) were presented to
show the significant features, inter-annual variations, sea-
sonal patterns, and possible linkages among them in the AS
(Figure 4) and the BB (Figure 5). The Hovmoller plots give
a clear indication of warmer (positive MSLA) and cooler
(negative MSLA) waters with low and high chlorophyll g, re-
spectively, in both basins.The spatial comparisons of MSLA
and chlorophyll a during selected periods clearly indicate
the positive and negative impacts of MSLA on chlorophyll a
in the Bay of Bengal.

3.2.1 Variations in the Arabian Sea

Although clear seasonality was noticed in the selected time
series data, inter-annual variations were also found with
stronger and weaker features. Out of 124 months selected,
cold water (avg. <27°C) was found during 23 months,
and warm surface water (avg. >29°C) was found dur-
ing 28 months in the central AS (Figure 4a). The MSLA
was positive (avg. 0.14 + 0.03 m) during the warm phases
and mostly negative (avg. 0.03 4 0.05 m) during the cold
phases (Figure 4b). The MLD was deeper during the cooler
period (avg. 66 4+ 14 m) and shallow during the warm
months (avg. 26 4+ 12 m; Figure 4c). The ZEU was deeper
(avg. 125 + 14 m) during the warm period and shallower
(avg. 60 4+ 10 m) during the cooler months (Figure 4d).
The surface PAR was relatively higher (avg. 52.54+5.6
E m~2 d~!) during the warm-SST period and lower (avg.
46.7 4+ 3.8 Em 2 d!) during the cold-SST period (Figure
4e). The cooler surface water, negative /lower MSLA, and
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Figure 3. The chlorophyll a distribution along with signifi-
cant change-points are presented for the central Arabian
Sea (a) and the central Bay of Bengal (b). Each type of a
symbol indicates range of mean chlorophyll a.

shallow ZEU showed the highest chlorophyll a concentra-
tion (avg. 0.76 + 0.4 mg m—?), and the opposite conditions
showed the lowest chlorophyll a (avg. 0.13 4+ 0.04 mg m~3;
Figure 4f). A northward increase of chlorophyll a was evi-
denced during each productive season.

3.2.2 Variations in the Bay of Bengal

As the BB is also located in the same latitude belt of the AS,
it exhibited almost similar seasonality in selected variables
(Figure 5). However, as compared with the AS, the BB was
fairly warmer, and it was relatively cooler (avg. <27°C)
only for 4 months in the selected period (124 months) and
warmer for almost 46 months (avg. > 29°C; Figure 5a).
The surface cooling was stronger in the north, and warm-
ing was efficient in the south of the selected region, similar
to the AS. During the warm months, the MSLA was more
positive (avg. 0.1 4+ 0.06 m) and negative or weaker pos-
itive during cooler months (avg. 0.07 4+ 0.05 m). Also, it
was evidenced that there was a delay in the response of
SST to the decrease in MSLA (Figure 5b). The MLD was
shallower in the BB than the AS during cooler months and
similar during the warmer months. In the BB, it was rel-
atively deeper (avg. 40 + 4 m) during the cooler periods
and shallower (avg. 26 + 10 m) during the warm periods
(Figure 5c). The difference in the ZEU between colder and
warmer periods was narrow (17 4+ 8 m), but comparatively,
the ZEU was deeper in the BB than the AS during cooler
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months. Relatively deeper ZEU (avg. 109 + 15 m) was
found during the warm periods and shallower (avg. 91 4+ 7
m) during the cooler periods (Figure 5d). The surface PAR
levels were seasonally varied between 29 Em~2 d~! and
57 Em~2 d~!, but during the warm and cold months, the
PAR was comparable (cooler: avg. 48 + 4 Em2d ! and
warmer: avg. 46 +7 Em~2 d~!; Figure 5e). The AS had
more chlorophyll a concentration than the BB during the
cooler period and comparable during the warmer period.
The cooler months were found with a proportionately high
concentration of chlorophyll a (avg. 0.19 4 0.02 mg m—?)
than during the warmer months (avg. 0.14 + 0.03 mg m—3;
Figure 5f).

3.3 Importance of MSLA in structuring chlorophyll a
As per the understanding from the above results, it is clear
that the MSLA was one of the prime variables which control
the SST and chlorophyll a in both the AS and the BB basins.
So, further, we have processed and compared the MSLA
and chlorophyll a parameters during selected months (Fig-
ures 6 and 7), which are marked by vertical bars in Fig-
ures 4 and 5 for AS and the BB, respectively. The positive or
higher MSLA in the central AS was represented by selected
time periods that showed the lowest chlorophyll a, and
the negative or lower MSLA periods had the highest con-
centration of chlorophyll a (Figure 6). Similarly, in the BB,
we found strong spatial control of chlorophyll a by MSLA
also evidenced by positive and negative MSLA conditions
during the same periods adjacently (Figure 7).

3.4 Periodicity of variables

The wavelet power spectrum and its means of selected
variables in the central AS showed statistically significant
(p < 0.05) variances with semi-annual (6-months) and an-
nual (12-months) periodicity/intervals, and most parame-
ters showed dominant periodicity of 6-months (Figure 8).
Though the euphotic depth variance was significant and
followed the above intervals, the annual periodicity was
stronger than the prior one (Figure 8a-b). The annual
signals have become dominant during the recent decade
(Figure 8a). The SST showed a stronger variance with a 6-
month periodicity, and the annual signals of variance were
significant but weaker (Figure 8c-d). The PAR showed
comparable variance during both periodicities (Figure 8e-
f). The variability in chlorophyll a was predominant with
semi-annual periodicity and weaker in the annual case
(Figure 8g-h). The periodicity of chlorophyll a variability
was shorter during the 2005-2010 period.

Unlike the AS, the periodicity of variabilities of most
parameters in the central BB was showed predominantly
annual (Figure 8). The selected parameters, such as ZEU
(Figure 8a-b) and MSLA (Figure 8c-d), showed significant
variance with an annual periodicity. The variability trend
was similar between meridional currents and chlorophyll
a; both showed more robust annual periodicity and weaker
semi-annual signals (Figure 8e-h). The variability in most
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of Bengal.

of the parameters was stronger from 2013 to 2020. The
periodicity of chlorophyll a variability was shorter during
the above period (Figure 8e).

3.5 Correlation among the variables

Multiple variables and their trends were correlated with
each other and with chlorophyll a concentration in both
the AS and the BB, and it delineated the positively- and
negatively-impacting variables (Figure 9). Though the pat-
tern of impacts of variables on chlorophyll a was similar in
both basins, the strength was varied. In the AS, the sea sur-
face temperature, euphotic depth, and sea level anomaly
were negatively related to chlorophyll a (Figure 9a), but in
the BB, in addition to the above parameters, PAR and depth
of 26°C isotherms (D26) also affected negatively (Figure
9b). The parameters such as surface salinity, wind speed,

mixed layer depth, and nitrate concentration showed a
positive relationship with chlorophyll a in the AS (Fig-
ure 9a), and additionally, zonal and meridional currents
were positively correlated with chlorophyll a in the BB
(Figure 9b). The trend data (after removing the seasonal-
ity and residue/noise values) showed significant positive
relationships (n > 150; p < 0.05) of wind speed, zonal cur-
rents, meridional currents, and nitrate with chlorophyll a
in the AS (Figure 9c). The trends of surface temperature,
salinity, euphotic depth, sea level anomaly, mixed layer
depth, and D26 were negatively correlated with chloro-
phyll a in the AS (Figure 9c). In the BB, the trend of SLA,
nitrate, and meridional currents are the parameters posi-
tively correlated with chlorophyll a, and the surface salin-
ity, PAR, euphotic depth, zonal currents, mixed layer depth,
and D26 were negatively related (Figure 9d). The GAM
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results showed the SLA in both basins negatively affecting
chlorophyll a (Figure 9e-f). In the AS, the negative (east-
ward) or weaker zonal currents and the southward flow of
meridional currents showed enhancing effects on chloro-
phyll a (Figure 9e). In the BB, the eastward (4zonal) and
northward (+meridional) flow of water currents showed
positive effects on chlorophyll a (Figure 9f).

3.6 Link between chlorophyll a and meridional currents
in the BB

The correlation analysis revealed that chlorophyll a was
significantly supported by zonal and meridional currents
in the BB, unlike in the AS. It was found that the merid-
ional currents in the BB showed a peculiar connection
with chlorophyll a (Figure 10). An increase/relatively high
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concentration of chlorophyll a was found when the merid-
ional flow was northward (positive), and it was decreased
during the dominance of the southward flow of surface
currents (negative) (Figure 10a). The 18-year monthly
climatology also clearly represented the above findings
(more consistent), with the northward flow from July to
January (increase in chlorophyll a) and southward flow
from February to June (decrease in chlorophyll a) (Fig-
ure 10b).

4. Discussion

The long-term data analyses from the northern Indian
Ocean were conducted by many researchers and gave valu-
able information on the inter-annual variability of temper-
ature, mean sea level anomaly, primary productivity, and
chlorophyll a. Many previous studies reported inconsistent
results on the longer time changes both in the Arabian Sea
and the Bay of Bengal (Goes et al., 2005; Khan et al., 2004;
Kumar et al,, 2016; Lotliker et al., 2020; Prakash et al.,
2012; Prakash and Ramesh, 2007; Pramanik et al., 2020;

Prasanna Kumar et al., 2010). Goes et al. (2005) reported
a consistent increase in chlorophyll a by more than 300%
in the western Arabian Sea due to increased wind speed.
A 9-year time series suggested a lack of significant change
in chlorophyll a over the north and south-eastern Arabian
Sea (Prakash and Ramesh, 2007). However, Prasanna Ku-
mar et al. (2010) revealed a basin-scale weaker increase in
concentration due to the dust-born nutrients supply in the
entire Arabian Sea. Other time-series studies conducted in
the western AS (Prakash et al,, 2012), and the BB (Chen et
al,, 2014) showed an increasing trend till 2003 that later
declined. A study evidenced a significant rise of chloro-
phyll a during the NEM in the entire AS (Dalpadado et al,,
2021). Also, it was recorded that the primary productiv-
ity in the entire northern Indian Ocean is declining due
to surface ocean warming (Gregg and Rousseaux, 2019;
Roxy et al., 2016). The above-mentioned studies showed
different trends and magnitudes in the chlorophyll a dis-
tribution in different regions of the northern Indian Ocean,
especially the AS. Fewer studies focused on the long-term
variability of chlorophyll a or primary productivity in the
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Bay of Bengal (Chen et al., 2014; Lotliker et al., 2020; Mi-
randa et al., 2020; Pramanik et al., 2020; Xu et al.,, 2021).
The present study focuses on understanding long-term
trends and changes in the hydrography of the central Ara-
bian Sea and the central Bay of Bengal and their impacts
on chlorophyll a (phytoplankton biomass). We have an-
alyzed large, standard data sets retrieved from various
sources, such as satellite remote sensing data, arithmetic
model-derived data, and data acquired from ARGO floats,
and found significant changes in trends over the selected
period (18 years). We selected central parts of the basins
to avoid highly dynamic coastal influences on the hydrog-
raphy. When comparing both basins (Figure 2), the trend
of SST shows that the BB is warmer than the AS, due to
the enormous volume of river water supply into the BB
(Gopalakrishna et al., 2002; Jyothibabu et al., 2021; Prasad,
2004; Prasanna Kumar et al., 2002; Sarma et al., 2016).
That forms surface stratification and weaker/restricted
vertical mixing in the BB, eventually causing shallow MLD,
positive MSLA, and low chlorophyll a. As biological produc-
tion is lower, the water becomes clear and light penetration
is deeper compared to the AS.

4.1 Possible reasons for the chlorophyll a trend and
change-points
The long-time trends of chlorophyll a in both the central
Arabian Sea and the central Bay of Bengal were opposite.
Multiple secular peaks in trends found before 2010 and
absent later led to the declining trend of chlorophyll a in
the AS. Similar secular peaks in chlorophyll a trend were
found after 2010 in the BB, and both were confirmed by the
change-point statistics. Most of these peaks and lows were
well aligned with the trends of sea surface temperature
and mean sea level anomaly, which limited the phytoplank-
ton production by restricting vertical mixing and nutrient
supply to the euphotic water column of the ocean (Prakash
et al, 2012; Roxy et al.,, 2016). The trends of MLD and
ZEU were positively related, but they correlated negatively
with chlorophyll a, which could be a response of phyto-
plankton to avoid high-light (PAR) in the surface waters.
Though deep mixing brings nutrients to the surface wa-
ter column, the availability of light significantly alters the
depth of phytoplankton production. In the BB, Jyothibabu
et al. (2018) observed that on days with high PAR, phyto-
plankton production and accumulation occurred in deeper
waters, while on low PAR days, phytoplankton rose to the
surface to access light. This high-light avoidance mecha-
nism likely explains these observations, as ZEU and MLD
were both deeper, and a significant negative relationship
was found between PAR and chlorophyll a in the BB. The
decreasing and increasing trends of chlorophyll a in the
central regions of the AS and the BB explain the deepening
and shallowing trends in ZEU, respectively (Aksnes and
Ohman, 2009). The increase in phytoplankton production
in the surface water column releases a high quantity of de-
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tritus, and the presence of abundant phytoplankton cells
jointly reduces the water clarity and leads to shallow eu-
photic depth (Lee et al., 2007). Warmer water causes ther-
mal stratification, which depletes nutrients, and high PAR
damages the photosynthetic systems of phytoplankton. To-
gether, these factors cause phytoplankton to either shift
their position vertically (though limited by their drifting
nature) or experience cell damage in stressed near-surface
waters, while achieving better growth in more favorable
deeper waters. In situ time series measurements are nec-
essary to gain better insights into whether the cells die or
shift vertically.

4.2 Longitude-time variations

The northward increase in chlorophyll a within the se-
lected 5° area box in the central AS indicates the advec-
tion of nutrients and phytoplankton biomass from the
north. This specific feature in chlorophyll a distribution
was observed only in the AS, not in the BB, though both
basins showed the cooling of surface water towards the
north. It was reported that through the mesoscale fila-
ments, the upwelled nutrients from the north-western
AS were introduced to the central AS during the SWM,
which enhanced the biological productivity (Keen et al,,
1997; Prasanna Kumar et al., 2001, 2000; Resplandy et
al, 2011). However, the present study showed notice-
ably very high chlorophyll a levels during the NEM season
compared to the SWM season. This increase could be at-
tributed to the nutrients supplied by the advection of win-
ter convection (Albin et al., 2022; Jyothibabu et al., 2010;
Madhupratap et al., 1996). The time-series results show
that winter convection-associated biological productivity
is over-dominating the upwelling-induced productivity in
the selected region of the central Arabian Sea. The cloud
cover during the SWM is one of the possible reasons for
the lack of data to represent the true impact of upwelling-
dependent productivity. The percentage of invalid pixels
(represents cloudy region) in the AS was 28% and in the
BB was 32.5%, which is the possible reason for lower PAR
in BB than in the AS.

As the above physical forces are alternatively dom-
inating during each season (SWM-upwelling and NEM-
convection; Albin et al., 2022; Jyothibabu et al., 2010; Mad-
hupratap et al., 1996), during the selected period, the Ara-
bian Sea is nearly balanced in warm (22.6%) and cool
phases (18.5%). Nevertheless, the Bay of Bengal showed
the dominance of warm phases (37%) over the cool phases
(3.2%) due to a lack of strong physical forces which can
break the surface stratification and mix the water column
(Shetye et al., 1991). Instead, the surface stratification in
the BB is supported by higher temperature during spring
inter-monsoon (thermal stratification) and heavy freshwa-
ter influx during the SWM/NEM (density stratification)
(Mahadevan et al., 2016; Prasanna Kumar et al., 2002;
Sarma et al,, 2016; Vinayachandran and Kurian, 2007).
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In addition, the predominance of warm-phases was sus-
tained with positive mean sea level, shallow vertical mixing,
deeper euphotic depth, and high PAR at the surface, which
jointly decreased the biological productivity in the surface
water column of the central Bay of Bengal.

The increasing water temperature in the ocean affects
the phytoplankton by size decrease, lower primary produc-
tion, change in growth rate (increases initially and stops
at a point) and community shift (Jorgensen, 1968; Mon-
tagnes and Franklin, 2001; Thomas et al., 2012). The water
temperature is significantly altering the physiological pro-
cesses/metabolism of phytoplankton. The warmer water
enhances the metabolic activities of phytoplankton, which
can enhance the excretion of organic solutes (Zlotnik and
Dubinsky, 1989). In natural systems, warmer water (less
dense) sits over the cooler water mass (denser), creating
stratification, which restricts vertical mixing. The land-
locked topography and the weakened differential heating
between land and sea lead the northern Indian Ocean to
warm more steadily than other oceans (Mishra etal., 2019;
Singh and Oh, 2007). The stratification further increases
surface temperature and cuts nutrient supply to the sur-
face euphotic water column from the subsurface (Prasanna
Kumar et al.,, 2002). A recent experimental study by Mur-
phy et al. (2019) showed that the increase in temperature
significantly impacted the higher trophic predators of the
plankton food web than the primary producers due to their
increased metabolic activities in warmer temperatures led
to higher feeding rates. However, meta-analysis showed
that ocean warming negatively impacted all the plankton
food web groups and was highly significant in phytoplank-
ton (Murphy et al., 2019). The higher metabolic activity
and unavailability of nutrients in the warm surface waters
might be the possible reasons for decreased phytoplankton
growth and productivity.

Tropical phytoplankton is susceptible to increasing
temperatures, but they can adapt to the slow changes over
time because of their fast reproduction (Schaum et al,,
2017; Thomas et al., 2012). Though the chlorophyll a
concentrations measured through satellite remote sens-
ing showed a declining trend, it is uncertain owing to the
depth limitation of the measurements (Huot et al., 2005).
The optimum light and nutrients are essential for phyto-
plankton production, and both are available in the sub-
surface waters of the AS and the BB (Ravichandran et al,,
2012; Thusharaetal,, 2019). The deep chlorophyll maxima
layer contributes major primary production in the strat-
ified water columns, and such chlorophyll concentration
and phytoplankton production could not be reflected in
the satellite measurements (van Leeuwen et al,, 2013). It
is required to consider the long-term deep-water in situ
measurements and autonomous underwater profilers to
hint at changes in subsurface productivity with respect to
increased surface temperature. Also, as the lifespan of phy-
toplankton is short, the impact of climate change might be
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lesser on their biomass, but it may reflect on the commu-
nity structure (Boyce et al., 2010; Chowdhury et al., 2021;
Roxy et al,, 2016). The local hydrography and the grazing
impact of zooplankton could be the predominant factors
that impact the phytoplankton biomass instantly rather
than long-time changes (Chowdhury et al,, 2021).

4.3 Role of MSLA and meridional currents

The MSLA and associated surface currents significantly
control the biological productivity and the long-time trends
in the northern Indian Ocean through the formation of
mesoscale eddies (Jyothibabu et al,, 2015; Prakash et al,,
2012; Sarma et al,, 2020). The present study (Figure 6
and 7) also signifies the importance of MSLA on the phy-
toplankton production in the central AS and the BB over
a longer period. We have evidenced different MSLA situ-
ations in the study area, such as highly positive (> 0.15
m) and negative (< —0.15 m) in the AS and combined sit-
uations (positive and negative together) in the BB. In the
AS, any one of the features was dominating over a large
area at a time. But in the BB, two mesoscale eddies (cy-
clonic and anti-cyclonic) co-occur adjacently. These fea-
tures were reflected in the chlorophyll a pictures with iso-
lated high and poor concentrations with respect to the neg-
ative (cold pool) and positive (warm pool) MSLA situations.
The mesoscale (cyclonic) eddies can inject nutrient-rich
deeper water into the photic zone and increase isolated
patches of phytoplankton blooms (Prasanna Kumar et al.,
2004). Similarly, the prolonged presence of anti-cyclonic
eddies (warm core) is reported to cause extreme oligotro-
phy in the BB (Chinnadurai et al,, 2021), especially they
were found dominant in the southern region of the western
BB (Dandapat and Chakraborty, 2016).

We found a significant increase in MSLA both in the
AS and the BB during the selected period, which could be
due to the increase of ocean surface temperature, which
melts the polar ice as well as expands the water mass, as
a result of climatic global warming (Kerr, 2012; Rhein et
al,, 2013; Roxy et al., 2016). The rate of increase of MSLA
in both basins (3.6 4- 0.2 mm yr—!) is comparable with the
reported global mean change (3.1 + 0.7 mm yr—!; Thomp-
son et al,, 2008). Though the positive MSLA occurs due
to the convergence of surface water, in specific cases, it
supports biological productivity by converging nutrient-
rich upwelled or shelf water (Batten and Crawford, 2005;
Feng et al., 2007; Jyothibabu et al., 2015). The strength of
the eddy has a significant role in transporting water mass
along with all the physical, chemical, and biological proper-
ties (Batten and Crawford, 2005; Chinnadurai et al., 2021;
Sarma et al.,, 2020). As a large area of the BB is occupied
by the warm core eddies (Jyothibabu et al., 2021), and it
showed a significant increase in MSLA over selected time,
a noticeable decline is expected in chlorophyll a. Sarma et
al. (2020) stated that warm core eddies transport the shelf
waters towards the open seas and enhances biological pro-
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duction. The present study showed an increasing trend in
the central BB, which is mainly supported by the merid-
ional currents (Figure 10) as well as zonal currents which
may carry the shelf waters (Sarma et al., 2020). Especially
the northward flow of the meridional currents evidenced
the enhancement of chlorophyll a, and southward flow
was found with declined chlorophyll a. Usually, the high
chlorophyll a was found and reported during the NEM due
to the significant increase in the cold core eddy area (Jyoth-
ibabu et al,, 2021). During the SWM, the coastal upwelling
occurs along the southwest coast of India, which brings
nutrient-rich high saline water to the shelf, and it is trans-
ported to the southern and central BB through the summer
monsoon currents (Jyothibabu et al., 2015; Vinayachan-
dran, 2009). The northward flow of nutrient-rich summer
monsoon current directly supports higher phytoplankton
biomass than the southward flow of low saline Bay of Ben-
gal water. The GAM analysis also evidenced the positive
flow (northward) of meridional currents enhancing chloro-
phyll a in the BB (p < 0.0001). It also showed that none
of the other variables enhance chlorophyll a significantly,
but the deepening of the ZEU significantly decreases the
chlorophyll a in the BB (p < 0.001). Additionally, the multi-
variable Spearman correlation is strongly supported above
findings with a positive relationship of chlorophyll a with
salinity, wind speed, surface currents, and MLD in the BB.

4.4 Periodicity of variables

The periodicity was noticeably different in both basins
of the northern Indian Ocean, indicating a significant dif-
ference in seasonality. The central Arabian Sea followed a
semi-annual periodicity of most variables, such as euphotic
depth, surface temperature, and PAR, and they showed
strong implications on the phytoplankton biomass (chloro-
phyll a). The impacts of physical forces during the SWM
and the NEM are evidenced in the semi-annual increase of
chlorophyll a in the central AS (Madhupratap et al., 1996;
Prasanna Kumar et al., 2001). However, the Bay of Ben-
gal showed the dominance of annual periodicity in most
of the variables (mainly ZEU, MSLA, and meridional cur-
rents), and their impacts on chlorophyll a are also evi-
denced in this study. As the winter convection weakly
impacts the central BB during the NEM due to huge fresh-
water influx (density stratification), the nutrient supply
to the central BB is through the river influx (limited to the
continental shelf) and the cold core eddies (isolated sup-
ply) (Jyothibabu et al., 2021; Madhupratap et al,, 1996;
Sarma et al., 2016; Subramanian, 1993). Recently, Sarma
et al. (2019) reported that dissolved organic nutrients
transported from shelf regions increase the primary pro-
duction in the central BB. Similarly, the coastal upwelling
is insignificant and restricted to a narrow coastal region
during the SWM (Shetye et al., 1991), showing a lack of
phytoplankton biomass in the BB. The increasing trend in
chlorophyll a in the central BB is reflected in the wavelets
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by high frequency in the annual as well as semi-annual
variance during recent years (2013-2020). Though the
present study suggested the possible reasons for the dif-
ferent periodicity of chlorophyll a between the central re-
gions of the AS and the BB, further studies are needed to
reveal the actual mechanism operating behind the peri-
odicity of the hydrography. The modelling studies need
to be conducted at different smaller regions of the AS and
BB to enlighten the impact of different variables on the
enhancement or declining of chlorophyll a.

5. Conclusion

The present study used a long time series data sets (18
years; 2002-2020) from satellite, model, and ARGO floats
to understand the long-term variations in the chlorophyll a
with respect to other environmental and hydrographic pa-
rameters in the central regions of the Arabian Sea and the
Bay of Bengal. We observed significant increasing trends in
SST and positive-MSLA in both basins, and the chlorophyll
a was decreased in the AS in contrast to the BB. Further,
the data and statistical analysis revealed that the merid-
ional currents mainly controlled the time series trend in
the chlorophyll a distribution in the central BB. The sea-
sonal changes in the meridional currents and mean sea
level anomaly could be the possible reasons for the in-
creasing trend of chlorophyll a in the central Bay of Bengal.
From 2016 and later, the high chlorophyll a patches that
appeared during the late SWM led to the distribution trend
to be elevated. The northward flow of the meridional cur-
rents evidenced the enhancement of chlorophyll a, and
southward flow was found with declined chlorophyll a.
During the SWM, the summer monsoon currents transport
the nutrient-rich water from the coastal upwelling zone of
the southwest coast of India to the southern and central
BB. This water mass directly supports high phytoplankton
biomass compared to the southward flow of low-saline Bay
of Bengal water. In addition, the large area of cold-core
eddies found during the NEM enhanced the chlorophyll a.
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