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Abstract

Understanding physical properties and associated biological responses in the marine ecosystem is
critical for fisheries and assessing the ocean’s role in determining the fate of anthropogenic carbon
dioxide emissions. This study reports the different roles of southwest monsoon (SWM) upwelling,
oceanic fronts, and mesoscale eddies in supplying nutrients and fueling phytoplankton production in
the eastern Arabian Sea (EAS). In-situ measurements of physical parameters along with the
distribution of biogeochemical parameters in the 100m water column over a wide latitudinal transect
from 8°N to 21°N (Station 11-1 to 11-14 at 1°intervals) along the 68 °E were carried out during the late
SWM ( September 11-19) of 2017 . We found distinct features in the study area from the in-situ
measurements and satellite data. Primarily, oceanic fronts along with higher instabilities caused
vertical mixing at stations 11-6, and 11-10 (13°N and 17°N). Secondly, eddy-induced lateral advection
of high productive water from the Western Arabian Sea (WAS) resulted in high phytoplankton biomass
at stations 11-7, and 11-8 (14°N,15°N), which led to high concentrations of pigments (chlorophyll-a
(Chl-a), fucoxanthin). SWM upwelling induced higher phytoplankton biomass at northern stations I1-
13 and 11-14 and is evident from the higher total organic carbon (TOC), high total bacterial count
(TBC) and Chl-a concentration (up to 0.371 ug/L at 11-14). The difference in time lag for vertical
mixing in the station 11-6 and 11-10 are responsible for the contrasting biological responses in these
stations. . The present study showed that along with SWM upwelling, eddy-induced lateral advection
from WAS and oceanic fronts are also increasing phytoplankton biomass in the EAS. The present
study suggests that the high phytoplankton biomass production prompted by upwelling, oceanic fronts,
and mesoscale eddies can influence COz sequestration and the prevailing subsurface oxygen minimum
zone in the EAS.
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Introduction

Arabian Sea (AS) is a semi-enclosed dynamic oceanic basin in the northern Indian Ocean, well known
for its high productivity and oxygen minimum zone (OMZ) (Wyrtki, 1971, Naqvi, 1987; Pfannkuche
and Lochte, 2000; Prasanna Kumar et al., 2001). The semi-annual reversal of monsoonal winds makes
the biogeochemical features of the AS unique among world oceans. These reversing monsoon winds
enhance the biological productivity in the AS through distinct mechanisms. Strong upwelling enhances
the productivity in the continental shelf of Somalia, Arabia, and the southwest coast of India during
southwest monsoon (SWM) (Bauer et al., 1991; Brock et al., 1991; Smith et al., 1998), whereas
convective mixing builds up productivity in the north and the central AS during the northeast monsoon
(NEM) (Madhupratap et al., 1996; Wiggert et al., 2002; Prasanna Kumar et al., 2009). In addition to
these monsoon winds, mesoscale features such as eddies and oceanic fronts also play a vital role in
redistributing ocean characteristics and associated biological responses (Bruce et al., 1994; Vipin et
al., 2015; Sarma et al., 2018; Kurian et al., 2020).

Mesoscale eddies and fronts are known to supply nutrients to the euphotic zone, resulting in high
productivity (Falkowski et al., 1998; Gruber et al., 2006; Vipin et al., 2015; Roy et al., 2015). Eddies
are nonlinear mesoscale features of the oceanic circulation. They play a vital role in the vertical and
horizontal transport of physical, chemical, and biological properties of the ocean (Klein and Lapeyre,
2009), whereas oceanic fronts are regions of enhanced surface gradients in physicochemical
parameters between adjacent water masses (Belkin & Cornillon, 2005; Belkin et al., 2009). Since these
physical features help in nutrient pumping and high productivity, they can contribute considerably to
carbon and nitrogen cycling. Earlier, Hansell and Peltzer (1998) reported the seasonal variations in
primary production in the AS, that significantly influence the organic carbon (OC) concentration and
its flux. The composition of the plankton community mainly affects OC in the open ocean, and its
distribution is primarily controlled by vertical mixing and water-mass circulation (Hansell and Carlson,
2002). Therefore, apart from seasonally varying phytoplankton bloom, mesoscale features induced

productivity is also crucial for the fate of OC fluxes and oxygen minimum zone in the AS.

Previously several studies from EAS documented biological implications related to SWM upwelling
(Rajagopalan et al., 1992; Habeebrehman et al., 2008; Smitha et al., 2008; Gupta et al.,
2016; Jagadeesan et al., 2017; Karnan et al., 2017), eddies (Rejomon et al., 2013; Shafeeque et al.,
2021; Smitha et al., 2021) and fronts (Vipin et al., 2015; Roy et al., 2015; Sarma et al., 2018; Krishna
etal., 2018; Kurian et al., 2020). However, many of these studies on upwelling and fronts were limited
to the southeastern Arabian Sea (SEAS) and Northeastern Arabian Sea (NEAS) respectively. Although

biological aspects of SWM upwelling and mesoscale features are studied from EAS, their combined
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role in regulating the biological response has not been investigated. In the present study, we attempted
to explain the different role of SWM upwelling, mesoscale eddies, and oceanic fronts in controlling
the biological features over a wide latitudinal transect in the EAS during the late SWM of 2017. The
spatial variations of physical and biogeochemical parameters in the study region during the sampling

period are explained.
2. Materials and Method
2.1. Study Area and Sampling

The study area in the EAS covers a wide latitudinal transect from 8°N to 21°N along 68°E (Stations-
11-1 to 11-14 at 1% intervals) (Fig. 1). Sample collection and water column measurements were carried
out onboard R.V. Sindhu Sadhana during the SWM of 2017 (11-19 September; SSD-041). A CTD
(Sea Bird) was used to obtain the temperature, salinity, and dissolved oxygen (DO). Apparent oxygen
utilization (AOU) is calculated using the equation of Garcia and Gordon (1992) based on the O’ values
of Benson and Krauss (1984) followed by Shetye et al., (2021). The sampling for biogeochemical

parameters from discrete depths was carried out from Niskin bottles attached to the rosette sampler.
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Figure. 1: Study area map showing the average of satellite-derived Chl-a concentration in mg

m-3(11-19 September 2017) and sampling locations with station numbers.
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Seawater for TOC and TN was analysed using Shimadzu TOC-LCPH coupled with a TN analyser.
TOC was analysed at 680 °C following the catalytic combustion oxidation method (Dickson et al.,
2007) and TN was analyzed at 720 °C using chemiluminescence method, wherein the oxidation
product of nitrogen is quantified by reaction with ozone and detection of the resulting
chemiluminescence (Badr et al., 2003; Letscher et al., 2013). The detailed methodology was explained
by Shetye et al. (2021).

2.3 Chl-a and fucoxanthin analysis

2 L of water sample for Chl-a and fucoxanthin pigments was collected from discrete depths and
straightaway filtered using a GF/F filter (0.7 pm; 25 mm) avoiding exposure to direct light and
preserved at -80 °C until analysis. The frozen filters were extracted with 100% methanol, and analysed
using high-performance liquid chromatography (Agilent Technologies) following the modified
method of Van Heukelem (2002) as described in Kurian et al. (2012).

2.4. Total bacterial count analysis

50 ml of water sample for total bacterial count (TBC) was collected from discrete depths and fixed
with 4% of 0.22 pum filtered formaldehyde and stored in the dark at 4 °C following the JGOFS Protocols
(UNESCO, 1994). These samples were later filtered on black polycarbonate filters (0.2 um,
Nucleopore) and DAPI stained direct counts (AODC) were made. The toatal bacterial counting was
done using Olympus BH2 epifluorescence microscope (Olympus Corp., Tokyo, Japan). The number
of bacterial cells per liter was determined following Parsons et al. (1984).

2.5 Satellite-Derived Parameters
2.5.1 Sea Surface Level Anomaly (SLA):

The SLA is estimated by Optimal Interpolation, merging the measurement from the different altimeter
missions available. Multiple satellite altimeters’ (Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-
2, Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2) merged product on SLA at a spatial resolution of

0.25°x0.25° were obtained from marine.copernicus. eu.
2.5.2. Chl- a:

Daily Chl-a data with a spatial resolution of 4 km % 4 km were downloaded from the
marine.copernicus. eu (Garnesson et al., 2019). Products (Daily, Monthly, and Climatology) are based
on merging the sensors SeaWiFS, MODIS, MERIS, VIIRS-SNPP&JPSS1, OLCI-S3A&S3B. For

OLCI-S3A, products are also delivered as a single sensor.



2.5.3. Sea surface temperature (SST) fronts:

Daily SST data with a resolution of 1 km x 1 km for the sampling period 10 September 2017 to 19
September 2017 were downloaded from the marine.copernicus. eu. The SST fronts were identified
following the algorithm of Cayula and Cornillion (1992). We used a cutoff of 0.15°C to detect the
fronts, as followed by Vipin et al. (2015) and Sarma et al. (2018).

2.6 ARMORS3D observational data

Weekly ARMOR3D observational data was downloaded from the marine.copernicus. eu. It is an
observation based product consist of Temperature, Salinity, Heights, Geostrophic Currents and Mixed
Layer Depth, available on a 0.25 degree regular grid and on 50 depth levels from the surface down to
the bottom (Guinehut et al., 2012; Mulet, et al., 2012).

3. Results
3.1 Hydrography

The SST varied from a maximum of 28.9 “C at station 11-10 to a minimum of 28 "C at 11-6. Mixed
Layer Depth (MLD) varied spatially through a deep MLD in the southern stations with a maximum
depth of 47m at 11-3, whereas a shallow MLD was observed at station 11-8 (10 m deep). A shoaled
isotherm was observed from the vertical distribution at stations 11-6, 11-10, and 11-14 (Fig. 2 a). At these
stations, 28 "C isotherm was observed at 24 m compared to the other stations where the isotherm was
much deeper. The salinity of these stations (11-6, 11-10, and I1-14) was low compared to the adjacent
stations (Fig. 2 b). The entire water column from surface to 100m at southern station 11-1 showed a
low salinity compared to northern stations. Density varied from 23.18 kg/m?® to 25.48 kg/m? in 100m
water column with low values in the surface waters of 11-8 to higher values at 100 m depth at 11-14
(Fig.2 c). Consistent with salinity, low-density waters were observed in the 20 m water column of
stations 11-4, 11-5, 11-6, and 11-8, and in the entire water column of station II-1. In [1-12, the salinity and
density were higher compared to other stations. The 100m water column was well oxygenated with
DO concentrations varying from 1 mL/L to 4.5 mL/L (Fig.2 d). DO concentrations were >4mL/L in

the upper 60m for the southern stations, while it shoaled in the northern most station, 11-14.

A high DO concentration is also observed at 80 to 100m water column of station 11-8 compared to
other stations.
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Figure. 2: Spatial and vertical variations of a) Temperature, b) Salinity ¢) Density and d)
Dissolved Oxygen in the upper 100mwater column along the 68°E in the EAS.

3.2 Spatial variations of biogeochemical parameters

TOC showed latitudinal variations in the upper oceanic water column with higher concentrations in
the northern stations compared to the southern (Fig. 3 a). TOC varied from 62 to 120 uM in the100 m
water column with an average value of 81+ 13.6 uM. The station II-14 showed a high concentration
of TOC with an average value of 87+19.7 uM, whereas the lowest concentration was observed at
station 11-6 with an average value of 74+11.6 uM. Chl-a varied from below detection limit (BDL) to
0.371 pg/L with a depth wise average concentration of 0.085+0.077 pg/L in the 100 m column of
thetransect (Fig. 3 b). The highest Chl-a concentration of 0.371 pg/L was observed at surface of station
[1-14 followed by a concentration of 0.326 pg/L at 20m of station 11-14. A Chl-a maximum of 0.278
ng/L was also observed at 54m of station 11-13.. Interestingly, stations 11-7 and 11-8 displayed high
Chl-a from surface to 70 m depth with Chl-a maximum at 54m (0.211pg/L) and 70m (0.242 ng/L)
respectively.. TBC varied from 0.2176 x10°ells /L to 1.1454x10%ells /L in the 100 m column with
higher counts at northern stations of the transect. (Fig. 3 ¢). The highest count of 1.1454 x10%cells /L
was observed at surface of Station 11-14, whereas, 20 to100m water column showed low TBC. Station
11-8 exhibited low TBC in the entire 100m column with an average count of 0.292+0.024x10%ells /L,

while station 11-9 showed a maximum count with an average value of 0.699+0.102x10°%cells /L.
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Figure. 3: Spatial and vertical distributions of a) TOC, b) Chl-a, c) TBC, d) Fucoxanthin, e)
AOU and f)TN in upper 100mwater column along the 68°Ein the EAS.

Fucoxanthin showed a high concentration of 0.044pg/L and 0.037 pg/L at the sub surface (20m) and
surface of station 11-14, respectively. (Fig. 3 d). It varied from BDL to 0.044 ug/L in the 100 m
column with a high concentration at station I1-14 (average of 0.021+0.016ug/L). Apart from station 11-
14, a fucoxanthin maximum concentration of 0.03 pg/L was also observed at 54m of station 11-13..
AOU varied from 6.3 uM on the surface to 209.8uM at 100m of the water column (Fig.3 ). TN showed
a clear up sloping in stations 11-6, 11-10, and 11-14 by vertical mixing of higher TN from the bottom
waters to the subsurface and surface (Fig. 3 f). The average concentrations of TN for 200m column at
these stations were 19.96+8.87uM, while at other stations, it was found to be 16+8.52 uM. A higher
column integrated Chl-a was shown in northern stations I11-13 and 11-14, central stations 11-7 and 11-8,
and southern station 11-2 (Fig. 4). The highest column integrated Chl-a was observed at station 11-8
(15.9 mg/m?) followed by 11-13 (14.4 mg/m?), 11-14(13.9 mg/m?), 11-2(13.7 mg/m?) and 11-7 (12.1

mg/m?).
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Figure.4. Integrated Chl-a concentrations in the 100m water column of EAS along 68 °E .

4. Discussion

Marine phytoplankton play a crucial role in regulating ecosystem functions, sustaining high fisheries,
climatic processes, and biogeochemical cycles (Sebine et al., 2004, Chassot et al., 2010). Globally,
primary production by phytoplankton is limited by light and nutrient supply in the ocean (Geider et
al., 2001; Arrigo, 2005; Moore et al., 2013). Several studies have documented the limitations of
nutrients, including silicate, nitrogen and iron (Burckle, 1989; Morrison et al., 1998; Koné et al., 2009;
Naqvi et al., 2010; Moffett et al., 2015; Schoffman et al., 2016; Anju et al., 2020; Shetye et al., 2023)
in the AS. The availability of nutrients in the oceans and their means of supply varies considerably

from one region to another, mainly due to physical processes.

In the present study, we have measured the in-situ physicochemical parameters and associated
biological changes in the 100m water column of a wide latitudinal transect along EAS. The in-situ
measurements revealed distinct features from the study area. Firstly, vertical mixing occurred at
stations 11-6, and 11-10, bringing cool, low saline, and nutrient-rich water from deeper depths to the
sub-surface and surface (Fig. 2 a, b, and Fig. 3f). Secondly, based on integrated Chl-a values high
biomass was observed in the northern stations 11-13 and 11-14, central stations I1-7 and 11-8 and the
southern station 11-2 (Fig.4). Apart from that a shoaling of thermocline is also observed towards
northern stations with the shallowest MLD at station 11-14. This feature is clearly visible from the low

MLD toward north compared to the southern stations.

The vertical mixing at stations 11-6, and 11-10 is evident from the upshift of 28 °C isotherm to 24 m,
salinity variation from adjacent stations, and supply of nutrient-rich waters to the subsurface and

surface layers at these stations as seen from TN data. A slight uplift in AOU also observed in these
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station. Although the same features are also observed at the Station I1-14, the biological response in
these stations are contrasting as high biomass is seen at station 11-14 from the high concentration of
Chl-a, TOC, and fucoxanthin, whereas station 11-6 reported the lowest values of Chl-a and TOC.
Increased biomass at 11-2, 11-7, 11-8, 11-13, and 11-14 are also seen from high concentrations of TOC
and fucoxanthin. To substantiate the in situ data and understand the dynamics in physical properties,
we have compared the in situ data with ARMOR3D observational data and BioArgo data in the study

area.
4.1 Comparison of insitu data with BioArgo data Armor3D observational data

ARMORZ3D is an observation-based product by combining satellite SLA, SST, SSS datasets with in
situ vertical profiles of temperature and salinity in order to build a global 3D weekly salinity,
temperature, and geostrophic velocities fields at a spatial 0.25° resolution (Verbrugge et al., 2017). We
have analysed the ARMOR3D data for temperature and salinity in the study area from June to
September. The weekly average of temperature and salinity for the study area from 27" August to 23"
September is plotted to compare with in situ data, which is available from 11" to 19" September 2017
(Fig. 5). ARMOR3D is a weekly data set centered on Wednesday, so the average of 13" and 20"
September data set is the average of data set from 10" to 23™ September 2017. The in situ temperature
and salinity (Fig. 2 a and b) profiles are exactly matching with the temperature and salinity profiles of
ARMOR3D during the weekly average of 13" and 20" September ( Fig. 5 ¢,d,g, and h). The signature
of vertical mixing in stations 11-6 and 11-10 is clearly visible in those two weeks. Although the signature
of vertical mixing at 11-6 was not seen during the previous week, at 11-10, it is presented in the weekly
average of 6 September. The temperature profiles from June to September clearly show an advection
of cool water from north to south from July to September and warm water from the first week of
September (Fig. S1).
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Figure 5: The weekly average of ARMOR3D data of a-d) temperature (°C) and e-h) Salinity
from 27™ August to 23" September along the 68°E in the EAS. The black line represent the
stations 11-6 (13 °N) and 11-10 (17 °N).

To make the in situ data more concrete, we have also compared with available Bio Argo data in the
location during the sampling period. Although we didn’t get the Bio Argo at the exact station locations,
we have plotted the data available in the nearby locations of the stations (Bio Argo data locations and
dates are given in the supplementary table 1). Shoaling Temperature contours and salinity observed at
station 11-10 (Fig. 6 a and c) is showing exactly the same signature of in situ data (Fig. 2 a and b). High
Chl-a biomass in the station 11-13 and 11-8 ( Fig. 6 b) are also observed in the insitu data along with
high DO in the 80 to 100 m of 11-8 (F ig. 6d). Thus, the features in the in situ data are very much
comparable with the bio arago data and ARMOR3D observational data and is also expalained clearly
about the period of vertical mixing in the perticular stations. So to understand the plausible reasons for
the vertical mixing at stations 11-6 and 11-10 and high biomass at stations 11-2, 11-7, 11-8, 11-13, and II-
14, we analyzed the mesoscale features and physical properties in the AS during the sampling period.
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Figure 6: The Bio Argo data of a) temperature b) Chl-a ¢) Salinity, and d) DO in the 100m water
columns of nearby locations of stations along the 68°E in the EAS.

4.2 Role of mesoscale eddies in the study region
4.2.1 Influence of mesoscale eddies in vertical mixing

Earlier, many studies have documented the increase in phytoplankton biomass through vertical mixing
caused by the mesoscale eddies in the AS (Bruce et al., 1994; McCreary et al., 1996; Subrahmanyam
and Robinson2000; Prasanna Kumar et al. 2000; Wiggert et al. 2005; Shafeeque et al., 2021; Smitha
et al., 2021. To understand the role of mesoscale eddies in the vertical mixing in the study region, we
examined the Sea LevelAnomaly (SLA) during the sampling period (11-19 September 2017) (Fig.7).
The ring-shaped negative SLA are interpreted as cyclonic eddies, whereas positive SLA reflects the
anticyclonic eddies. Cyclonic eddies increase productivity by upward injection of nutrients into the
surface and subsurface waters (Falkowski et al., 1991; McGillicuddy et al., 1998; Klein and Lapeyre,
2009). While, anticyclonic eddies suppress primary production due to the downward motion resulting
in the depletion of nutrients in the surface waters (McGillicuddy and Robinson, 1997; Sweeney et al.,
2003). From figure 7, it is evident that the eddy fields do not influence the study region. Therefore
vertical mixing at the stations I1-6, 11-10, and 11-14 may not be due to the influence of mesoscale eddies.
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Figure 7: The average sea level anomaly with sea surface currents (m s*) during 11-
19September 2017 in the EAS.
However, there are many mesoscale eddies (cyclonic and anticyclonic) located in the AS, especially

WAS and central Arabian sea (CAS), during the sampling period (Fig.7).
4.2.2 Lateral advection by eddies

The WAS displays a highly active eddy field during the SWM season (Trott et al., 2018), and their
formations are induced by Findlater-Jet, coastal upwelling, and barotropic instabilities (McCreary et
al., 1993; Trott et al., 2017). Besides the wind-induced coastal upwelling, mesoscale eddies also drive
nutrients supply (Marra and Barber, 2005, Resplandy et al.,2011), hence productivity in the WAS.
Earlier studies showed that the lateral advection prompted by eddies accounts for 50—70% of the total
supply of nutrients to the central AS (Resplandy et al., 2011). Lateral advection supplies nutrients in
the same order of magnitude as that of vertical advection.

The present study found numerous eddy fields in the WAS extending up to CAS during the sampling
period (Fig. 7). To understand the role of these eddies in lateral advection, we have analyzed the weekly
average of Chl-a along with the current in the AS from the first week of August to the third week of
September (Fig. 8). Figure 8showed a clear advection of Chl-a from the WAS to the study region,
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especially near stations I1-7 and 11-8. Although the advection of Chl-a was observed during the
sampling period, the maximum intensity of advection was seen during the mid of August (Fig.8).
Earlier Resplandy et al. (2011) showed that eddy-induced lateral advection carries the nutrients from
WAS to CAS through filamentary structures. Advection of upwelled nutrient-rich water to the CAS
and associated productivity is also reported by many other studies (Prasanna Kumar et al.,
2001; Joseph et al., 2019). Therefore the high biomass found in stations 11-7, and 11-8 might be due to
eddy-induced advection of productive water mass from the WAS to the study region. Despite the
earlier reports of eddy-induced advection to CAS, the present study suggested that eddy-induced lateral
advection can transport nutrient-rich productive water from WAS to EAS. In order to understand the
yearly changes in the advection, we have also analysed the monthly average of Chl-a along with the
current in the AS from June to September of 2016 (Fig. S2). It is evidently clear that advection of high
biomass from WAS to the study region occurring in 2016 also though its intensity less compared to
2017.

Resplandy et al., (2012) suggested that mesoscale filaments extending ~ 500-1000 km offshore
redistribute the oxygenated waters along the western coast of the Arabian Sea brought by the Somali
Current. Earlier McCreary et al. (2013) found that horizontal mixing connected with eddies is not
needed resolve the OMZ, which is in contradiction with the finding of Resplandy et al. (2012) who
suggested the eddy-driven horizontal advection to be a crucial process in providing oxygen to the
western central Arabian Sea and the southwestern Indian coast. Our results are in support of Resplandy
et al. (2012) and indicate that lateral advection associated with eddies play an important role in
transporting dissolved oxygen to the central and eastern Arabian Sea as the 80-100m waters of 11-8 are

having high dissolved oxygen compared to other stations (fig. 2 b).
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Figure 8: The weekly average Chl-a (mg m) concentrations with sea surface currents (m s-1)
from12t August to 16" September 2017 in the AS.

4.3. Influence of oceanic fronts on vertical mixing

Another vital feature of the ocean which can cause vertical mixing of relatively cool and nutrient-rich
deep water with that of the surface is oceanic fronts (Pollard & Regier, 1990; Rudnick & Luyten, 1996;
Vipin et al., 2015). Although horizontal gradients of temperature fronts in the NEAS are weaker than
the subtropical and temperate regions, they are strong enough for vertical mixing (Vipin et al., 2015).
To understand the influence of oceanic fronts in the study area, we analyzed daily images of SST data
from 10 to 19" September 2017 (sampling period) using the single-image-edge-detection algorithm of
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Cayula and Cornillion (1992) as detailed in Vipin et al. (2015) (Fig.9). Figure 9 showed that frontal
features were present at stations 11-6 and 11-10 during the sampling period.
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Figure 9: Satellite-derived SST (°C) and fronts (detected by the single-image-edge-detection
algorithm) in the EAS from 10-19 September 2017. Black circles represent station locations, the
color bar represents the SST, and the contours represent the fronts.

In the present study, the stations 11-6, and 11-10, were sampled on the 14", and 16" of September 2017,
respectively. Fronts were observed at stations 11-6 and 11-10 on 15" September (Fig.7). At station 11-
10, the front was formed on the previous day of the sampling (15" September), while at 11-6 front was
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not present on the previous day. Since the SST data was unavailable on 14" September, we assume
that the front seen on 15" September might have formed on 14"September (sampling day) at 11-6. At
station 11-6, we assumed that a front having short life appeared on 14" and disappeared on 16%
September (no SST data available for 14" September) (Fig.10 a). While at station 11-10, the front was
detected on 15" September and lasted until 18" September (Fig.10 b).

69.0°E 67.0°E 69.0°E 67.0°E 69.0°E 67.0°E

27.1 27.4 . . 28.6 28.9

Figure 10: Zoomed images of SST (°C) fronts at stations 11-6 (top) and 11-10 (bottom). The black
dots represent the station, and the blue dot represents the sampling day (I1-6 was sampled on
14 September and the data was not available).

Figure 11 a and b show the weekly averaged ARMOR3D temperature profiles on 6 and 13
September 2017. The vertical uplift of 27.75 °C from ~70 m at 12 °N to ~40 m at 13 °N on 13®
September (data is averaged from 10 -16 September) is observed at station II-6, where we observed
front on 15" September. At 17 °N, station 11-10 shows a slight uplift of 27.75 °C isotherm at ~20m on
6™ September (weekly averaged from 3- 9 September). By 13 September, because of the advection
of warm waters from the north the 27.75°C isotherm is seen only till ~40m. Apart from these 2 frontal
zones at station II-6 and II-10, where vertical mixing is indicated by the isotherms upliftment, in
general the shoaling of isotherm is also observed to north of 14 °N. We use 27.75°C isotherm to
indicate this possible vertical mixing in the frontal zones. To verify this vertical mixing and upliftment

of isotherms we calculated the barotrophic and baroclinic instabilities (Fig. 11 c-f).

The instablities were calculated using energy conversion terms following (Chen et al. 2018),
Mukherjee et al., 2017). The barotropic conversion term (Egr) and baroclinic conversion (Egc) terms

are given by
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where pg is the time and horizontal mean potential density in the Arabian Sea;p’ = p — p,u' = u — 1,

andv’ = v — ¥; p is the time mean density and @ and ¥ are the zonal and meridional components of

mean current.

High instabilities values indicate that the system grows by extracting energy from the mean
flow (Mukherjee et al., 2017). Positive Egr implies that part of the kinetic energy of the mean flow is
converted to eddy kinetic energy. Positive Epc indicates the mean available potential energy is
converted to eddy potential energy (chen et al., 2018). Baroclinic instabilites indicate higher vertical

shear and the barotropic instabilities indcate higher horizontal shear.

On 6™ September, the instabilities are higher north of 15 °N, particularly in the top 60m of the water
column. The higher instabilities sustained till 13" September and more prominently observed to the
17 °N. The barotropic instability is weakened slightly from 6™ Septmeber to 13" September, however
it remained higher compared to southern latitudes (Figll e and f). Thus the vertical mixing observed

at the stations 11-6 and 11-10 are might be due to the associated higher instabilities and oceanic fronts.
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Figure 11: a) and b) ARMOR3D weekly average temperature (°C)profile on 06" and 13%
September 2017; c) and d) baroclinic instability (Esc, 10° cm?s3) for 6" and 13" September
2017; e) and f) barotropic instability (EsT, 10° cm?2s23) for 6™ and 13t September 2017. The black
and blue contour in (a) and (b) refers to 26 °C and 27.75 °C isotherm respectively.

4.3.1. Variations in biological responses at station 11-6 and I1-10

The ecosystem response to the availability of nutrients in a frontal system is complex because the lag
in biological response in the frontal regime depends on the trophic level and varies across species
within each trophic level (Sarma et al., 2018). However, many studies from the NEAS showed high
phytoplankton production in the frontal zone (Roy et al., 2015; Sarma et al., 2015, 2018; Krishna et
al., 2018). Recently, Kurian et al. (2020) also showed high phytoplankton biomass contributed by the
open-ocean front, which occurred two days before the sampling at station I1-8. Their study was also
carried out in the same region during the late SWM (September - October) of 2014. Since the front
was formed in the day of sampling and vertical mixing was observed in the weekly average of
temperature on 13" September (10-17 September), the biological response in the 11-6 is low compared
to 11-10. Although the front was seen on 15" September, we could see a vertical mixing and higher
instability in the ARMOR3D weekly average data of 6™ September (Fig. 11). This might be led to the
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higher biological response in 11-10 as seen from high integrated Chl-a, and TOC than 11-6 (Fig. 4 and
3a).

4.4. Role of SWM upwelling in the study region

EAS located along the west continental margin of Indian subcontinent experiences intense monsoon
induced upwelling during SWM (Smitha et al., 2008; Shah et al., 2015) and significantly high plankton
productivity along the west coast of India (Banse, 1959; Gupta et al., 2016; Albin et al., 2022). Earlier
studies reported that high intensity of upwelling is limited to SEAS (Banse, 1959; Shetye et al., 1990;
Habeebrehman et al., 2008). However, Albin et al., (2022) reported coastal upwelling along the entire
western shelf of the EAS with varying intensities. The shoaling of thermocline towards northern station
and high Chl-a biomass at station 11-13 and 11-14 might be due to the effect of monsoon upwelling as
the figure 2 also showed an upwelling signature towards northern stations.. A positive Ekman pumping
velocity showed in the northern stations during June to august indicate upwelling in these region as
positive Ekman pumping velocity is used as an index for upwelling (Fig. 12). Thus shoaling of
thermocline started from July is due to the wind induced upwelling and is strengthened and persists
during July to September (Fig. S1). Moreover, the northern stations are located towards coast and
which would strengthen the upwelling intensity and shoaling of thermocline. Satellite derived Chl ain
the present study also demonstrated upwelling induced high productivity over the western shelf of
EAS (Fig.1 and Fig.8). From figure 1 and 8, it is clear that station 11-13 and 11-14 are highly productive
regions induced by monsoon upwelling, which led to the high Chl-a biomass in those stations.
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Figure 12: Ekman pumping velocity (10> ms) from June to September of 2017 in the study
region.

4.5. Significance of mesoscale features in regulating the biological responses

Upwelling systems are going to change in future with possible reduction in upwelling in the northern
hemisphere (Chang et al., 2023). Therefore there is a need to understand how ocean biogeochemistry
and fisheries will be impacted by upwelling and other physical processes. The role of upwelling and
large-scale along coast advection anomalies is well known and they are reported to be equally
important in changing shelf water properties (Stone et al., 2018). However, there still exist scarcity
with respect to the role of lateral advection in influencing biogeochemistry of open oceanic waters.
From the present study it is clear that the lateral advection from eddies not only supplies nutrients but
also transports Chl a to the open eastern Arabian Sea waters far from its origin. The important highlight
is that the integrated Chl a at station 11-8 is higher than at station 1I- 14, although surface waters of 11-
14 are having very high Chl a as compared to surface waters at 11- 8. From this finding we can decipher
that although southwest monsoon driven upwelling supplies nutrients within the top 100m, it also
supplies low Chl a waters from the subsurface, while the eddy driven advection supplies high Chl a

waters throughout the 100m, thus making the station I1-8 more biologically productive. This is than
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reflected on the biological communities also, wherein despite high Chl aand TOC at the surface waters,
the TBC at 11-14 below surface waters is very low. High Chl a throughout the top 100m s can have
several implications including having a negative feedback towards climate change. Apart from that the
lateral advection from eddies is also supplying oxygen rich waters to the upper boundary of the oxygen
minimum zone. This can have inhibitory role on the ongoing expansion and intensification of the
Arabian Sea oxygen minimum zones. In contrary to this, recently, Shetye et al. (2021) suggested that
high TOC in the eastern Arabian Sea transported from the Gulf region can cause the expansion of
OMZ in the eastern Arabian Sea. However, the difference being that in the present study the advected
water not only has higher organic matter, it also has high dissolved oxygen. Eddy associated
productivity and a resultant higher rate of organic carbon fluxes to the deeper layers are noticed from
sediment traps measurements in the Arabian Sea (Honjo et al., 1999; Marra and Barber, 2005; Wiggert
etal., 2005). Also, increased eddy mixing was responsible for the 70% of biogenic sedimentation noted
from the sediment trap studies (Nair et al., 1989; Haake et al., 1993; Wiggert et al., 2005).High
productivity will also play a key role in regulating fish landings, eg. High oil sardines associated with

nutrients and organic matter during 2017 in the eastern Arabian Sea. (Shetye et al., 2019).

The enriched productions by eddies and fronts is known to fascinate high migratory fish species (Braun
et al., 2019)and form a key environment for fish larvae(Bécognée et al., 2009; Govoni et al.,
2010).Apart from the identification of potential fishery zone (PFZ) using SST and Chl-a data (Solanki
et al., 2003, 2010), Sarma et al. (2018) reported that an increase in integrated Chl-a in the frontal
regime from the Arabian Sea can be used as a marker for PFZ. Since the advection of eddies is also
responsible for the dispersal of fish larvae (Chang et al., 2017), the eddy-induced movement of

phytoplankton biomass to EAS is very significant in the context of the present study.

Sarma et al. (2015) reported enhanced pCO: levels (by 3 to 50 patm) within the fronts, suggesting that
temperature fronts can be a source of atmospheric CO». Higher POC in the frontal region than that of
the non-frontal area (Krishna et al.,2018) also suggest that the frontal zone can be a site of CO: fixation.
These reports imply that fronts may play a vital role in carbon cycling, but the net effect is poorly
understood. Recently, Stukel et al. (2017) reported that oceanic fronts enhance carbon export by
gravitational flux (particle sinking) and subduction (water containing organic matter being forced
downward) in the coastal waters of California. Enhanced fecal pellet production by mesozooplankton
and consumption of silicon by diatoms are responsible for the increase in gravitational flux in the
frontal zone (Stukel et al., 2017). However, microbial loops with increased total bacterial count (TBC)
are more dominant in the open ocean fronts than the high zooplankton biomass in the inner shelf front
(Sarmaetal., 2018). Kurian et al. (2020) reported high TBC in the frontal zone than that of non-frontal
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sites from the NEAS. This is consistent with the present study as the stations 11-6 and 11-10 showed
high TBC in the 100m water column. Therefore the present study suggests that mesoscale eddy and
front have important roles in shaping the biological productivity, associated carbon sequestration and
its role in the sustenance of OMZ are significant and warrant attention.

5. Conclusion

Based on in-situ variability of biogeochemical parameters, observational data, and satellite data, a wide
latitudinal transect in the EAS was studied during the late SWM of 2017. The observational data
showed that oceanic fronts along with higher instabilities are responsible for the vertical mixing at
stations 11-6, and 11-10. From the temperature, salinity, and TN data, these two stations showed an
upshift of cold, low saline, and high nutrient water to the surface and sub-surface.The difference in
time period of vertical mixing led to contrasting biological response in 11-6 and 11-10.. Apart from this,
the satellite chlorophyll data revealed that the eddy induced advection of productive water from WAS
led to an increase in Chl-a and fucoxanthin pigments at stations I1-7 and 11-8. The study also found
that SWM upwelling is responsible for the shoaling thermocline in the northern stations and increases
phytoplankton biomass at northern stations 11-13 and 11-14. The study suggests that along with
monsoon-related upwelling and productivity, eddies and fronts are also responsible for driving
phytoplankton biomass in the EAS during SWM which can lead to higher carbon sequestration.
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