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Winter and early spring NEAS experi-
ences enhanced primary production
triggered by vertical mixing.
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the NEAS are associated with meso-
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Intensification in bloom and altered
production pattern in the NEAS due to
warming/stratification during winter-
spring.
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ABSTRACT

Convective mixing, mesoscale eddies and regenerated production sustain an above-average biological productiv-
ity in the North East Arabian Sea (NEAS) during the winter-spring transition period. Satellite-derived long-term
data sets on Chlorophyll-a (Chl-a), Sea Surface Height Anomaly (SSHA), Sea Surface Temperature (SST) and
Okubo-Weiss parameterization show existence of number of mesoscale eddies, propagating and non-
propagating, that contribute to the regional production. The dominance of Eddy Kinetic Energy (EKE) over the
Available Potential Energy (APE) in the core depth and the diameter (120km) of the observed eddy being
wider than the Rossby Radius of Deformation (RRD, 55 km), it is suggested that the baroclinic instability is a pos-
sible mechanism for the eddy formation. Spatial variation in APE and its influences on the regional dynamics, in-
cluding chemical and biological response are explained. In the non-eddy areas, where convective mixing is active,
diatoms (96.74%) dominated than dinoflagellates (3.14%), and the Chl-a in the Cold Core Eddy (CCE) were two to
three folds higher to non-eddy regions. The abundance increased from core (58,152 cells L™!) to periphery
(5.95 x 10° cells L™!) where the water column is less dynamic. Extensive blooms of the dinoflagellate green
Noctiluca (N. scintillans) contribute to the very high cell density in the periphery of the CCE, where the currents
were comparatively weak, and water column was more stable. Active mixing is associated with diatom domi-
nance, followed by Noctiluca when the mixing slackens, making use of the available nutrients and supported
by regenerated production. The bloom dynamics is explained for pre-bloom, bloom and post-bloom conditions
with measurements on nutrients and plankton assemblages. The Noctiluca bloom (mid-March) is succeeded
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by Trichodesmium (April-May), in the stratified nutrient depleted, abundant light environment and propagated
southwards. Observed increasing trends in the SSHA over the period indicate strengthening of stratification and
hence altered production patterns in the NEAS.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Seasonal reversal of monsoon winds and the surface ocean circula-
tion patterns regulate biological production in the Eastern Arabian Sea
(EAS), with the summer monsoon upwelling dominant over South East-
ern Arabian Sea Ecosystem (SEAS) and the winter cooling and convec-
tive mixing influencing the North Eastern Arabian Sea Ecosystem
(NEAS). Besides, mesoscale processes such as cold/warm core eddies,
meanderings etc. exert a profound influence on the ecosystem pro-
cesses and associated biogeochemical cycles.

The upper layer of the tropical/lower subtropical oceans in general
support high biological production as surface nutrient availability is
maintained through dynamical processes that churn the water column,
such as upwelling, convective mixing, horizontal advection, eddies/me-
anders etc. (Dugdale and Goering, 1967). The dynamics and production
patterns of the EAS are strongly influenced by the Summer Monsoon
(SM) extending from June to September and the Winter Monsoon
(WM) from November to February. These two dominant seasons are
inter-spaced by the Fall Inter Monsoon (FIM) in October and the Spring
Inter Monsoon (SIM) from March to end May. Compared to other eco-
systems of the EAS (South Eastern Arabian Sea and Lakshadweep Sea)
the annual average Primary Productivity (PP) in NEAS (0.776 ton C/
km?/d) is relatively higher (Sanjeevan et al., 2011) both during the SM
and WM seasons. SM production in NEAS is supported by open ocean
upwelling or Ekman divergence north of the Findlater jet and through
large scale horizontal advection of upwelled waters from the northern
and western Arabian Sea (Kumar et al., 2001; Wiggert et al., 2000).
High biological production during WM is supported mainly through
convective mixing (Madhupratap et al,, 1996; Banse and McClain,
1986; Wiggert et al., 2000) that bring nutrients to the surface from the
base of the mixed layer (Banse, 1984; Kumar et al., 2001). During this
season the oceanic region of NEAS is also hydrodynamically active,
with eddies/meanderings and irregular flow patterns. During the SIM,
low Sea Surface Temperature (SST < 25 °C) and deeper Mixed Layer
Depth (MLD > 100 m) associated with WM are replaced by relatively
warm surface waters (>26.5 °C) and shallow MLD (30-40 m) due to in-
crease in solar radiation and slackening of northeast trade winds. How-
ever, high chlorophyll-a (Chl-a) (av. 0.81 mg m—>) and primary
production (av. 29.5 mg C m—>d ') (Madhu et al,, 2012) are sustained
in the early phase of SIM also.

Past studies in the NEAS have documented the influence of convec-
tive mixing in enhancing biological production through ‘new produc-
tion’ (f-ratio: 0.06-0.42) during WM. Production levels are sustained
even during the WM-SIM transition period (Gandhi et al., 2010)
through ‘regenerated production’ (f-ratio: 0.06-0.12). However, high
f-ratio 0.37 and 0.42 during March 2004 and 2007 as reported by
Gandhi et al. (2010) indicates that surface supply of nitrogen is main-
tained during SIM, which can be either due to an extended convective
mixing process or any other processes that churn the water column
thereby bringing nutrients to the surface.

Satellite imageries on ocean color for WM and early SIM show rela-
tively higher production in the coastal waters and isolated pockets of
high production in the oceanic regions of NEAS. Extensive algal blooms
dominated by diatoms, dinoflagellates or by mixed algal groups are
often associated with these high production areas (Dwivedi et al.,
2015). Available explanations on the formation and spread of such
blooms in NEAS during WM/SIM are based on convective mixing
(Lotliker et al., 2018), iron-enrichment (Banerjee and Prasanna
Kumar, 2014), land-based nutrient enrichment (Goes et al., 2005) etc.

and do not adequately justify the occurrence of these blooms in patches
or the associated species succession observed in such blooms. Here we
attempt to explain these based on long-term observational data from
FORV Sagar Sampada.

In situ observations from on-board the FORV Sagar Sampada (multi-
ple cruises) indicate that the areas of high PP (bloom areas) vary both
spatially and temporally across the coastal and oceanic regions. The oc-
currence of high production patches in the oceanic regions even during
the SIM indicates the role of processes other than convective mixing in
complementing their formation and sustenance. We ascribe this to me-
soscale Cold Core Eddies (CCE) that promote oceanic upwelling. Based
on in situ observations from a high production pocket at 21°20.38'N;
66°30.68'E, Smitha et al. (2013) documented that new production as
stated in Gandhi et al. (2010) is sustained in the early phase of SIM
(March) by a combination of convective mixing and CCEs. Warm Core
Eddies (WCE) on the other hand, deepens the MLD by complementing
the convective mixing process. Based on a suit of satellite and CMEM
vertical profile, Xiang et al. (2019) states that stable stratification, sur-
face cooling and excessive evaporation, contributed to the accumulation
of N. scintillans cells in the study area. Additionally, high DIN:Si, together
with long-term organic nutrient accumulation due to diatom blooms
and terrestrial input of rich organic nutrients in the euphotic zone, pro-
vided the favorable conditions for N. scintillans to outcompete diatoms.
Thus, large-scale N. scintillans bloom in surface water occurred under
the conditions of upward convection and the presence of a cyclonic
eddy.

We attempt to explain the occurrence and sustenance of isolated
pockets of higher production in the open ocean of NEAS during the
WM-SIM transition, by explaining the physical process associated
with the CCE, the forcing mechanism leading to its formation, the Avail-
able Potential Energy (APE) associated with an eddy and its influence on
the regional dynamics. Further, the massive bloom formation mecha-
nism is explained based on in-situ observations. In brief, the manuscript
is structured to explain; i) the intricate production pattern of NEAS dur-
ing the winter-spring transition phase, ii) the contributory role of meso-
scale processes in the upper layer production and iii) the massive
Noctiluca bloom formation mechanism. We also provide details on the
anticipated changes in the upper layer dynamics in response to the re-
cent trends associated with climate change.

2. Data and analysis

Wind stress curl is computed from the u, v components of
Scatterometer wind fields (daily) of ASCAT. Surface net heat flux is
from the European Centre for Medium-Range Weather Forecasts
(ECMWF) ORA-S3 (operational ocean reanalysis system of ECMWEF).
Chl-a and SST for the identification of the eddy are retrieved from
GSFC NASA and processed using SeaDAS. 8-day composite of the Level
3-binned product for November to April for the years 2002-2019 de-
rived from MODIS AQUA in 4 km resolution is used for the purpose.
Sea Surface Height Anomaly (SSHA) is derived from Jason II as well as
from the merged geophysical products from TOPEX/Poseidon and
Jason I altimetry (10 days composite from November-April). Climato-
logical values of Temperature and Salinity are taken from World
Ocean Atlas (WOA). CCE is identified from satellite Chl-a imagery for
March 2013 and in situ measurements along the eddy diameter (5 sta-
tions) were taken during the cruise-314 (SS314) of FORV Sagar
Sampada. Continuous monitoring of surface meteorological parameters
such as Air temperature, Atmospheric pressure, Wind speed and
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direction in 15 min interval was done using the Automated Weather
Station (AWS) onboard. Though vertical sampling extended up to
1000 m depth at each station, our analysis is restricted to the upper
300 m as the focus of the present study is on upper layer dynamics.
Temperature profiles are from CTD (SBE Model 11 PLUS, Sea-Bird Inc.)
in 1 m bin intervals. Bucket thermometer of make Theodor Friedrichs
& Co. (scaling in 0.5 °C; accuracy £0.5 °C) was used to measure SST in
each station. At standard depths, salinity values from CTD were vali-
dated and corrected with the values derived from on-board Autosal
(Guidline 8400). The surface nutrient analysis follows Grasshoff et al.,
1983. MLD is taken as the depth at which o, values increase by 0.2
from surface value.

Vertical profiles of currents along the cruise track are derived
from RDI 75 kHz Ocean Surveyor Acoustics Doppler Current Profiler
(ADCP). The instrument was configured to 16 m bin size to obtain
data from 30 to 500 m depth range with an ensemble interval of 2 s
with the ringing of 8 m and transducer depth 5.6 m in broadband
mode. The system was run via VMDAS, Vessel Mounted Data Acqui-
sition Software and the data are post processed in WinADCP.

Phytoplankton samples were collected by filtering ~50 1 (in non-
bloom stations) of surface water through 20 um bolting silk, and the
filtrates were preserved in neutralized formaldehyde (1-3%)
-Lugol's iodine solution. Qualitative and quantitative analysis of phy-
toplankton samples were carried out using a Sedgewick Rafter
counting cell under a Nikon Eclipse microscope following standard
identification keys (Tomas, 1997). In addition to these, past cruise
data sets of FORV Sagar Sampada corresponding to the process and
season, particularly profiles of CTD, primary productivity (C-14
uptake rates) and Chl a (Spectrophotometric measurements using
a double-beam Perkin-Elmer UV-Visible spectrophotometer follow-
ing 90% acetone extraction (Parsons et al., 1984)) are used to
compare the properties associated with WCE/CCE/non eddy regions.
In addition to this nutrient profiles and phytoplankton species infor-
mation measured/collected during SS262, 263 and 264 are consid-
ered in the analysis to explain the different phases of biological
production.

Eddy detection was done based on Okubo-Weiss (OW) parameter
using Sea level anomaly (SLA) in 7 day temporal resolution from AVISO
(https://www.aviso.altimetry.fr) for the period October 2012-
March 2013 Okubo (1970) and Weiss (1991). The eddies are identi-
fied using SLA contours and geostrophic currents from geostrophic
equations,
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where u and v are the zonal and meridional components of geostrophic
currents, g is the gravitational acceleration, f is the Coriolis parameter, X
and y are longitudinal, latitudinal co-ordinates and h is the SSHA. Eddies
are also tracked using the contours of OW parameter of two-
dimensional velocity field V = (u,v), OW (Okubo, 1970; Weiss, 1991)
and are defined as

OW =s2 52 —w?

where s, is the normal strain component, ss is the shear strain
component, and w is the relative vorticity.

ou Ov

ST T dy M
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ST T oy =
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Eddies are marked as the regions where vorticity dominate the
strain. Closed contours of W = —2 x 1072 S~ ! are opted for defining
the eddy following Chelton et al. (2007).

3. Results and discussion
3.1. Ecosystem processes during WM-SIM

It is well established that, during WM the cold, dry continental
winds from north east promote negative heat flux or heat loss causing
enhanced evaporation and increase in salinity across the upper ocean
of NEAS (Kumar and Prasad, 1999). This leads to the sinking of the
cold high saline surface water which is replaced by nutrient rich subsur-
face waters (convective mixing) leading to enhanced Primary Produc-
tion (PP) (Madhupratap et al., 1996; Kumar and Prasad, 1999; Kumar
etal, 2001; Wiggert et al., 2005). The extent and measure of the evap-
orative cooling and changes in density are well evident in the surface
net heat flux, the monthly distribution of which has been analyzed
based on ECMWF Ocean Reanalysis ORA-S3 for Oct-Mar (Fig. 1). Heat
loss is maximum during December (of the order of 250 w/m?), which
is comparable to that reported by Kumar and Prasad (1999). The

—goh goh sharp gradational decrease in the heat loss south of 18°N and west of
u= T oy andv = Fox 60°E leads to spatial variations between east-west (250 to 95 w/m?)
and south-north (5 to 250 w/m?). The distribution pattern of Chl-a is
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Fig. 1. Study area showing long-term climatology of Chl-a for December and January from MODIS AQUA with high productivity along the coastal belt and the northwest. Heat flux is more
than 150 w/m? northeast of the dashed line. High productive waters propagate southwards during January.
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Table 1
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In-situ observations on MLD, Surface Chl(S-Chl-a) and Column-Chl (C-Chl-a) in the CCE, WCE, non- eddy region & coastal areas from cruise data of FORV Sagar Sampada. Cruise number is
given in brackets at Column-1. The values indicate the average of the observations made (number of observations in bracket) in the region. Eddy/non eddy regions are identified based on

SSHA and geostrophic currents from TOPEX/Poseidon.

Month/year CCE (Avg) WCE (Avg) Non-eddy (Avg)
MLD (m) S-Chl (mgm™3) C-Chl(mgm™2) MLD (m) S-Chl(mgm~3) C-Chl(mgm~2) MLD (m) S-Chl(mgm~3) C-Chl(mgm~?)
Nov 1998 (S5169) 40(9) 048 (9) 35.18 (9) - 035 (rs) - 39(2)  030(2) 11.70 (2)
Dec 2000 (S5190) 33(2) 129(2) 54.93 (2) - 0.55 (rs) - 52(2)  053(2) 2550 (2)
Jan 2002/2003 (SS199& 211) 23 (2)  1.75 (1s) - 90 (10)  0.65 (rs) - 53(2) 075 (rs) -
Feb 2009 (55262) 23(3) 132(3) 38.67 (2) 100(3) 188 (3) 5353 (3) 69(2) 078(2) 38.46 (2)
Mar 2000/2013 (SS182&314) 26 (11)  0.57 (6) 3423 (6) 44(2)  048(2) 205 (2) 61(2)  029(2) 16.10 (2)

uniform for the Northeastern part of the study area and spreads south-
west with the progress in season (Fig. 1).

Influence of air-sea coupling in terms of the evaporative cooling and
sinking of surface waters, on the upper layer processes is easily trace-
able in the surface Chl - a distribution. Density driven convective mixing
associated with the winter cooling of NEAS, possibly push the MLD
down to 40-70 m (Table 1). Active convective mixing regions, therefore
are expected to be homogeneously nutrient rich and productive.
Madhupratap et al. (1996) reported a general increase in biological pro-
ductivity as a result of the winter cooling and the convective mixing
processes. On the contrary, monthly climatology for the surface chloro-
phyll for December and January shows pockets of high production asso-
ciated with shallow (10 to 25 m) or deep (75 to 106 m) MLDs. Other
than the coastal waters with Chl a > 2.5 mg/m>, only the northwest of
the study region shows high production, >1 mg/m?, with scattered
patches southwards. This spread further southwards during January,
again in patches, eventually making the entire region highly productive.
The occurrence of high production pockets, especially in the offshore
waters, suggest the complementary role of forcing mechanisms or pro-
cesses other than convective mixing that perhaps enhance nutrient sup-
ply to the upper layer.

The geostrophic imbalance caused due to basin-scale evaporative
cooling associated with the prevailing cold, dry north easterlies may
cause abrupt irregularities in sea level pressure. The flow instability re-
sults in unorganized flow patterns in surface waters (Fig. 2) with asso-
ciated changes in the Sea Surface Height (SSH). Concurrent
observations on surface Chl-a and SST from MODIS AQUA show low/
high SST and enhanced productivity patches associated with diver-
gence/convergence or areas of negative/positive sea level indicating
the role of mesoscale processes specifically the cold/warm core eddies.

Latitude (°N)

Longitude (°E)

3.1.1. Cold/warm core eddies

The eddy regions are identified based on its characteristics of low
and high sea level in the core, the critical point in the velocity field in
the core and the negative value in the OW parameter. OW is the most
widely used threshold- based method as this compares the relative vor-
ticity to strain, which tends to be true in the inner part of the eddy. The
inner region of an eddy will have negative OW value and so the inner
boundary, including the eddy's core is identified based on negative
OW value (Fig. 3). That is the eddy regions are identified based on the
OW, considering closed contours of W = —2 x 10~'2 s~2, which indi-
cates the region of vorticity as the leading component than the two
strain components, normal and shear. While the outer boundary of
the eddy is identified based on current speed thresholds, which is de-
rived based on the SSHA derived geostrophic currents.

WCE/CCE's are delineated based on the SST gradients in high/low sea
level (+ve/—ve SSHA) areas with the circular surface flow in the anticy-
clonic/cyclonic direction. Eddy interior is assumed as the region where
the magnitude of SST gradient increases/decreases radially towards
the centre. Eddy limits are defined as the outermost closed isothermal
line around the eddy. These are compared with that of the OW
estimates.

The eddies identified include both propagating and stationary
(Fig. 4). The tracks of propagating eddies are determined by com-
paring the cool pools of low sea level in successive time steps of
8 days. An eddy is identified as stationary if the new position does
not change the location grid of 0.25 x 0.25° in successive time
steps. On the other hand, if the feature is not observed in the source
grid, either it is decayed or identified as a propagating disturbance.
The same is confirmed again with SSHA and the OW in the different
temporal domain. The analysis is repeated with weekly data for

Fig. 2. Chl- a (mg/m?) imagery from MODIS AQUA showing Cold core eddy CCE6b (—circled area) overlaid with Jason Il Altimetry derived geostrophic currents (cm/s) for 9th March 2013.
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100

Fig. 3. SSHA and OW closed contour for the first (a), second (b), third(c) and fourth (d) week of March. The NEAS is observed with number of cyclonic (cold core) and anticyclonic (warm.

core) eddies resulting retention areas and high export flux in the region.

2003 to 2019, and the recurring processes tagged are confirmed
with the climatological average.

3.1.2. Mechanism of formation of WM-SIM eddies in NEAS

An eddy can be cyclonic or anticyclonic, causing divergence/conver-
gence and cooling/warming in SST that ultimately influences the bio-
geochemistry of the region. The possible mechanisms triggering eddy
formation is studied using in-situ and satellite measurements during
March 2013 for a selected eddy (eddy 6b in Fig. 4). Of the possible
mechanisms driving the eddy formation, daily wind stress curl (Pond
and Pickard, 1993) derived from ASCAT wind field, validated with the
available wind measurements from the AWS on-board (has records in
every 15 min) is analyzed for the observation period using the formula;

Latitude (°N)

1 1 1 1 1 1 1 1 1 I 1 I 1 1 1
58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74
Longitude (°E)

Fig. 4. Schematic diagram showing cold core eddies (1 to 7) identified based on long term
data sets on SSHA (Altimetry), SST and Chl-a (from MODIS AQUA). Arrows shows the
propagation path of the eddies. Boxes CE1 & CE2 are eddy regions selected for the
analysis of surface and column Chl-a. NE1 & NE2 represents non-eddy regions selected
for comparisons. Detailed analysis is exercised for eddy 6b based on in-situ observations
along its diameter from onboard FORV Sagar Sampada during cruise 314 (March 2013).

_ Aty Aty
Curl = & Ay (4)

where, T and Ty are the x and y components of wind stress,
respectively.

Cyclonic/anticyclonic flows associated with wind stress can be easily
distinguished by the sign of the wind stress curl. Positive/negative curl
shows mass transport directed perpendicular to the applied stress to
the right/left and indicate divergent/convergent flows. For the present
observation, the flow is divergent and cyclonic, but concurrent observa-
tion on the atmospheric wind curl gives negative values (—3.05 x 10~
t0 0.86 x 10~7). This implies that wind stress curl does not play a signif-
icant role in the rotational motion observed in-situ, thereby ruling out
the role of wind in the initiation and sustenance of divergence that
maintains the cyclonic flow. The isotherms and the current patterns
confirm the existence of cold core eddy in the region, but the wind
curl is non-supportive to the existence of the eddy. This shows that
wind or wind curl is not the actual forcing mechanism triggering this
cold core eddy.

Another possibility of topographic steering or the occurrence of me-
soscale processes over mountain ranges or ridges on the ocean floor is
also ruled out as the depth of the study area is more than 2000 m.
Chance of pinching off of the eddy from boundary current is also not
likely as the region do not show any strong organized boundary flow
patterns during the season. Another possibility is the occurrence of in-
stabilities, either baroclinic or barotropic generally observed in the
deep ocean due to the mixing of water masses with different densities.
The water masses in the upper layers (~1000 m) in the Arabian Sea in-
clude Arabian Sea High Saline Water (ASHSW) (surface-100 m), Persian
Gulf Water (PGW) (200-400 m) and Red Sea Water (RSW)
(500-800 m) (Shetye et al., 1994; Kumar and Prasad, 1999). In the trop-
ical/lower subtropical region, flow in the ocean interior is generally
baroclinically unstable and therefore generates meanders and eddies
that transport mass, momentum and heat. Such disturbances or eddies
will be in the scale of the order of baroclinic Rossby Radius (Rd), a nat-
ural scale of the ocean associated with eddies, fronts, boundary currents
etc. Baroclinic instability acts on horizontal scales larger than
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deformation radius and the Rd is estimated as NH/f, where f is the
Coriolis parameter, N the depth averaged Brunt-Vaisala frequency
(BV) and H, depth (Gill, 1982).

Where, BV is represented as N2 and derived as

()

o \oz

Here, g is the gravitational acceleration, z is the depth, o is p-1000
and p is the density of sea water (Turner, 1973; Narasimha Rao, 2002).

Associated with an eddy like physical processes, potential energy,
manifested by the perturbation of the density surfaces relative to hori-
zontal level surfaces, available for conversion into kinetic energy is re-
ferred to as the APE. APE is an index to address the energy distribution
associated with such disturbances. APE associated with the eddy is esti-
mated following, Kumar et al. (1992) as;

(5)

APE = [ Sp NPy (6)

where, p; is the density of reference state, which is computed based on
the equation of seawater properties (Fofonoff and Millard, 1983) from
objectively analyzed mean monthly temperature and salinity taken
from World Ocean Atlas in 0.25° resolution. N is Brunt Vaisala
frequency (BV), § is pressure displacement between two surfaces viz.
measurement point and reference point. In addition, the Eddy Kinetic
Energy (EKE) is calculated (EKE = 1/2 (u? + v?)) for the vertical section,
and found that, the EKE dominates over APE in the core depth
(20-90 m) of the eddy by 52%. The EKE is dominant in the eddy core
(Avg 12.95 m?/s?). Also, the Rd computed (55 km) is less than the ob-
served eddy diameter (120 km), indicating the baroclinic instability as
the triggering mechanism of the eddy.

The distribution of APE calculated up to 275 m shows maximum
(2.82 J/m>) at the centre of the CCE between 100 and 225 m water col-
umns. Average APE for the column at the centre is 0.615 J/m>. While for
the eastern flank the column values range between 0.27 and 0.55 J/m?, it
is only 0.18-0.27 J/m> for the west the less mixed area, where the
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currents are also weaker. Minimum APE in the west also coincides
with the shallow MLD (18-20 m) and deeper euphotic zone
(40-46 m). The higher energy part is more dynamic and is expected
to support higher production.

Analysis of SLA for 21-22.2°N and 66-67°E for the years 2003-2019
indicate that the eddy appears annually during February-March and has
a short life span of 1-3 months. During 2013 it was for a short period of
nearly two months from 10th February to 5th April. Surface meteoro-
logical parameters showed the existence of cool (24.9-27.5 °C) and rel-
atively dry air (Humidity; 74-82%) with northeasterly to southeasterly
winds of magnitude varying between 2.6 and 5.6 m/s. SST varied be-
tween 25.5 and 26.5 °C with a considerable diurnal variation.

Based on the hydrography of the region, it is most likely that the in-
stability is caused due to the abrupt changes in the column T-S proper-
ties owing to the presence of water masses such as ASHSW at the
surface (0-150 m) and PGW at 200-400 m with Arabian Sea Minimum
Salinity Water (ASMSW) sandwiched between the two. Also, the possi-
ble role of coastally trapped Kelvin waves with its propagation path
along the shelf/slope (Rao et al., 2010) as reflected in the SLA distribu-
tion with semi-annual periodicity needs to be explored further.

3.1.3. In-situ observations in CCE - 6b

CCE - 6b (Fig. 5) is a propagating eddy that is pinched off from CCE-6
and is identified real time, from ocean color imagery as a mesoscale
eddy approximately 120 km in diameter centred at 21°20.38'N;
66°30.68’E with a fall in sea level by 5 cm. The in-situ observations at
CCE6b during March 2013, show a cyclonic surface geostrophic current
pattern with Chl-a > 8 mg/m°>.

Surface nutrient concentration associated with the eddy shows rela-
tively high values of Nitrate (NO3) at the centre (0.89 uM) and the
western flank (0.92 uM). Silicate (SiO4) and Phosphate (PO,4) follows
the same trend and measures 0.49 UM & 0.69 UM respectively at eddy
centre and 0.47 uM & 0.64 pM for the western flank. For the eastern
flank, the average concentrations were 0.08 pM, 0.12 uM and 0.43 pM
for NOs, SiO4 and POg4respectively. Subsistence of the eddy streamer at
west is evident in the physical environmental setup, like current
pattern, the thickness of the ML, weak mixing in terms BV and extended
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euphotic depth. The nutrient pattern with high concentrations at the
centre and western flank indicates an aggregating behavior at the
streamer, which is evident in the eddy associated biological response.

T-S properties show that the upper column is occupied by the
ASHSW with its distribution slightly disturbed by the divergent flow as-
sociated with the eddy. The divergence associated with the cyclonic
flow results in upwelling of subsurface waters, as is evident in the ob-
served vertical thermal profiles of CTD (Fig. 5). Vertical sections of tem-
perature derived from CTD (Fig. 5a) show maximum upsloping of 24 °C
isotherm at 21°20.38’N; 66°30.68’E, corresponding to the core of the
eddy. The upsloping was prominent at sub-surface (200-12 m) thereby
shifting the D24 (depth of 24 °C isotherm) from 108 m to 45 m in the
core and lowering the ambient temperature by 1 °C. Upsloping resulted
in thinning of MLD to 11 m at the core while it was between 18 and
20 m in the western and 40 m in the eastern flanks of the CCE. Distribu-
tion of salinity (Fig. 5b) in the column shows the occurrence of high sa-
line (36.5 psu) waters up to 108 m depth along the eastern flank
whereas 36.4 psu saline waters extend up to 100 m in the core and
western flank of the eddy. The isopycnal (0; = 24.6 kg/m?) is shallow
(25 m) in the core and western side of the eddy and is deep (65 m)
along the eastern side. This indicates that the dense upwelled waters
from the core flow to the western flank which explain the shallow
MLD and high nutrient content observed along the western flank of
the eddy despite its low APE.

Temperature and o, (Fig. 5¢) properties indicate relatively weak
mixing in the western flank of the eddy. The flow field associated with
the CCE is depicted in Fig. 6. The current pattern shown is the represen-
tation of average velocity for 16 m bins or columns from 24 to 396 m
along the eddy diameter in the northeast to southwest direction. The
data is screened for noises identified by reviewing the Echo Intensity,
Correlation and Percentage good (PG) values in the field 4. Besides, ve-
locity reasonableness is reviewed for bin to bin and ensemble to ensem-
ble, thereby confirming smooth transition for all the data considered for
the analysis. Playback verification is done for the entire transect, and
abrupt variations in the current sticks were removed before the analy-
sis. Also, data are removed wherever sudden changes occurred in the
course and speed of the vessel.

In the eastern flank of the CCE, the currents are stronger (0.2-0.6 m/
s) and are directed northwards. While in the western flank, the strength
is relatively weak (0.2-0.4 m/s) and is directed to the south. At the cen-
tre of the transect, which represent the eddy core, the flow velocity is
near zero. Vertically, the current pattern is almost uniform, in both mag-
nitude and direction, up to ~170 m (up to the 6th bin of the ADCP).
Below this, the magnitude gets weaker but the flow pattern remains
the same explaining uniform cyclonic (anticlockwise) flow up to almost
200 m depth, which is stronger in the east than its western counterpart.

3.2. CCEs complement biological production

Explanations on the extensive blooms of algae recorded in the NEAS
during the winter-spring inter monsoon transition period is attempted
based on observations during 2011 on-board FORV cruises SS284, 285
and 286. Strong convective mixing in winter season enhances surface
nutrient supply that sustains multi-species phytoplankton abundance
with massive blooms of pennate diatoms such as Haslea spp. As the sea-
son progresses a more diverse community of centric diatoms, which can
thrive even in less nutrient conditions dominate the mixed blooms.
Higher SST and less turbulent conditions that prevail during the SIM
season support the proliferation of the dinoflagellate Noctiluca
scintillans which form massive blooms.

Primary production during WM in NEAS is in general supported by
convective mixing, with CCEs complimenting the process in the offshore
high production pockets. The WM production patterns and correspond-
ing MLDs exhibit significant spatio-temporal variability (Table 1). The
influence of CCEs on the production rates of the study area are ad-
dressed based on the monthly average data for four selected boxes of
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2° x 2° grid; 2 in eddy (CE1 & CE2) region and 2 in non-eddy (NE1 &
NE2) region [CE1-65°-67°E; 20°-22°N, CE2-65°-67°E; 17°-19°N, NE1-
67°-69°E;19°-21°N and NE2-69°-71°E; 18°-20°N] as shown in Fig. 4. Ob-
servations from the present study indicate that the production levels
and micro-algal compositions in NEAS differ between the non-bloom
area, CCE with uniform APE, CCE with non-uniform APE (CCE-6b) and
the WCE areas. Whereas higher production levels in WM with mixed
algal blooms are maintained by the convective mixing process and
CCEs with uniform APE, the green Noctiluca dominated blooms are
most often associated with WCEs and CCEs with non-uniform APE.
Enhanced WM productivity and associated bloom formation in
NEAS starts in November, peaks during December, January & February,
falls to values close to November production by March and disappear
by April (Table 1). In the initial phase (Nov.), signatures of convective
mixing are evident from the MLD (~40 m both in the eddy & non-
eddy regions) and elevated surface and column productions. Higher
surface & column Chl-a value in the CCE (048 mg m—> &
35.18 mg m~2) as against the non-eddy regions (0.30 mg m > &
11.70 mg m~2) indicates that upwelled CCE waters have reached the
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40 m depth which corresponds with the base of convective mixing. The
elevated surface nitrate levels in the CCE (0.89 uM for CCE & 0.08 pM for
non-eddy areas) support this view. Average microalgal concentration
was 24 x 10 cells L™ consisting mainly of diatoms (96.74%) and dino-
flagellates (3.14%). Dominant diatoms were Rhizosolenia hebetata
(33.6%), Chaetoceros lorenzianus (19.5%), Nitzschia longissima (12.8%),
Pseudo-nitzschia seriata (8.8%) and Thalassiothrix longissima (6%). Dino-
flagellates were composed mainly of Noctiluca scintillans (35.5%),
Protoperidinium oceanicum (21.1%), Ceratium sp. (14.5%) and other dino-
flagellates (13.2%).

The peak production in December, January and February in non-
eddy areas is associated with enhanced convective mixing as evident
from the deep MLDs (reaching 69 m by Feb). On the other hand, MLDs
of CCEs reach shallow depths of 23 m by January/mid-February under
the influence of strong Upsloping. In situ observations on surface & col-
umn Chl-a from the eddy and non- eddy regions (FORV Sagar Sampada)
for November 1998 (SS169), March 2000 (SS182), December 2000
(SS190) and February 2009 (SS262) indicate that biological production
in the CCE area on an average is two to three folds higher than in the
non-eddy areas in all phases of the eddy. Average data for the eddy/
non eddy regions are given in Table 1 against the corresponding cruise
details and number of observations considered. Entire area irrespective
of the presence or absence of an eddy is productive, obviously as a result
of nutrient pumping by convective mixing/upsloping. However, in the
active phase of the CCE (December to February) upwelled waters oc-
cupy the shallow MLD and provide more nutrients, thereby enhancing
PP two to three folds than the non-eddy regions. Microalgae abundance
is high (10,545 cells L~!) and dominated by diatoms (96%) with dinofla-
gellates forming only 4% of the cell count. By mid-February/March the
convective mixing slackens, and production rates fall. Though the cell
numbers fall to 6208 cells %, the diatom dominance (91%) observed in
the earlier months continue during March also.

Madhupratap et al. (1996) reported fairly high Primary production
over a large stretch of the ocean north of 15°N, which would have oth-
erwise remained oligotrophic as in the southern areas (SEAS). They re-
ported the highest productivity in winter as 807 mg Cm~—2d . This is
less than that reported from active upwelling zones of northwestern
Arabian Sea (Owens et al., 1993) during the summer monsoon
(2500 mg Cm—2d "), but approaches those reported from north Atlan-
tic spring bloom (900-1200 mg Cm~2d ™). Biological parameters for
the upper 120 m for February as reported in this paper show significant
increase in values at 21°N; 67°E (eddy region) compared to that at
21°N; 64°E (Non-eddy region). For Chl g, the values reported are 34.4
& 18.9 mg m~2, PP, 807 & 643 mg Cm~2d !, and mesozooplankton
(ZP) biomass 86 and 64 ml per100m°. Relatively decreased abundance
of Picoplankton (PCP) [16-22 & 4-27 x 10> ml~!] and almost similar
trend in microzooplankton (MZ) counts [0.1-1 & 0.1-0.8 x 10% 17']
are also noted from this observation. Lathika (2015) reported phyto-
plankton standing stock (numerical abundance) and average phyto-
plankton cell density of 4 x 10° Cells/L in the open ocean waters
during winter-spring observations. Diatoms form the predominant
group, taking advantage of the rapid pumping of nutrients due to con-
vective mixing. In general, the coastal region was dominated by
Chaetoceros lorenzianus, Chaetoceros spp., while the oceanic region was
dominated by Rhizosolenia hebetata. Other centric diatoms notable
was Thalassiosira sp., observed in single cells, chains and in mucilagi-
nous colonies, Leptocylindrus spp., Guinardia spp. etc. Pennate diatoms
such as Navicula directa, Haslea sp., Nitzschia longissima and
Cylindrotheca closterium were observed as monospecific proliferations
and sometimes associated with Noctiluca scintillans.

Unlike the CCEs discussed above (CCE with uniform APE) the
microalgal composition of CCEs with non-uniform APE [CCE-6b-a
short-lived (2 to 3 months) propagating eddy that is pinched off from
CCE-6] is however different. The western flank of this eddy is relatively
calm due to low APE and harbor intense blooms of the green Noctiluca
scintillans with cell numbers reaching 5.8 x 10%/I (March 2013) and
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contributing as much as 97.8% of the microalgae standing stock. The re-
maining 2.2% is composed of diatoms. Surface Chl-a is as high as
13.25 mg m>The core of eddy also has high production rates with Chl-
avalue of 4.35 mgm > and cell counts of 5.8 x 10* L™" dominated by di-
noflagellates (94.5%). On the eastern flank of this eddy cell counts are
much less (421 cells L™') and again dominated by dinoflagellates
(77.9%) and diatoms (22.1%). Within the eddy, highest nitrate levels
(0.92 uM) were seen in the western flank, which indicates that the
upwelled waters from the core of the eddy flow westward and that
some amount of nitrate is regenerated. It is known that stability of the
water column (Tada et al., 2004), cold waters (Gomes et al., 2008a,b)
and active phagotrophy (Sriwoon et al., 2008) promotes proliferation
of green Noctiluca, a mixotrophic dinoflagellate. The available data indi-
cates that diatoms thrive in the upwelled waters in the core and the
eastern flanks of the eddy in the initial phase of the eddy formation
and that the westward displacement of the core waters and the circular
motion of the eddy result in the accumulation and retention of diatoms
in the calm western flank. Noctiluca feed by phagotrophy on these dia-
toms and multiplies rapidly through vegetative reproduction. The
bloom slowly spread to the core and the eastern flank. The
mesozooplankton biovolume in the mixed layers of the core
(1.09 ml m—3) eastern flank (0.88 ml m~—3) and the western flank
(0.22 ml m3) agree well with these findings. Further, the findings of
Dela-Cruz et al. (2008) that upwelling is the dominant mechanism
that stimulates diatom bloom that in turn promote Noctiluca growth
and the finding of Jang et al. (2010) that mesozooplankton abundance
is strongly correlated with Noctiluca density as it is a strong competitor
with mesozooplankton for food corroborate well with our observations.

Smitha et al. (2013), explained the biological response of CCE-6 and
observed that the eddy core represents a dynamic system during the
physically quiescent SIM with increased micro-algal abundance as
well as higher Chl-a concentration (4.35 mgm—>). This and suggests
that the less turbulent flow pattern in the western flank of the eddy fa-
vored the aggregation of microalgae and formation of bloom patches,
resulting in the occurrence of an intense bloom of green Noctiluca in
the region. The physical and/or the environmental setup associated
with the bloom also support the Sverdrup paradigm (Sverdrup, 1953;
Platt et al., 1991) which explains that calm environment coinciding
with deeper euphotic zone and shallow MLD may harbor microalgae
bloom patches. Distribution of the surface nutrient pattern and the asso-
ciated biological production, especially the intense bloom of Noctiluca,
support the view that the observed regional bloom is supported by
the CCE6b. The variability in the surface Chl-a and the phytoplankton
community structure is recorded in many studies illustrating the spe-
cies composition (Xiang et al., 2019) in bloom and non-bloom areas.
However, the species composition or pigment analysis data are not
available for the column to explain the Chl-a variability in the context
of new production. Surfacing/settling of dinoflagellates especially the
green Noctiluca during convective mixing/stratified conditions are
discussed by Vidya and Siby (2018) and Xiang et al. (2019), however,
still the details on the vertical distribution of phytoplankton/species
composition in a cold core eddy or any region, where nutrient pumping
is active supporting new production are unavailable.

The physical processes and biological interactions that promote and
sustain the high productivity pockets (Spring Noctiluca blooms) in the
offshore/deep-Sea waters of NEAS during the SIM season are mostly as-
sociated with WCEs. With the onset of WM, several CCEs and WCEs ap-
pear in NEAS (Fig. 4). With the advancing of WM, turbulent mixing
inside the WCE intensify, pushing the MLDs to 100 m or more by the
first half of February month. Deep mixing is known to limit PP and con-
serve nutrients (Bradford et al., 1982; Dufois et al., 2016). With the ad-
vent of SIM season (mid-Feb) trade winds slacken, and SST reach to
>27 °C leading to strong surface stratification and reduced turbulent
mixing which promote the formation of spring blooms of the green
Noctiluca inside these WCEs. Details on the pre-bloom, bloom and
post-bloom stages of a green Noctiluca bloom from January to April
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2011 was captured through 3 consecutive cruises of FORV-SS (Fig. 7).
Results from this study are discussed below;

During the pre-bloom phase (27th January to 12th February 2011),
the Isothermal Layer Depth (ILD) was at 100 m with a deep MLD at
80 m and a Barrier Layer of 20 m thickness. Surface Chl-a in the WCE
(Table 1) was close to the values recorded for non-eddy regions which
implies that the vorticity of WCEs draws productive waters from non-
eddy regions to the inside of the eddy. However, unlike CCEs, the
W(CEs in its active state are highly turbulent and do not support primary
production despite being nutrient rich (NO; = 2.13 pM L™1).
Phytoplankton cell counts were low (2736 cell/L), represented by
diatoms (80%) and dinoflagellates (19.2%). Dinoflagellate was
dominated by the green N. scintillans (13%) whereas among the
diatoms the unusual occurrence of Rhizosolenia (13%) was recorded.
The vertically migrating Rhizosolenia mats appear to replenish the
surface nutrient availability in the initial stages of the bloom
formation. Mesozooplankton abundance was low (288 nos/m?>)
dominated by copepods (91%), chaetognaths (3%) and ostracods (1%).

With the start of SIM season in mid-February, surface waters become
warmer (>27 °C) and stratified with reduced silicate availability
(1.26-1.81 uM L™ 1), conditions that are less favorable to diatoms. The
ILD shallows to 85 m with MLD at 50 m and a thick barocline layer of
35 m. Taking advantage of the conserved nutrients in the WCE and
availability of diatoms as an initial food source, the mixotrophic green
Noctiluca proliferates rapidly by binary fission to form a moderate
spring bloom (14400cells/L). The bloom forming Noctiluca contribute
to 93.4% of the total cell count (15 x 10 cells L™!) in the study area
composed of 96% dinoflagellates and 3% diatoms. Microzooplankton
abundance stood at 1,202,500 nos/m? dominated by ciliates (68%).
The numerical abundance of mesozooplankton was 1830 nos/m? dom-
inated by copepods (96%). Chaetognaths formed 1% and ostracods 0.5%.
Due to the bloom formation, surface nitrate levels fell to 0.29 pM L™,
whereas NH levels increased to 0.75 pM L™, Experimental studies
(Collos et al., 2004) have documented that dinoflagellate prefer NHZ
as the substrate for production whereas diatoms prefer NOs.
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However, studies by Singh et al. (2014) indicate that NO3 is preferred
by both diatoms and dinoflagellates. Goes et al. (2018) studied growth
rates in Noctiluca under controlled experimental conditions and found
that urea is the most preferred N-source for Noctiluca, followed by
NHZ and that NO3 appears to be the least preferred source. In the
instant case the nitrogen demands of the proliferating Noctiluca are
expected to be met directly by using NHZ as the substrate and/or
using the NO3™ produced by nitrifying bacteria through the oxidation
of Ammonia as the substrate (regenerated production). Though we do
not have the actual bacterial counts for the WCE, the presence of 68% cil-
iates in the microzooplankton indicates to the high abundance of nitri-
fying bacteria.

The post bloom phase or the crash stage begins in the first week of
March and extends to the last week (3rd to 22nd March in the instant
case). The MLD shallows to 30 m, the ILD is at 40 m and the thickness
of the barrier layer was only 10 m. Surface nitrate and ammonia levels
increase to 0.32 uM L~ and 1.85 uM L~ ! respectively. Phytoplankton
cell count increases to 31,1866 nos/m?, dominated by diatoms (99%)
with Noctiluca forming only <1% and the blue-green algae
Trichodesmium erythraeum < 0.01% of the cell count. The Noctiluca
bloom crash during this period and sink down in the form of POM. Bac-
teria act on the POM and produce ammonia and nitrate which sustains
the regenerated production dominated by diatoms. However, the
microzooplankton count is reduced to 365 nos/m? dominated by ciliates
(71%) and a similar decreasing trend is observed in the
mesozooplankton count (365 nos/m>) as well, with copepods forming
76% of the cell count. Unlike other bloom years, the 2011 bloom had
zero representation of ostracods and only 3% of chaetognaths. On the
other hand, in the bloom year 2009, the post-bloom biomass of
mesozooplankton in early March was composed of ostracods (28%),
chaetognaths (10%) and copepods (45%). In the late stages of the post-
bloom (end March) ostracod numbers increased to 39% of the
mesozooplankton biomass. Expectedly the higher phytoplankton abun-
dance in the early stages of post-bloom stage are sustained through re-
generated production. However, as the season progresses the increasing
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Fig. 7. Schematic representation of the process associated with the blooming of Noctiluca in the NEAS during winter-spring. The green circles represent Noctiluca cells. Red circles denote
diatom cells. The representation is done based on the FORV SS observations during 2011, and the available secondary information.
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ciliates devour most of these bacteria leading to a sharp fall in nitrate
production. Ciliates in turn are consumed by the ostracods and chaeto-
gnaths. The end of post-bloom phase is marked by highly reduced phy-
toplankton counts (<300 nos/m?) and surface nitrate levels
(<0.1pM LY.

By the end, March/early April the equatorial WICC transport these
oligotrophic waters southward to areas where the SST is higher and
the surface waters contain more iron, conditions favorable for the few
blue-green algae Trichodesmium erythraeum present in these waters to
flourish through diazotrophy (Capone et al., 1998; Gomes et al.,
2008a,b). The species is known as the ‘biological indication’ of stratifica-
tion and nitrogen limitation in the ocean surface layer (Jyothibabu et al.,
2017). T. erythraeum blooms are commonly observed in the offshore
waters during the April-May period, whereas mixed bloom of
Trichodesmium with Noctiluca miliaris are common during March-
April (Sushma et al., 2012).

3.3. Long term trends in the NEAS upper layer

On a basin scale the Arabian Sea show a warming trend since 1960 at
the rate of 0.10 to 0.12 °C/decade (Prasanna Kumar et al., 2009; Roxy
et al., 2014). Dominant decadal cycle until mid-1990s and disruption
thereafter are recorded in the past studies. The warming trend is
higher in SEAS as compared to NEAS (Narvekar et al., 2017) due to the
freshening in the former as a result of the intrusion of BoB water during
the winter season. However, there is a significant disparity in trend be-
tween season, the Dec-Feb wind in the NEAS for long term records
strengthening in the wind (Narvekar et al., 2017), while the Jan-Mar
wind shows a weakening trend (Goes et al., 2020). There have not
been much studies addressing the interannual variability, the extended
or reduced duration and the biological implications of the changes.
However, recent study from Vidya and Siby (2018), explains 50% reduc-
tion in Chl-a concentration in the region during the winter 2015-16,
which is a strong El Nino year, compared to normal years. Also, phyto-
plankton marker pigments showed a 50% reduction in microplankton
abundance, along with increased abundance in picoplankton during
2016 compared to a normal year, 2013.

In the present analysis, average SSHA during March in NEAS show an
increasing trend by 10 cm (Fig. 8) during 1993 to 2019, possibly from an
enhanced warming and consequent stratification of the upper layer
(steric effect). This observation is consistent with the views of Gomes
et al. (2014) that the Arabian Sea appears to be experiencing a
shallowing of Mixed Layer, due to the weakening of winter convective
mixing and winds which also has the potential to alter the WM
microalgae composition in NEAS. Also, the analysis indicates significant
inter-annual variability in the number and intensity of low and high
pockets. These regional processes are observed to be correlated to the
warmy/cool phase associated with the El Nino/La Nina as is evident for
the years 1997, 2002 (El Nino), and 1998 (La Nina). Another interesting
observation from Boyce Daniel et al. (2010), that Chl-a trends, as

Y =0.0033x - 6.49
N=27.R?=0.59
RMS value = 0.0005

Fig. 8. Long-term trend in SSHA for 2 selected boxes in the NEAS for March centred at 21N;
65E and 22N; 66E. Y-axis represents SSHA in m against year in the x-axis. The data is from
AVISO - DT MSLA - Merged Product - Up-to-date Global Processing. Figure shows an
increasing sea level of about 10 cm.
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continuous log linear functions of time, revealed phytoplankton de-
clines in eight out of ten regions. Among these, the North Indian
Ocean and South Indian regions were observed with an increase at
the rate of 0.0018 4 0.0015 mgm >/yr & 0.02 &+ 0.0011 mgm —3/yr
respectively. Contradictory to this, Roxy et al. (2016) explains an
alarming decrease of phytoplankton concentration by 20%, which is
strongest during past 16 years (30%), in the 50-65E; 5-25N domain.
The author explains the discrepancy with that of the earlier findings
with the support of long-term data sets derived through Earth Sys-
tem models.

While addressing the physical settings associated with the Subsur-
face Chlorophyll Maxima (SCM), analysis from Midhun Shah et al.
(2019) explain the warming trend in the March SST for the NEAS.
Also, this gives indications to the possible strengthening of SCM in the
scenario of warming and enhanced stratification. The sensitivity analy-
sis (Global sensitivity Analysis) indicates that the warming trend in
NEAS is resulting in the strengthening of the stratification, which in
turn influences the concentration in SCM and is capable of altering the
primary production. Warming may increase nutrient limitation due to
strengthening in stratification, which results in a reduction in phyto-
plankton biomass and a shift towards a phytoplankton assemblage
dominated by small phytoplankton (Li et al., 2009; Moran et al.,
2010). So, the reason behind the shift observed in the phytoplankton
composition and recurring occurrence of Noctiluca bloom from the re-
cent past to be explored taking consideration of these factors too. In
brief, the impact of warming/stratification in the primary production
pattern is complex, as explained by Toseland et al. (2013), the response
of warming can be direct and indirect. Increase in temperature may
alter the N:P, in turn increasing demand for N with consequences for
marine carbon cycle due to shift towards N limitation. The response
can be reflected in altered species composition and production pattern,
the explanation of which requires a comprehensive study linking phys-
ics to biogeochemistry to the ecophysiology and is beyond the scope of
the present study.

4. Summary

The overall productivity of NEAS is comparatively higher during
the WM, and early SIM as the winter cooling and associated convec-
tive mixing drives nutrients to surface waters. The present study es-
tablishes that pockets of high production and bloom formation in the
oceanic regions of NEAS are most often associated with mesoscale
eddies which occurs persistently as evident from the SSH anomalies
and Okubo-Weiss parameters. Eddy core is dominant of EKE over the
APE and the diameter of the observed eddy being wider than the
Rossby radius it is suggested that the baroclinic instability is a possi-
ble mechanism for the eddy formation. These eddies have a life span
varying from two to six months. CCEs with uniform APE are in gen-
eral the sites of mixed algal blooms dominated by diatoms. However,
CCEs with non-uniform APE promote intense blooms of the green
Noctiluca scintillans on its calm fronts. With the onset of SIM season
(mid -February), the WCEs begin to shallow, become less turbulent
and promote the proliferation and blooming of N. scintillans using
the nutrients conserved inside the eddy. These blooms are sustained
till April through regenerated production. From April the oligotro-
phic surface waters of NEAS (North of 17°N) are transported south-
ward by the WICC where the SST is higher, and the surface waters
contain more iron. Under these conditions, the cyanobacteria
T. erythraeum undertakes diazotrophy and form extensive blooms.
Intense blooms of T. erythraeum have been reported from Ratnagiri
(17°N) and Goa areas during April and May. Winter cooling and con-
vective mixing in NEAS are reportedly showing an increasing trend
from 2003 onwards, making the NEAS more productive. An analysis
of the long-term trends in the SSHA of NEAS (1993 to 2019) indicates
a positive trend which suggests strengthening in stratification and as
a result enhanced Noctiluca blooms.
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