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Abstract

The present study explored the role of the pre-existing cyclonic eddy on the chlorophyll-a (Chla)
bloom after a cyclone pass over the northern Bay of Bengal (BoB). We used a high-resolution (~9
km) Regional Ocean Modeling System (ROMS) coupled with an established Nutrient-
Phytoplankton-Zooplankton-Detritus (NPZD) model. In the study, we have considered cyclone
Hudhud (category-4), which passed over a cyclonic eddy in the BoB during 7-12 October 2014.
Before the passage of cyclone Hudhud, strong stratification in the upper ocean inhibited eddy-driven
upwelling of nutrients to the mixed layer and limited the phytoplankton production. However, when
cyclone Hudhud interacted with the cyclonic eddy, which further reduced the water column stability
(one order less) of the upper ocean and initiated the wind-driven upwelling. This mechanism resulted
in the easy upwelling of cold nutrient-rich water to the mixed layer. A case study presented here
demonstrates ocean-atmosphere (eddy-cyclone) interaction and its influence on the mixed layer Chla
production in the northern BoB. Our study showed that column integrated Chla value in the upper
100 m increased by 70 % when cyclone Hudhud passed over a cyclonic eddy region in the BoB. The
present study suggested that cyclonic eddy accompanied by cyclone Hudhud induced the Chla bloom
in the Northern Bay during the post-monsoon season of 2014.
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Key Points

e Stratification inhibits eddy-driven upwelling in the northern Bay of Bengal.
e Eddy-cyclone interaction reduces the water column stability and initiates upwelling in the
Bay of Bengal.

e Eddy-cyclone interaction induced phytoplankton bloom in the Bay of Bengal.
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1. Introduction

The Bay of Bengal (BoB) is a tropical semi-enclosed basin located in the eastern part of the
north Indian Ocean (Figure 1). The BoB is bordered by India, Sri Lanka, Bangladesh, Myanmar and
Andaman-Nicobar Islands. The basin experiences dominant semi-annually reversing monsoon winds
blowing from the southwest during summer (June-September) and northeast during winter
(December-March). A large amount of riverine influx (2.5 x 10* m® y!) and excess precipitation
over evaporation make the northern BoB region highly stratified (Schott & McCreary, 2001). The
strong stratification during the summer (Rao & Sivakumar, 2003) causes the formation of the barrier
layer (the layer between the base of the mixed layer and the top of the thermocline) in the northern
bay. It does not allow the prevailing winds to break the stratification. This, in turn, inhibits the
upwelling of nutrients from the deep layer to the euphotic zone. The above-said characteristics make
the BoB highly oligotrophic during the summer and post-monsoon season (Prasanna Kumar et al.,
2002), except during the events of mesoscale eddies (Prasanna Kumar et al., 2004) and tropical
cyclones (Vidya et al., 2017). In BoB, mesoscale eddies are ubiquitous (Prasanna Kumar et al.,
2004), while tropical cyclones occur only during the post and pre-monsoon seasons with maximum
frequency during the post-monsoon season (Neetu et al., 2012).

Tropical cyclones bring nutrient-rich subsurface water to the surface and stimulate
phytoplankton growth (Eppley & Renger, 1988). Passage of cyclone initiates the upper ocean
mixing, leading to a decrease in sea surface temperature (SST) and alter the upper ocean primary
production. The main properties that a cyclone could modify are mixed layer depth, thermocline
depth and air-sea heat fluxes (Sun et al., 2014). Price (1981) showed that entrainment and upwelling
are the two major physical processes that bring up the nutrient-rich water to the upper euphotic zone
and stimulate biological production. Earlier studies (e.g., Babin et al., 2004; Tummala et al., 2009;
Vidya et al., 2017; Vinayachandran & Mathew, 2003) showed increased phytoplankton biomass
(Chla) in the BoB after the passage of a cyclone. Furthermore, BoB contains many cyclonic eddies,
which also contribute to the increase of phytoplankton biomass (Prasanna Kumar et al., 2004;
Prasanna Kumar et al., 2007; Vidya & Prasanna Kumar, 2013). Most of the time, cyclones pass over
the cold/warm-core eddies in the BoB as there are many eddies in BoB throughout the year

(Prasanna Kumar et al., 2002).

Eddy — cyclone interactions have been a poorly studied scientific topic as far as the Indian
Ocean is concerned. Pre-existing cyclonic eddy can intensify the cooling processes along the
cyclone's track and shallow the mixed layer depth (Liu et al., 2009). Liu & Tang (2018) showed that

typhoon in the South China Sea strengthened the pre-existing cyclonic eddy and intensified the
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phytoplankton bloom. Their study demonstrated that when a typhoon passed over a cyclonic eddy
region, the chlorophyll-a (Chla) increased by approximately 35%. In contrast, when it passed over a
non-eddy region, the Chla enhancement was only 12%. Previous studies (Liu et al., 2009; Maneesha
et al., 2011; Patnaik et al., 2014; Sadhuram et al., 2012; Sun et al., 2014; Zheng et al., 2008) have
shown that pre-existing eddy such as anti-cyclonic (warm-core) and cyclonic (cold-core), played a
significant role in determining the strength and location of large SST cooling. Using satellite-derived
data and numerical simulations, few studies (Anandh et al., 2020; Gordon et al., 2017; Patnaik et al.,
2014; Vidya et al., 2017) highlighted the importance of interaction between oceanic eddies and
tropical cyclones in the BoB. Using an ocean-atmosphere coupled model, Anandh et al. (2020) and
Patnaik et al. (2014) showed that when a cyclone passed over the eddy, it gets intensified in the BoB.
Gordon et al. (2017) showed that rapid intensification and transformation of anticyclonic eddy
occurred in the BoB after the passage of a tropical cyclone using observational data. All the above
studies highlighted that eddies play an important role in the intensification and dissipation of BoB
cyclones. Using satellite-derived Chla, Vidya et al. (2017) showed that passage of tropical cyclone
Phailin (Category 5; 8-14 October 2014) over the cold-core eddy (in the northern BoB) caused the
intensification of pre-existing eddies and thus resulted two times enhancement in Chla after the
cyclone passage. Though the prevailing winds were strong over the region, the strong stratification in
the region inhibits the upwelling and thus led to the less entrainment of nutrient to the surface, which
subsequently affected the Chla production. Since eddy and tropical cyclone co-occur, none of the
above studies explored the role of individual processes towards the Chla/phytoplankton production

in the BoB during post monsoon season.

The present study explores how the pre-existing cyclonic eddy affected the upper ocean
processes when the cyclone Hudhud passed over the northern BoB during 07-12 October 2014. As
the cyclone and cyclonic eddy were co-occurring, it is not possible to quantify the role of individual
processes towards the Chla/phytoplankton production using in situ and satellite data. The best way to
achieve this scientific question is to address it through the help of a numerical model. In the present
study, two numerical simulations (Experiment | and IlI) were carried out to investigate the
importance of the pre-existing cyclonic eddy in the event of cyclone Hudhud and its impact on the
Chla/phytoplankton production in the BoB.



2. Data and Methods
2.1  Cyclone Hudhud

The National Oceanic and Atmospheric Administration hurricane forecasters and World
Meteorological Organization use the Saffir-Simpson category scale (1-5 based on the
cyclone/hurricane intensity at the indicated time) (Simpson, 1974), which assigns storms (cyclones)

to five categories (https://www.nhc.noaa.gov/aboutsshws.php). Cyclone ‘Hudhud’ is a category- 4

cyclone (as per the Saffir-Simpson category scale) developed in the BoB during 7-14 October 2014
(Figure 1). It originated as a low-pressure area over the Tenasserim coast and adjoining the North
Andaman Sea on 6" October 2014. It concentrated into a Depression on 7" October 2014 over the
North Andaman Sea. On 8™ October, it emerged into Southeast BoB and continued to move west-
northwestwards, then intensified into a Severe Cyclonic Storm (SCS) on 09" October. It further
developed as a Very Severe Cyclonic Storm (VSCS) in the afternoon of 10" October 2014 (category
1). It continued to intensify while moving northwestwards and reached maximum intensity in the
early morning of 12™" October 2014 with a maximum sustained wind speed of 180 kmph (category-4)
over the west-central BoB off the Andhra Pradesh coast, India. It crossed the north Andhra Pradesh
coast over Visakhapatnam between 1200 and 1300 hrs IST of 12" October 2014 with the same wind
speed (http://www.rsmcnewdelhi.imd.gov.in/images/pdf/archive/bulletins/2013/RHUD.pdf).
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Figure 1. Satellite-derived sea surface height anomaly during 07-12 October 2014. The red line
represents the track of cyclone Hudhud with an interval of every six hours (The classification is
based on the Saffir-Simpson category scale; C1- category 1, C2-category 2, C3- category 3 and C4-
category 4), dashed white rectangle (84-86°E and 15-17°N) indicates the region chosen for further
study, the black dashed slanting lines indicate the boundary of different category cyclone. The thick
white line indicates the location of Argo float (WMO ID- ID- 2902114). The thick black box
indicates the Chla in the non-eddy region shown in Figure S12.

2.2  Satellite data
Chla concentration and sea surface height anomaly

The Chla concentration data from version 3.1 (v3.1) of the European Space Agency’s Ocean
Color Climate Change Initiative (OC-CCI) with a spatial resolution of 4 km and temporal resolution
of 8 days was used. The OC-CCI Chla product (Sathyendranath et al., 2018) is made up of globally
merged MERIS, Aqua-MODIS, SeaWiFS and VIIRS data (source: http://www.esa-oceancolour-

cci.org/). Sea level observations from the satellite altimetry can be used to detect mesoscale features.
The spatial structure of the cyclonic eddy was examined by analyzing daily snap-shots of merged
sea-level anomalies from all altimeter missions (Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa,
Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2). The satellite altimetry product was
generated by the Sea Level Thematic Assembly Center (SL-TAC) and distributed by the Copernicus

Marine and Environment Monitoring Service (CMEMS, http://marine.copernicus.eu/). We used the
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delayed time mode sea level anomaly data (product ID:
SEALEVEL_GLO _PHY_L4 REP_OBSERVATIONS_008_047) with a spatial resolution of 0.25° x
0.25° and temporal resolution of 1 day.

2.3 Model description and numerical experiments
2.3.1 Physical model

The present study employed the Regional Ocean Modeling System (ROMS), which is a free-
surface, split-explicit and 3-dimensional primitive equations oceanic model. ROMS utilises a non-
linear terrain-following coordinate (Shchepetkin & McWilliams, 2005). It employs short time steps
to advance the surface elevation and barotropic momentum equations. It uses a much larger time step
for temperature, salinity, and baroclinic momentum. A third-order accurate predictor (Leap-Frog)
and corrector (Adams-Molton) time-stepping algorithm is used for time discretization. The vertical
discretization in the model follows the stretched terrain-following coordinates, which allows high
resolution in the mixed ocean layer and bottom boundary layer suitable for different applications.
The horizontal grid staggering in the ROMS model is based on Arakawa C-grid. ROMS allows
vertical and horizontal advection schemes and parameterization for vertical and horizontal mixing.
The ROMS (version 3.7) model domain configuration is shown in Figure 2. The model configured in
the present study has a higher horizontal resolution of 1/12-degree (9 km), which explicitly resolves
eddy, including mesoscale processes. It has time step of 60s and 40 vertical sigma levels (increased
resolution near the surface and bottom), with vertical stretching parameters such as bottom stretching
parameter (0b)=0.4, surface stretching parameter (6s) =7, and vertical s coordinate parameter (HC)
=10m. The southern and western boundary is open while the northern and eastern are closed. The
open boundary conditions are applied to tracers and baroclinic velocity using a combination of
radiation conditions and nudging (Chen et al., 2013; Marchesiello et al., 2001) to daily temperature
and salinity fields from the latest version of Climate Forecast Systems (CFSv2) operational analyses
developed in National Centers for Environmental Prediction (NCEP) (Saha et al., 2014). A Flather
boundary condition (Flather, 1975) was applied for the barotropic currents that enable free
propagation of wind-generated currents and tides in the open boundaries. Generic Length Scale
scheme (Umlauf & Burchard, 2003) is used for the vertical mixing parameterization with *®’ closure
proposed by (Warner et al., 2005). The overview of the ROMS model configuration is presented in
Table S1.
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Figure 2: The domain of ROMS model configuration (Bay of Bengal) with its bathymetry (in m).
Black contour indicates 1000 m, red contour indicates 2000 m, and blue contour indicates 3000 m.

2.3.2 NCEP-CFSv2

The ocean initial and boundary conditions, atmospheric forcing conditions for ROMS were derived
from the latest version of Climate Forecast System (CFSv2) operational analyses developed in the
National Centers for Environmental Prediction (NCEP). CFSv2 is the state-of-art, fully coupled
climate forecast system model that became operational in August 2011 (Saha et al., 2014a). CFSv2
has undergone a substantial upgrade in the forecast system compared to CFSv1l, mainly through
model components and data assimilation system. This includes a) the incorporation of 3 layers
interactive global sea ice model and global land data assimilation, b) upgrade of ocean model to
MOM4, and c) upgrade of the land surface model to 4-layer NOAH land model. Many modeling
studies have reported the potential improvement in climate forecast system CFSv2 through extensive
evaluation studies (Yuan et al., 2011; Kim et al., 2012; Barnston and Tippett, 2013; Zuo et al., 2013;
Goswami et al., 2014; Pokhrel et al., 2012). The six-hourly CFSv2 atmosphere and ocean analyses
have a 0.5° spatial resolution with 38 and 40 vertical levels, respectively.

The ROMS (stand-alone) model is spun up for ten years to attain the mean ocean properties
and circulation features using temperature (Locarnini et al., 2013) and salinity (Zweng et al., 2013)
fields obtained from World Ocean Atlas (WOA 2013), which is referred as climatology run. The
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model solutions obtained from the climatology run is used to perform two ROMS-biogeochemical

experiments as described below:
2.3.3 Biological model

The details of the biological component of the model, such as schematic, equations and
parameters of the model, are given in Fennel et al. (2006, 2008, and 2011). The Nutrient-
Phytoplankton-Zooplankton-Detritus (NPZD) model is a nitrogen-based model with seven state
variables. It consists of two species of dissolved inorganic nitrogen (nitrate and ammonium),
phytoplankton group (Phy), chlorophyll a (Chla), zooplankton group (Zoo), and two pools of detritus
(Large Detritus-LDet and Small detritus-SDet). The biological variables NH4, Phy, Chl, Zoo, SDet
and LDet, were initialized with small constant values. All the biological state variables at the

boundary are set to small positive values (K. Fennel et al., 2011).
2.3.4 Numerical Experiments

ROMS coupled with an established NPZD - type planktonic ecosystem-biogeochemistry
model that is described in Katja Fennel et al. (2006; 2008) and was simulated from 00 UTC of 01%
January 2014 to 18 UTC of 30" October 2014. The initial ocean conditions, boundary conditions,
and atmospheric surface forcing fields were derived from NCEP-Climate System Version 2 (CFSv2)
analysis at six hourly intervals. The initial and boundary conditions for oxygen and nitrogen were
derived from WOA 2013, whereas Chla was obtained from the monthly mean Sea-viewing Wide
Field-of-view Sensor (SeaWiFS). The ocean model was simulated for ten years using climatological
forcing and boundary conditions. For the realistic experiment, both experiments (Experiment 1 and
Experiment 11) were initialized with initial ocean conditions based on climatology simulation
corresponding to January (average of last seven years), atmospheric forcing data based on NCEP
CSFR and biogeochemical inputs based on WOA13 and SeaWiFS monthly climatology. Vertical
profiles of Chla from satellite data for model initialisation was computed based on Morel and

Berthon (1989). The details of the two experiments used in the present study are given below.
Experiment I

This experiment was based on climatological wind stress forcing, which aimed to reproduce
the primary productivity contributed only by the pre-existing cyclonic eddy. The model
configuration was the same as the Experiment 1l (see below paragraph), with the exception of the
atmospheric surface winds that were acquired from climatological winds that do not include the

Hudhud cyclone winds (Wind stress was computed from wind speeds shown in Figure 3; black line).



Experiment 11

This experiment was based on realistic wind stress forcing using NCEP-CFSv2 (Wind stress
was computed from wind speeds shown in Figure 3; red line), which enables the investigation of the
eddy-cyclone interaction in the BoB i.e.,, the combined eddy and cyclone contribution to the

observed primary productivity.
2.3.4 Equations used

The ocean stratification (Bruit Vaisala frequency) in the upper 100 m water column was calculated

using the temperature and salinity data from the model.

N= [=— (1)

The frequency (N) quantifies the importance of stability (s), ‘p’ is the density (kg m ) of the water,
and ‘z’ is the depth (m).

The time evolution of the vorticity gradients is determined by using the Okubo-Weiss (Okubo, 1970,
Weiss, 1981) parameter (OW),

ow = 52+ 52 — w?, @)

Where Sp, Ss and @are the normal and shear components of strain and the relative vorticity of the

flow defined respectively by

du dv dv du dv du

T S —+— , w- —
- dx ay’ 5= Bx ay ' )

S. —— .
n - dx v

The parameter OW allows separating the flow into a vorticity-dominated region (negative value) and

a strain-dominated region (positive value).

The mixed layer salinity budget in the ocean is mainly influenced by oceanic advection, diffusion,

entrainment, and air-sea freshwater flux (evaporation minus precipitation) and computed using the

equation followed by Dong et al. (2009) as below,

35n _ Sm(E-P)
at  hpy

wedS

U, VS, + kV?S,, — (4)



Where 5 is the mixed layer salinity, k. is the mixed layer depth, w, is the entrainment velocity, AS
is the salinity difference between the mixed layer and just below the mixed layer, and k is the eddy
diffusivity (taken as 500 m? s?). E and P represent the evaporation and precipitation rates,
respectively. Similarly, the mixed layer nitrate budget was computed using the equation followed by
Resplandy et al. (2011).

This study intends to explore how the pre-existing cyclonic eddy affected the upper ocean processes
when cyclone Hudhud passed over the northern BoB region. Hence, we selected a region 84-86°E
and 15-17°N (white dashed rectangle in Figure 1), where both cyclonic eddy and cyclone Hudhud
co-exist. For further analysis, we have used physical and biological data averaged over the same

region.
3. Results and Discussions
3.1  Physical Response

Figure 1 represents the track of cyclone Hudhud in the BoB. The cyclone Hudhud is
represented as TS (tropical storm), Cl(category 1), C2 (category 2), C3 (category 3) and C4
(category 4), respectively, according to the Saffir-Simpson scale. Negative sea level anomaly (SLA)
along the cyclone track confirmed the presence of cyclonic eddy (Figure 1) in the region. In this
study, we carried out two experiments. The first experiment used the climatological winds/ stress
(Figure 3; black line), and the second experiment used cyclone winds/stress (Figure 3; red line).
Experiment | gives the details of processes contributed by cyclonic eddy, whereas Experiment Il
provides the combined effect of cyclonic eddy and cyclone Hudhud. Along the cyclone track, wind
speed in Experiment | was 1 m s* (black line, Figure 3), while in Experiment 1, it varied from 18-65

m st (red line, Figure 3).
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Figure 3.Wind speed (model is forced with wind stress) along the cyclone track in Experiment |
(black line; only cyclonic eddy present) and Experiment 11 (red line; co-occurrence of cyclonic eddy
and cyclone Hudhud).

In the BoB, mesoscale eddies radius range from 50-150 km, and their life span varies from a few
weeks to months (Chen et al., 2012). Our model is an eddy-resolving model with a horizontal
resolution of 9 km. We believe that this model can simulate the BoB eddies (radius ranging from 50-
150 km) and associated phytoplankton dynamics. To understand the spatial variability of the eddy
structure and the ability of the model to reproduce the mesoscale eddy, we have plotted depth of
26°C isotherm (d26) overlaid with the currents in the upper 100 m water column (vectors are
averaged over the top 100 m water column) on 08" October 2014 (first day of the cyclone formation)
and 18" October 2014 (after the cyclone) respectively (Figure 4a & 4c). We also compared model
surface currents with the Ocean Surface Currents Analyses Real-time (OSCAR) data before the
cyclone (on 6™ October 2014) (Figure S1). Closed contours in the study region (red rectangle) in
Figure S1 a and b confirm that model can reproduce the cyclonic eddy in the study region before the
cyclone. Tropical cyclones develop over the warm oceans, more specifically above the surface
temperature above 26°C. Hence, tropical cyclone heat potential is defined as a measure of the
integrated vertical temperature from the sea surface to depth of the 26°C isotherm (Goni et al., 2013).
The shallow d26 along with anticlockwise current (vector) direction represent the eddy-driven
upwelling in the region. Besides, we also computed the Okubo-Weiss (OW) parameter on those days
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(8" and 18" October 2014) using the data from model simulated currents (Figure 4b & 4d). Eddies
are seen as closed contours which enclose the region of large negative OW (Figure 4b & 4d). The
OW during the Experiment | and Il are shown in Figure S2. In addition, we also compared spatial
maps of SST and SLA from model and satellite, which is shown in Figure S3 and S4, respectively.
Kindly note that the reference level of the Aviso SSHA and ROMS free surface is different (Zhou
Chaojie et al., 2018). This may cause some changes in SSHA when we compare model SSHA with
satellite-derived SSHA (Figure S4). The above analysis (Figure 4 & S1-S4) further confirmed that
the model could simulate/capture the mesoscale eddies in the BoB. A similar figure which depicts
the d26 and OW during the cyclone periods (11" and 14" October 2014) is given in Figure S5.
Shoaling of d26 (Figure 4b), more negative OW parameter (Figure 4d) and dropping of sea surface
height anomaly from -7 cm to - 14 cm (Figure 5) when cyclone enters the eddy region indicated the

intensification of the cyclonic eddy after the passage of cyclone Hudhud.

(a) 8 Oct 2014 (b) 8 Oct 2014

20°N 20°N

18N

14°N

Figure 4. The spatial pattern of the depth of 26-degree isotherm overlaid with currents in the upper
100 m from the model (a) before and (c) after cyclone Hudhud. Okubo-Weiss parameter computed
from the model currents in the upper 100 m (b) before and (d) after the cyclone. The red rectangle
represents the region where cyclone and eddy co-exist.
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Figure 5. Time series of SST (black line) and sea level anomaly (SLA; red line) averaged over the
region 84-86°E and 15-17°N.

We also analyzed SST and SLA in the region (averaged over the region 84-86°E and 15-
17°N), where eddy-cyclone co-occur (Figure 5) to explore the oceanic variations associated with
cyclone Hudhud. As SST is generally considered as a criterion for oceanic cooling in response to the
cyclone passage, we analyzed SST (Figure 5; black line) and SLA (Figure 5; SLA: red line). Note
that SST cooling of ~2.5 °C was observed on 12" October 2014 when cyclone entered the eddy
region. However, SST resumed its warming trend from 13" onwards. Similar to SST, the magnitude
of the SLA increased from -7 cm to - 14 cm (Figure 5; red line) when cyclone entered the eddy
region. We further analysed the upper ocean parameters such as water column temperature, salinity

and stability in the two experiments to understand the upper ocean characteristics of the region.

Vertical sections of temperature, salinity and water column stability (averaged over 84-86°E
and 15-17°N) during Experiment | and Il are shown in Figure 6 (a — f). The rain rate used as an input
forcings in both the experiment averaged over the same region (Figure 6g). In Experiment I, the
vertical structure of temperature showed a stratified water column in the upper 100 m (Figure 6a),
while 27°C isotherm shoaled from 50 m to the surface during the cyclone period in Experiment Il
(Figure 6b). In the absence of cyclone winds (Experiment 1), the isotherms are deeper (Figure 6a).
Vertical salinity structure consists of freshwater in the upper 20 m, indicating the stratified water
column in Experiment | (Figure 6¢). However, isohalines shoaled and reached upto the surface in
Experiment Il (Figure 6d). Water column stability (also called as Brunt-Vaisala frequency which
represents the intensity of the stratification of the water column) showed more positive values (~
0.34 s1) in the upper 20 m in Experiment | (Figure 6e) compared to Experiment II. One order less

magnitude (0.06 s, Figure 6f ) in Brunt Vaisala frequency in Experiment Il during the cyclone
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period (11" October 2014) indicated that the water column was more stable and stratified in
Experiment | compared to Experiment Il. To understand the difference in salinity between the two
experiments, we compared the spatial distribution of surface salinity overlaid with currents (Figure
S6). Surface salinity showed different patterns in both experiments, which indicated different ocean
circulation (Figure S6). Though we used the same forcings in both the experiments, only
winds/wind stress were different. We believe that the difference in salinity in the upper 20 m
(Experiment 1) is contributed by intense rainfall (Figure 6g) during the cyclone period. However, the
strong winds (> 60 m s?) in Experiment Il created vertical shear and caused upwelling or
entrainment, whereas winds were much weaker in experiment | (~1 m s%). The individual role of
upwelling and entrainment processes during the cyclone period was quantified using the mixed layer
budget analysis of salinity followed by Dong et al. (2009). Since our interest was to explore the
relative importance of upwelling and entrainment, only those two terms are shown in Figure 7 along
with MLD variation (Figure 7; black line). The upwelling term showed positive values on 11" and
12" October 2014 (Figure 7; filled red circle), while the entrainment term showed values close to
zero (Figure 7; red circle). The above analysis indicated that the strong winds/wind stress during the
cyclone period broke the salinity driven stratification and initiated upwelling of cold water to the
surface. After exploring the physical processes, it was further analysed for the Chla/phytoplankton

responses from the two different experiments.
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Figure 6. Time series of vertical structure [averaged over the region 84-86°E and 15-17°N] of
temperature in (a) Experiment | and (b) Experiment Il. Vertical structure of salinity in (c)
Experiment | and (d) Experiment II. Vertical structure of water column stability (Brunt Vaisala
frequency in s1) in (e) Experiment I and (f) Experiment II. (g) Time series of rain rate used as input

forcing in the model.

The Black dashed rectangle represents the cyclone period. The white contour

in figures a-f indicates MLD.
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Figure 7. Time series of mixed layer depth (MLD; black line), upwelling term (red filled circle) and
entrainment term (red circle) computed using mixed layer salinity budget.

3.2  Biological Responses
Chla concentration-response from the satellite and model

The satellite and model-derived surface Chla concentration before (phase 1), during (phase 2)
and after (phase 3) the cyclone is shown in Figure 8 (a-f). The average Chla concentration before the
cyclone was < 0.2 mg m=, while after the passage of cyclone Hudhud, the Chla concentration
increased up to approximately 3 mg m. The white patches during the cyclone in figure 8a indicate
the absence of satellite-based Chla concentration data. The strong cloud cover during the cyclone
does not permit the satellite to capture the Chla concentration during its passage. However, the
model can capture Chla concentration during the cyclone, which is an added advantage of the

numerical modeling technique.
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Figure 8. Chla concentration in mg m™ from the (a-c) satellite (a, Phase 1; b, phase 2 and c, phase 3)
and (d-f) model (d, phase 1; e, phase 2 and f, phase 3).

We further analysed the time series of the vertical structure of Chla concentration in the
upper 100 m (including subsurface Chla) in both the experiments (Figure 9 a & b). In addition, we
also compared the vertical structure of Chla obtained from the Argo float (WMO ID- 2902114; thick
white line in Figure 1), which was located in the cyclone track (Figure S7) with that of the model.
The above analysis (Figure 9b and Figure S7) confirmed that the model could simulate/capture
surface and subsurface Chla maxima well in the BoB. In Experiment I, Chla showed the subsurface
maxima at ~70 m with the oligotrophic upper ocean during phase 2 and phase 3 (Figure 9a). As the
nitracline was below the MLD in all three stages, it did not allow to form the Chla bloom in
Experiment | after the cyclone. However, in Experiment Il, the strong wind stress resulted the
upwelling of nitracline to the mixed layer, which subsequently increased the Chla from 0.2 mg m™ to
2.5 mg m? at the surface and from 3 mg m= to 4.5 mg m? at subsurface (Figure 9b). We also
computed column integrated Chla, which increased from 82.5 mg m to 140 mg m and indicated a

77 % increase in the Chla production after the cyclone (Figure S8; blue line).
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Figure 9. Time series of the vertical structure of Chla (in mg m=. averaged over the region 84-86°E
and 15-17°N) in (a) Experiment | and (b) Experiment II. White contours indicate MLD. Black
contours indicate 0.5 mg m Chla. The black dashed rectangle represents the cyclone period.

Oceanic processes/factors like mixed layer depth (MLD), barrier layer thickness (BLT), and
nitracline depth can modulate the Chla concentration in the ocean. It is explored how the above
factors influence the Chla concentration after the passage of cyclone Hudhud. MLD is defined as the
depth at which the density is 0.2 kg m~ higher than the surface value. BLT is the difference between
the Isothermal Layer Depth (ILD) and MLD. ILD is computed using the depth at which temperature
decreases by 0.8 degree from SST (Kara et al., 2000). The presence of a thicker barrier layer
indicates a more stable water column, and more difficult for the cyclone to mix the upper ocean.
Nitracline is an ocean layer in which nitrate level increases rapidly with depth. We used a depth of 1
mmol m™ nitrate isocline to define the nitracline (Figure 10, white contour). Figure 10 represents the
time series of the vertical structure of nitrate in the upper 100 m overlaid with nitracline, MLD (back
contours) and BLT (red contours). Note that all the time series were computed by averaging over the
region 84-86°E and 15-17°N (shown as a dashed white rectangle in Figure 1). We also computed
MLD, BLT and ILD from the Argo float, which was fortunately located in the cyclone track (Figure
S10).
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Figure 10. Time series of the vertical structure of water column nitrate [averaged over the region 84-
86°E and 15-17°N] in (a) Experiment | and (b) Experiment II. (¢) Time series of mixed layer depth
(black line), upwelling term (red filled circle), and entrainment term (red circle) computed using
mixed layer nitrate budget. In Figures 10a and b, white contours indicate the 1 mmol m™ nitrate.
Black contours indicate MLD, and red contours indicate BLT. The black dashed rectangle represents

the cyclone period.

In Experiment 1, the nitrate concentrations in the upper 50 m water column were less than

0.05 mmol m™ (+ 0.02 mmol m), indicating the oligotrophic region (Figure 10a). During all three
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phases of the cyclone, nitrate concentrations were less than 0.05 mmol m=in Experiment 1. While, in
Experiment I, nitrate concentrations were much higher (> 7 mmol m) than the Experiment |
(Figure 10b) during phase 2 in the upper 50 m. For example, at 50 m depth, the nitrate concentration
was < 0.05 mmol m= in Experiment I, while it was > 7 mmol m™ in Experiment Il. In addition, we
have compared the modelled nitrate from the World Ocean Atlas 2013 (WOA 2013) during October
(Figure S9). The modelled nitrate distribution showed good comparison in the subsurface layers,
however the upwelling starts in the modelled nitrate much before the period of cyclone, by the end of
July (Figure S9b). This is mainly due to the very limited numbers of in situ nitrate profiles used in
WOA13. Based on the above, we believe that comparison of modelled nitrate with WOA13 data in
the euphotic zone may not be appropriate to compare for a specific year. As no other better data is
available to compare with the model data, we have used WOA13 in the present study. But a good
comparison of model-derived Chla with satellite and Argo data (Figure S7) indicate that the model
reproduced surface and subsurface chlorophyll production during the cyclone passage. It is an

indirect indication of the nitrate variability in the euphotic zone during the cyclone period.

In Experiment I, the MLD did not show much variability during phase 2 (Figure 10a; black
line), and BLT increased from 15 m to 40 m (Figure 10a; red line). The deepening of the BLT in the
absence of cyclone winds during Experiment | was mainly due to the increase in freshwater flux at
the surface due to heavy rainfall during the cyclone (Figure 6¢ and 6g). Lack of strong cyclone winds
in Experiment | could not initiate upwelling. While in Experiment I, during the cyclone period,
initially, the BLT increased slightly, along with the deepening of the mixed layer (Figure 10b; black
line). In the following days, when the cyclone intensified, the BLT and MLD decreased (Figure 10b;
red line). We also computed the individual role of upwelling and entrainment of nitrate in the mixed
layer during the cyclone period using the mixed layer budget analysis of nitrate (Resplandy et al.,
2011) (Figure 10c). The upwelling term showed positive values on 11" and 12" October 2014
(Figure 10 c; filled red circle), while the entrainment term showed values close to zero (Figure 10 c;
red circle). It further confirmed that the upwelling of nitrates induced by the cyclone winds was the
dominant mechanism of Chla bloom after the cyclone passage. Consistent with the model, Argo data
showed ~20 m MLD and ~12 m BLT before the cyclone (on 5" October 2014) (Figure S10). The
MLD deepened from 20 m to 45 m, and the barrier layer disappeared during the cyclone (on 10"
October 2014). The MLD again shoaled after 10 days of the cyclone and reached back 15 m,
whereas BLT was at 5m (Figure S10). The difference in the MLD and absence of barrier layer on
10™ October 2014 in figure S10 might be due to the absence of rainfall (freshwater flux) as Argo was

located outside the eddy region.
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In Experiment Il, when the cyclone passed over the cyclonic eddy region, the strong wind
speed (Figure S11; black line) led to an increase in wind stress, which resulted a divergent. We also
calculated the Ekman pumping velocity (EPV), which reached a maximum value of 2.5 x 10° m s
on 11" October 2014 (Figure S11; red line). Though the MLD reached a maximum value of 22 m on
10" October 2014, from 11" onwards, MLD started shoaling and reached a minimum value of 11 m
on 14" October 2014. On 15" October 2014, integrated Chla reached a maximum value of 140 mg
m2 (integrated Chla increased from 82.5 mg m? to 140 mg m™). It indicated that positive EPV
resulted in the upwelling of cold nutrient-rich water to the mixed layer (Figure 10b), which
subsequently led to shoaling of the mixed layer. The increased wind intensity (Figure S11; black
line) led to a divergent of positive EPV (Figure S11; red line), which raised the isotherms
approximately 50 m and resulted shoaling of the nitracline to the mixed layer (Figure 10b). Hence,
the above analysis shows that during the cyclone, the mixed layer slightly deepens, and nutrient
entrainment occurs. Though the rate of mixed layer deepening was very small, the vertical
distribution of nitrate shows shoaling of nitracline due to strong upwelling induced by the cyclonic
winds, which led to the upwelling of nutrients to the mixed layer and increased the Chla production
(Figure 9b).

We further explored, in the absence of a pre-existing cyclonic eddy, what would be the
intensity of the Chla bloom when the cyclone alone passed over the region. To understand that, we
selected a small region (shown as a thick black box in Figure 1) along the cyclone track, where eddy
was absent. Figure S12a indicates the vertical structure of Chla when eddy was absent, and Figure
S12b indicates the Chla when both eddy and cyclone co-exist. Though Chla increased during the
cyclone period (Figure S12a), its magnitude was much lesser. This confirms that during the post-
monsoon season, the interaction of eddy-cyclone play a major role in the Chla production after the

cyclone passage.
3.3  Discussion

In BoB, the strong stratification during the monsoon and post-monsoon seasons inhibits the
nutrient transport from subsurface depth to the euphotic zone and makes the region strongly
oligotrophic. In such oligotrophic region, only physical processes like mesoscale eddies (Prasanna
Kumar et al., 2004) and tropical cyclones (Babin et al., 2004; Tummala et al., 2009; Vidya et al.,
2017; Vinayachandran & Mathew, 2003) can pump nutrients from the subsurface water to the
surface and increase the Chla concentration. In the present study, using an eddy-resolving coupled
physical-biological model, we show that during the post-monsoon season, strong stratification in the

northern BoB inhibits the eddy-driven upwelling of nutrients in the upper ocean. However, the
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passage of cyclone Hudhud led to the intensification of the pre-existing cyclonic eddy, and the
deepening of the MLD caused a phytoplankton bloom at a higher rate. Several studies (Chacko,
2017; Liu et al., 2009; Sun et al., 2014; Zheng et al., 2008, 2010) have shown that pre-existing
cyclonic eddy provides an unbalanced thermodynamic structure (SST and water column stability),
which helps to bring the cold nutrient-rich subsurface water to the surface and enhance the
phytoplankton production. Using modeling study, Liu et al. (2009) showed that in the south China
Sea, pre-existing cyclonic eddy strengthens the upper ocean upwelling and the significant increase of
nutrient concentration which led to the development of phytoplankton bloom. Zheng et al. (2008)
showed the pre-existing cyclonic eddy in the western North Pacific provides an unstable
thermodynamic structure. Chacko (2017) showed that in the BoB, pre-existing cyclonic eddy lowers
the translation speed of cyclone Hudhud and enhances the vertical pumping of nutrients to the
euphotic zone, which resulted in elevated phytoplankton bloom.

Our study is in line with the study by Zheng et al. (2008), where their study showed that the
pre-existing cyclonic eddy provides a favourable environment for the cyclone to the ready upwelling
of cold nutrient-rich water to the upper ocean in the western North Pacific. But, here in the BoB,
cyclonic eddy intensified after the passage of cyclone Hudhud, and the resultant eddy-cyclone
interaction initiated the phytoplankton bloom. Sun et al. (2014) and Lu et al. (2016) showed that pre-
existing cyclonic eddy conditions could increase the cooling time and phytoplankton bloom in the
South China Sea (SCS). Zheng et al. (2008, 2010) showed that in the northwestern Pacific, pre-
existing cyclonic eddy provides weak stratification, which results in the easy entrainment of cold
nutrient-rich water to the surface. Though the strong stratification during the post-monsoon season
inhibits the eddy-driven upwelling and subsequent SST cooling (Neetu et al., 2012), the present
study showed that passage of cyclone Hudhud along the eddy region provided a favourable condition
for the weakening of the stratification and upwelling of nutrients to the mixed layer.

When cyclone Hudhud (category 3) enters the cyclonic eddy region, the SST reached its
minimum value. After the cyclone passage, the strong cyclone winds in the region reduced the BLT
and thus accelerated SST cooling (~2.5°C). Though the intensity of cyclonic eddy increases, SST
resumed its warming after four days of the cyclone passage. This indicates the inability of the
cyclonic eddy to drive upwelling in the absence of a cyclone. The nitracline was always below the
mixed layer when the cyclone was absent. However, the passage of cyclone Hudhud in the cyclonic
eddy region led to the upwelling, which shoaled the mixed layer from 22 m to 11 m ( ~ 11 m) and

favoured vertical supply of nitrate to the mixed layer subsequently triggered the Chla bloom.
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Anandh et al. (2020) and Patnaik et al. (2014) showed that during the passage of cyclone over
the eddy, the cyclone's intensity increased in the BoB. Using observational data, Gordon et al. (2017)
showed that rapid intensification and transformation of anticyclonic eddy occurred after the passage
of a tropical cyclone in the BoB. All the above studies highlighted that eddy plays an important role
in the intensification and dissipation of BoB cyclones. Though the prevailing winds were strong over
the region, the strong stratification in the northern BoB inhibits the upwelling and thus led to the less
entrainment of nutrient to the surface, which subsequently affected Chla production. Vidya et al.
(2017) showed two times enhancement in the surface Chla/phytoplankton production after the
cyclone passage. However, most of the time, eddy and cyclone co-occur in BoB. Hence, it was not

possible to quantify the role of individual processes towards the Chla/phytoplankton production.

The strong cyclone winds during the cyclone Hudhud led to the upwelling of nutrients to the
mixed layer and consequently led to the increased Chla concentration after three days of the cyclone.
Without the cyclone winds, the nitrate in the upper 50 m water column was less than 0.5 mmol m™=.
This indicates that the strong winds during the cyclone help upwelling, reduce the BLT, thus by
reducing the intensity of the stratification and allow upwelling of the nutrient-rich waters to the
mixed layer. In the absence of cyclone winds, the strong water column stratification (as indicated by
the deepened isotherms) does not allow the eddy-driven upwelling and thus restrict the Chla bloom.
We show that cyclonic eddy can not initiate the eddy-driven upwelling and consequent upper ocean

cooling during the post-monsoon season in the absence of strong cyclone winds.

The present study emphasizes that cyclone-eddy interaction during the post-monsoon season
helps to break the strong stratification through wind-driven upwelling. The shoaling of the mixed
layer led to the upwelling of nitrate from 0.5 mmol m? to 7 mmol m= and further enhanced
phytoplankton production. We show that the cyclone-eddy interaction in the BoB led to 70 %
increase in integrated Chla in the upper 100 m water column after the passage of Hudhud. Our
results are consistent with the studies of Liu & Tang (2018) in the South China Sea. Using in situ
observations and satellite measurements, Maneesha et al. (2012) showed strong upper ocean
variability in the BoB associated with ocean-atmosphere interaction due to the cyclone. The present
study also showed the ocean-atmosphere interaction due to cyclone Hudhud in the BoB.

3.4 Limitations of the study

In the present study, though the physical model had run for ten years, the biological model
had run for only ten months. The long-time spin-up period in the biological model is required for the
study to predict biogeochemical state variables. The present study differs by far from the perspective
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of performance evaluation of a biogeochemical model. Rather, we utilized a simple set of numerical
experiments confined to recommendations based on the detailed literature survey to investigate the
potential significance of cyclone winds to induce upwelling of biogeochemical properties. The
increase in model spin-up could certainly improve the accuracy of Chla fields. Still, the observed
spatiotemporal properties are not expected to undergo contrasting changes considering the governing

physical processes.
4. Conclusion

In this study, the interaction of the pre-existing cyclonic eddy and cyclone (Hudhud) was
studied using ROMS coupled with an established NPZD model. In the BoB, during the post-
monsoon season, strong stratification along with a thick barrier layer inhibited eddy-driven
upwelling of nutrients to the mixed layer and restricted the phytoplankton production. However, the
presence of cyclone in the cyclonic eddy region played a critical role in the development of
phytoplankton bloom by reducing the water column stability and increasing the intensity of wind-
driven upwelling. The above mechanism helped to break the strong stratification, which increased
the nitrate from 0.5 mmol m= to 7 mmol m and further enhanced phytoplankton production. The
present study showed that during the post-monsoon season, cyclonic eddy unaccompanied with
cyclone Hudhud could not induce the phytoplankton bloom. This eddy-cyclone interaction
strengthened bottom-up processes in which nutrients entrain to the mixed layer, which led to the
development of phytoplankton bloom. Our model showed how the nitrate and corresponding
Chla concentration increased when the cyclone Hudhud crossed over the pre-existing cyclonic eddy
region. This study using a numerical model showed that atmosphere-ocean coupled processes play an
important role in phytoplankton growth in the BoB. Note that the present model solutions
corresponding to biogeochemical fields could have improved representation with a more extended
spin-up period with ROMS bio-fennel model (preferably 1-2 years). Furthermore, the authors
suggest multiple cyclone case studies using a coupled atmosphere-ocean-bio model to have a deeper

insight into complex interactions of cyclone induced biogeochemical response of the upper ocean.
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Supplementary material

Table S1: Overview of ROMS model configuration

Model ROMS (3.7)
Dynamics Hydrostatic
Map projection Mercator
Model domain SW: 5N & 75E

NE: 30N & 100E

Model time step

Baroclinic—60 s

Barotropic — 30 time steps

Surface stretching parameters &, 7
Bottom stretching parameters &, 0.4
Vertical S-coordinate parameter (HC) 10 m
Vertical levels (&) 40

Lateral boundary condition

Free surface — Chapman
2D UV - Flather
3D UV, T & S — Radiation + Nudging

Sponge 1500 km
Harmonic horizontal diffusion co-efficient | 10 m2s™*
for tracers

Harmonic horizontal viscosity co-efficient | 100 m?s?!

for tracers
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Figure S1. Spatial maps of surface currents from (a) model and (b) OSCAR data on 6™ October
2014. The red rectangle indicates the study region.
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Figure S2: Okubo-Weiss parameter computed from the model currents in the upper 100m water
column during Experiment 1 (a-c) and Il (d-f). The red rectangle represents the region where cyclone
and eddy co-exist.

31



23.0°N

Sea surface temperature from the model

(a) 05 Oct 2014 (b) 10 Oct 2014

23.0°N

(¢) 15 Oct 2014

21.0°N 21.0°N
19.0°N 19.0°N
17.0°N 17.0°N
15.0°N 15.0'n \
13.0°N L] .4 }13,0-N } ] .4
11.0°N 11.0°N
80°E 84°E 83°E 92°E 96°E 80°E 84°E 88°E 92°E 96°E BO°E 84°E 88°E 92°E 96°E
Sea surface temperature from the satellite
240N 4.0°N

22.0°N

18.0°N

16.0°N

14.0°N

12.0°N

24.0°N
22.0°N
20.0°N
18.0°N
16.0°N
14.0°N

12.0°N

(d) 05—-0ct—2014

() 10 Oct 2014

18.0°N
16.0°N

14.0°N

12.0°N

-«

82°E

98°E 82°E 94°E 98°E

Figure S3. Comparison of SST from the model (a-

c) versus satellite (d-f).
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Figure S4. Comparison of SLA from the model (a-c) versus satellite (d-f).
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Figure S5. The spatial pattern of the depth of 26-degree isotherm overlaid with the currents in the
upper 100 m from the model (a) 11" October 2014 and (c) 14" October 2014. Okubo-Weiss
parameter computed from the model currents in the upper 100 m (b) 11" October 2014 and (d) 14"
October 2014. The red rectangle represents the region where cyclone and eddy co-exist.
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Figure S6. The spatial pattern of surface salinity overlaid with the currents during the cyclone period
(averaged over the period 8-12™" October 2014) from (a) Experiment | and (b) Experiment I1. The red
rectangle represents the region where cyclone and eddy co-exist.
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(a) Chla from Argo
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Figure S7: Comparison of the vertical structure of Chla from Argo and model. The modelled Chla is
averaged over the region 84-86°E and 15-17°N. The black dashed rectangle represents the cyclone
period.

160

L 140
£ 120
= £
Q 100 o
= E
.80 .=
=
o

- 60

8 I L) I ) 1 L L) I ) 1 L) I ) ) I 40

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
October 2014
Figure S8. Time series of mixed layer depth (MLD; black line), Ekman pumping velocity (EPV; red
line), and integrated Chla values in the upper 100 m (blue line) in the region 84-86°E and 15-17°N.
The black dashed rectangle represents the cyclone period.
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(a) Nitrate from WOA13
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Figure S9. Time series of Nitrate from the (a) from WOAL13 during January to October and (b)

Model during 01 January — 31 October 2014 averaged over the region 84-86°E and 15-17°N.
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Figure S10. Mixed layer depth (MLD), Barrier layer thickness (BLT) computed from the Argo
profile, which located along the cyclone track.
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Figure S11: Wind speed (black line) and Ekman pumping velocity (EPV; red line) [averaged over
the region 84-86°E and 15-17°N]. The black dashed rectangle represents the cyclone period.
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(a) Chla: in the absence of eddy
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Figure S12. Vertical structure of Chla (a) when eddy was absent (b) when both eddy and cyclone co-
exist. Chla in the absence of eddy shown in Figure S12a is averaged over the region shown as a thick
black box in Figure 1.
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