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ABSTRACT

Phytoplankton blooms occurred in the Central Indian Ocean after tropical cyclone (TC)
Emeraude with an elliptic track in March 2016. Here, the ecological responses of the
upper ocean layer were first researched based on remote sensing, reanalysis data
and Argo data. The results show that two clockwise cyclonic eddies with a vorticity
of 0.22 s! appeared on the southern equatorial current after the TC. Chlorophyll-a
(Chl-a) blooms were found in the two eddies after the TC. The Chl-a concentration
in the center of the cyclonic eddies reached 0.5 mg-m=. The deepened mixed layer,
weakened thermocline, and thinned barrier layer facilitated the uplift of nutrients
from the deep sea to the upper layer. Additionally, the sufficient photosynthetically
available radiation (PAR) over the two eddies reached 50 Einstein m=2-day after March
24, thereby providing favorable conditions for the Chl-a blooms that occurred on
March 26 in Box A and March 28 in Box B. This study contributes to assessments of the
ecological impacts of ocean eddies in the Central Indian Ocean after TCs.
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1 INTRODUCTION

Tropical cyclones (TCs) are extreme weather events that
have significant impacts on physical and biogeochemical
processes in the upper ocean (Guan et al, 2019;
Qiu et al., 2021; Qiu et al, 2020; Sun et al., 2021).
Preexisting atmospheric disturbances, warm sea surface
temperatures (SSTs) above 27°C, prevalent atmospheric
instability, and lower vertical wind shear are all necessary
for the formation of a TC (Kuttippurath et al., 2021).

Many scholars have conducted large-scale numerical
studies on the effects of TCs on the ocean (Subrahmanyam
et al,, 2002). He et al. (2017) demonstrated based on a
1-D physical-biogeo chemical model that eddy-Ekman
pumping was essential because it not only transported
additional nutrients into the mixed layer but also led to
significant chlorophyll enrichment in subsurface water
(Han, Ma & Chen, 2012). TCs had a significant effect
on the rise in primary production in the ocean (Lin et
al.,, 2003). A series of chemical and biological dynamics
in the surface water can be triggered by the pumping
of inorganic nutrients from deep water to the surface
(Chen et al, 2006). Additionly, phytoplankton blooms
are also heavily influenced by an increase in the nitrate
concentration (Lin et al., 2009). Kubryakov, Zatsepin and
Stanichny (2019) concluded that chlorophyll bursts may
be caused by theinteractions among four physical factors:
turbulent entrainment caused by wind, diapycnal mixing
due to inertial current vertical shear, basin-scale Ekman
pumping, and local Ekman upwelling. Some studies
have shown earthquakes and volcanic eruption may
change the SST and increase the upwelling of eutrophic
water (Jing et al,, 2020; Singh et al., 2006). Kundu et
al. (2010) discussed the phenomenon of pronounced
change in the chlorophyll concentrations after the super
cyclone Orissa. Offshore blooms may also be triggered by
upwelling and entrainment induced by strong typhoons
and the topography of islands and islets (Zhao, Tang &
Wang, 2009).

Dey and Singh (2003) used IRS-P4 Ocean Color
Monitor data to compare chlorophyll concentrations
in the northeastern Arabian Sea and the southern Bay
of Bengal. Many scholars have found that coupling
between the land-ocean-atmosphere associated with
TCs occurred in this region (Chauhan, Kumar & Singh,
2018; Chauhan et al., 2021). Stratification and mixing are
produced in the upper ocean due to atmospheric forcing,
which can cause surface phytoplankton blooms lasting
from days to weeks (Carranza & Gille, 2015). At various
scales, all of these physical forcings have the potential
to decrease the water-column stability and increase
vertical mixing (Chu et al., 2000). Ekman pumping can be
significantly influenced by the atmospheric cyclonic wind
stress curl, resulting in upwelling beneath a typhoon’s
center (Wang et al.,, 2020; Zhou, Tian & Wang, 2005).
Vertical mixing caused by wind can deepen the mixed

layer and carry nutrients and chlorophyll-a (Chl-a) to
the sea surface from the subsurface layers (Kubryakov,
Zatsepin & Stanichny, 2019; Vinayachandran, 2003).
During the process of TCs, the land meteorological and
atmospheric parameters can also change dramatically
(Chauhan et al,, 2020; Tang et al., 2009). Furthermore,
near-inertial internal waves have also been observed
during and after TC passage, and these waves exert
force and torque on cylindrical tendon legs (LU et al,
2016).

Although the response of the ocean to TCs has been
the subject of extensive research, few studies on TCs have
been carried out over the southern equatorial current
in the central Indian Ocean. The rarity of TC Emeraude
provides a unique opportunity to investigate the upper
ocean’s response in the central Indian Ocean.

In this manuscript, we have carried out detailed
analysis of ocean parameters after TC Emeraude using
remote sensing, reanalysis data, Argo data and the
results show the pronounced ecological responses of the
upper ocean.

2 DATA AND METHODS

2.1 STUDY AREA

The study area’s geographical location and the TC
trajectory are depicted in Figure 1. Two boxes are
selected on the clockwise cyclonic eddies in the study
area, namely, Box A (9°S-12°S, 82°E-85°E) and Box B
(9.5°S-12.5°S, 85.2°E-88.2°E). TC Emeraude originated
from 86.8°E, 11.3°S on March 15, 2016, in the central
Indian Ocean and eventually disappeared near its
starting location on March 21, 2016.

2.2 DATA
We analyzed various oceanic and meteorological
parameters using reanalysis data, Argo data and
satellite remote sensing data. The relevant details are
as follows.

The Joint Typhoon Warning Center (JTWC) (https://
www.metoc.navy.mil/jtwc/jtwe.html) provided the basic
TC track data; this center provides cyclone forecasts for
the Southern Ocean. The data contain the maximum
persistence of the tropical cyclone recorded every 6
hours, near-ground winds and the center of the tropical
cyclone.

The Global Marine Copernicus Marine Environmental
Monitoring Service (CMEMS) (http://marine.copernicus.
eu/) collected salinity, temperature, current eddy,
SSH, surface wind, global mixed mean wind field
(including wind stress, wind stress curl, and meridional
and latitudinal wind components), dissolved iron, and
nutrient information (Tan et al., 2022).

The climatology nitrate concentration in March was
obtained from the World Ocean Atlas 2018 (WOA1S8,


https://www.metoc.navy.mil/jtwc/jtwc.html
https://www.metoc.navy.mil/jtwc/jtwc.html
http://marine.copernicus.eu/
http://marine.copernicus.eu/
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Figure 1 The study area’s geographical location and the TC trajectory with the flow field (black arrow). The Argo buoy is marked by
the star (number 1901447). Box A: 9°S-12°S, 82°E-85°E; Box B: 9.5°S-12.5°S, 85.2°E-88.2°E.

https://www.nodc.noaa.gov/OC5/woal8/woal8data.
html) at a 1° x 1° resolution.

The daily Chl-a concentrations and photosynthetically
available radiation (PAR) data were both obtained from
the GlobColor project, which provides continuous L3
marine color remote sensing data products at a spatial
resolution of 4 km x 4 km. The website from which the
data were obtained is as follows: http://hermes.acri.fr/
index.php?class=archive.

The daily sea surface wind field vector data were
sourced from the Cross-Calibrated Multi-Platform
(CCMP,  http://www.remss.com/measurements/ccmp)
at a spatial resolution of 0.25° x 0.25°. The L3 wind field
analysis dataset has a spatial and temporal resolution
suitable for scientific research. These wind field data
were used in this study to calculate the Ekman suction
velocity.

The vertical profile data representing temperature
and salinity were provided by the Argo program (http://
www.argodatamgt.org/). Platform number 1901447
was selected for use in this paper; this platform not only
provides real-time temperature and salinity observations
throughout the lifetime of the TC at different depths
from 1 March to 31 March 2016 but was also used here
to calculate the buoyancy frequency.

2.3 METHODS

In this paper, the Ekman pumping velocity and vertical
vorticity are calculated for the vertical effect of the TC.
Furthermore, the buoyancy frequency, turbulent mixing
rate, mixing layer depth, and isotherm depth using Argo
data are proposed to study the ocean stratification.

2.3.1 Ekman pumping velocity (EPV)

Since the wind stress and Coriolis parameter on the
surface of the ocean change spatially, convergence and
divergence occur in the horizontal direction. An estimate
of the study area’s surface Ekman pumping velocity was
made for a mechanistic exploration of the chlorophyll
burst. The velocity was calculated as follows (Kubryakov,
Zatsepin & Stanichny, 2019):

W, =V xz/ pf (1)

where p represents the density of water, 7 is the wind
stress, and f is the Coriolis parameter.

2.3.2 Buoyancy frequency

After a stable stratification is disturbed, fluid particles
move vertically and oscillate due to inertia and the
combined action of gravity and buoyancy. The buoyancy
frequency of these oscillations can be calculated as
follows:

N? =—gp'dp/dz (2)

where g is the acceleration of gravity, p is the density
of water, and d(p)/d(z) represents the derivative of the
potential density with respect to the vertical coordinate z.

2.3.3 Turbulence mixing rate

As TCs affect the upper ocean, very strong vertical mixing
occurs in the ocean, and the turbulent mixing rate in this
turbulent motion can be calculated through the turbulent
kinetic energy dissipation rate; here, he turbulent mixing
rate K, was determined (MacKinnon & Gregg, 2003) as
follows:


https://www.nodc.noaa.gov/OC5/woa18/woa18data.html
https://www.nodc.noaa.gov/OC5/woa18/woa18data.html
http://hermes.acri.fr/index.php?class=archive
http://hermes.acri.fr/index.php?class=archive
http://www.remss.com/measurements/ccmp
http://www.argodatamgt.org/
http://www.argodatamgt.org/
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3)

where I"is the efficiency coefficient of the mixture, with a
recommended value is 0.2 according to the Osborn study
(Osborn, 1980), ¢is the rate of turbulence dissipation and
N is the buoyancy frequency.

2
K,=TelN

2.3.4 Vertical vorticity

The following current vector’s curl (u, v) is used to describe
the generation and disappearance of eddies before and
after the passage of TC Emeraude (LU et al., 2021):

curl=dv/dx —du/dy (4)

where the x and y components of the velocity are
represented by u and v, respectively.

2.3.5 Mixed layer depth (MLD) and isothermal
layer depth (ILD)

The MLD is a uniform-density and uniform-temperature
layer that serves as the air-sea interface (Balaguru
et al., 2012). The MLD is defined as an increase in the
relative potential density to the surface (Ac,) when the
SST decreases by (T = —0.5 °C) equal to the depth of
the increased surface potential density (D) (de Boyer
Montégut, 2004):

Aoy =0omp— 010,

(5)
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Aoy =0,(Tio +AT,510,R0) = 05(T10,510,P)s (6)

(7)

where P is the pressure at the ocean's surface and the
salinity and temperature values at the reference surface
(10 m) are referred to as T,,and S, .. ILD is defined as the
depth (D) at which the temperature is 0.5 °C below the
surface (10 m).

MLD = D(c,,,,),

AT = TILD - T1Or (8)

ILD=D(T, ),

3 RESULTS

We present a detailed analysis of ocean parameters
obtained from reanalyzed data, such as climatology
nitrate,sea surface current and SST, PAR, which can play
an important role in the ecological response of the TC.
Detailed analysis is proposed for the phytoplankton
blooms in the study area.

3.1 CLIMATOLOGY NITRATE
Nutrients in seawater are the material basis for
phytoplankton blooms. According to the climatology
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Figure 2 Climatology nitrate concentrations (umol-L™?) at different depths in March 2016 (a, b, ¢, and d denote the nitrate
concentrations at depths of 40 m, 60 m, 80 m, and 100 m, respectively).
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nitrate data in March, as shown in Figure 2, the nitrate
concentrations were found to range from z = 40 m to
60 m, 80 m, and 100 m. The high-nitrate-concentration
region was distributed at two clockwise cyclonic eddies.
The nitrate concentration reached 2 pmolL? (16
pmol-L™) at a depth of 40 m (100 m) (Figure 2). We found
that submarine nitrate rose with upwelling, thereby
contributing to Chl-a blooms in the upper ocean.

3.2 PATH OF TC AND WIND FIELD

Depending on the near-center maximum wind speed
(MWS), TCs can be categorized as follows: deep
depression (13.7-17.0 m-s™), cyclonic storm (17.0-25.0
m-s), severe cyclonic storm (25.0-32.5 m-s), very
severe cyclonic storm (32.5-46.0 m-s?), extremely severe
cyclonic storm (46.0-61.1 m-s), and super cyclonic
storm (261.1 m-s™).

Table 1 illustrates the studied TC's MSW position,
time, and location. TC Emeraude originated from 86.8°E,
11.3°S on March 15, 2016, in the Central Indian Ocean
and disappeared on March 21, 2016, at 86.6°E, 11.7°S.
At 12:00 on March 17, TC Emeraude strengthened to
an extremely severe cyclonic storm with a maximum
wind speed of 57.5 m-s; then, the speed promptly
decreased to a severe cyclonic storm. At 12:00 on March
19, the brief enhancement was reduced to a very severe
cyclonic storm with a maximum wind speed of 37.5 m-s™*
before finally decreasing to a cyclonic storm and deep
depression.

LAT (°S) LON (°E) TIME MSW (M/S)
113 86.8 03/15/06 12.5
113 86.3 03/15/12 15
11.0 85.3 03/16/00 27.5
10.6 84.7 03/16/12 37.5
10.4 84.3 03/17/00 50.5
10.7 84.0 03/17/12 57.5
10.1 84.2 03/18/00 45
10.3 85.4 03/18/12 325
10.4 86.5 03/19/00 325
10.7 87.2 03/19/12 375
10.7 87.5 03/20/00 325
10.8 87.3 03/20/12 25
11.4 87.2 03/21/00 20
11.7 86.6 03/21/12 12.5

Table 1 Position, time, and MSW (maximum wind speed) of the
studied TC.

3.3 SEA SURFACE CURRENT AND SST

The sea surface currents and SSTs at different times
during the development of the TC are shown in Figure
3 during the TC passage, two weaker cyclonic eddies
appeared in the study area. The intensity of these two
cyclonic eddies increased, and they continued for more
than one month after the TC.

In response to TCs, SST cooling is a major oceanic
phenomenon that can be influenced by the strength of
the TC and the wind speed. Figure 4 shows the spatially
averaged time series of SSTs from March 1 to March 31.
Generally, TCs cool the ocean surface by several degrees
along their track (Neetu et al., 2012). Roughly the same
decrease in SSTs was observed in the two boxes from
March 15 to March 21. The maximum temperature
difference reached approximately 2°C.

3.3 CHL-A

Figure 5 shows the locations of Chl-a on March 23, March
24, March 27, and March 28, 2016. The strong cyclonic
eddy in Box A occurred earlier than that in Box B, and the
same characteristics were found for the Chl-a blooms.
A Chl-a bloom occurred in Box B with a maximum
concentration of 0.5 mgm=, significantly higher than
that in Box A. Figure 6 shows the spatially averaged Chl-a
concentrations from March 1 to March 31 in Boxes A and
B.The Chl-a did not change too much during non-cyclonic
periods, less than 0.02 mg-m=. Five days after the TC
had passed, the Chl-a concentrations in Boxes A and B
reached their maximum values of 0.03 mg-m- and 0.087
mg-m~ on March 27 and March 28, respectively.

Table 2 counts the name, position and time of the
TC in 2011-2019 in this region.The phenomenon of
a Chl-a eruption occurred after the TC CHERONO in
2011. By comparison, we found that the TC Emeraude
developed clockwise, forming an elliptic track.The Chl-a
blooms were found in the two clockwise cyclonic eddies
associated with the TC. This is different and interesting
from the other years.

3.5 PHOTOSYNTHETICALLY AVAILABLE
RADIATION (PAR)

PAR has an important impact on Chl-a blooms. The
passage of a TC may cause upwelling and ocean mixing
(Subrahmanyam et al., 2002), bringing submarine
nutrient-rich water up to the euphotic zone, which is
rich in light for photosynthesis but often lacks nutrients.
Figure 7 shows the changes in the spatially averaged
PAR over time in Boxes A and B. During the passage
of the TC, the PAR in Box A fell on March 15, while the
spatially averaged PAR in Box B dropped from March
13 to March 20. On March 24, the PAR in the two boxes
reached 50 Einstein m™? day! and attained a steady
state, Thus providing favorable conditions for the Chl-a
blooms that occurred on March 26 in Box A and March
28 in Box B.
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(a) 2016-03-23

Figure 5 Concentrations of Chl-a and surface flows (black arrow) at diverse times. Panels (a), (b), (c), and (d) show the changes in

Chl-a on March 23, March 24, March 27, and March 28, 2016, respectively.
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Figure 6 Spatially averaged chl-a concentrations from March 1 to March 31 in Boxes A and B.
YEARS TC NAME TIME LAT RANGE (°S) LON RANGE(°E) PHYTOPLANKTON
BLOOMS
2011 CHERONO 03/14-03/23 11.3-27.5 57-87.7 Yes
2013 JAMALA 05/07-05/15 5.8-10.7 80.2-88.7 No
2015 IKOLA 04/04-04/08 10.5-22 86.6-99 No
2019 LORNA 04/21-04/30 4-23.9 79.3-90 No

Table 2 Position, time of the TC in 2011-2019.
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4 DISCUSSION

4.1 ROLES OF TCs

Ekman transport and Ekman pumping are known to
promote coastal upwelling (Zhao, Tang & Wang, 2009).
The EPV triggered by TCs can be calculated using (1) in
Section 2. Figure 8 depicts the EPV during the passage
of the studied TC. The upwelling in Box A increased
significantly on March 17 and March 18. Box B showed
clear enhanced upwelling on March 19 and March 20.
The velocities of these two boxes both reached 2 x
10-*m s™%. TC-induced upwelling may uptake nutrients
to the upper ocean, thereby contributing to Chl-a

blooms.

108

Figure 9 shows the water temperatures at various
depths in Boxes A and B. After the TC, cold submarine
water rose with vertical mixing, entrainment, and
upwelling. TCs can reconstruct stratification and bring
abundant nutrients to the upper ocean, positively
affecting phytoplankton growth. Thus, the concentration
of phytoplankton Chl-a also increases (Zhao et al,
2015). SST cooling has even been used as a proxy for
phytoplankton blooms (Sarangi, Mishra & Chauhan,

2015).

4.2 ROLES OF STRATIFICATION
Figure 10 shows the vertical distribution of the buoyancy
frequency before and after TC passage. The mixed layer
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Figure 7 Spatially averaged PAR from March 1 to March 31 in Boxes A and B.
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Figure 9 Time series of temperatures at various depths in Boxes A and B.
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Figure 10 Vertical distribution of the buoyancy frequency before and after the TC.

depth and isothermal layer depth from Argo floats on
March 11 and March 22 are shown in Figure 11 in the
Indian Ocean, due to the effect of salinity on near-
surface stratification, there is an additional interlayer
between the base of the mixed layer and the top of
the thermocline, namely, the barrier layer (Sprintall &
Tomczak, 1992). Before and after the TC passage, the

MLD changed from 13.7 m on March 11 to 27.5 m on
March 22. The ILD changed from 27.5 m on March 11 to
34.5 m on March 22. The maximum buoyancy frequency
(N) changed from 0.024 s7* to 0.021 s™. The thickness of
the barrier layer changed from 13.8 m to 7 m. Obviously,
a deepened mixed layer, weakened thermocline, and
thinned barrier layer can facilitate the uplift of nutrients
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Figure 11 MLD and ILD data from Argo floats on March 11 and March 22.

from the deep sea to the upper layer (Wang et al., 2022).
A similar phenomenon also occurred near the Luzon
Strait, where the MLD deepened from 20 m to 56 m with
a decrease in the temperature after Typhoon Parma, and
a Chl-a bloom occurred, likely due to the upwelling of
nutrients (Zhao et al,, 2013).

4.3 VERTICAL MIXING

Enhanced turbulent mixing in the upper ocean helps
transport nutrient-rich cold water from the lower layer
to the light-permeable layer; this is the main mechanism
by which low-temperature phytoplankton blooms are
maintained in this region (Wang et al., 2020). When a
TC affects the upper ocean, very strong vertical mixing
occurs in the upper ocean, causing sea cooling in the
mixed layer. According to Figure 11, the mixed layer
is significantly deepened. Figure 12 shows the daily
average turbulent eddy diffusivity on March 11 and
March 22. Affected by the TC Emeraude, the average
mixing rate increased. The mixing rate roughly decreased
with increasing depths, and the mixing rate of the upper
mixing layer was significantly greater than that of the

bottom layer. The maximum Kp value on March 11
(March 22) was 2.50 x 10* m?s? (3.54 x 10™* m?s™) in
the upper ocean.

Figure 13 shows the time series of vorticities at diverse
depths in Boxes A and B. After the TC passage, the
intensity of both cyclonic eddies increased and persisted
for a long time with a maximum vorticity of 0.22 s
Affected by the TC, strong vertical mixing occurred on
March 21. From March 27 to March 31, the vorticity above
a depth of 70 m reached 0.2 s, and the maximum
vorticity value above a depth of 40 m reached 0.22 stin
Box A. Meanwhile, the maximum vorticity value reached
0.22 s in Box B at a depth of 70 m. Therefore, it can
be argued that the two reinforcing cyclonic eddies drove
the deep nutrient-rich seawater up to the upper ocean by
mixing and upwelling after the TC passage.

5 CONCLUSION

In this study, the response mechanism of phytoplankton
blooms to TC Emeraude was analyzed by satellite
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Figure 13 Time series of vorticities at diverse depths in Boxes A and B.

remote sensing, reanalysis data and Argo data during
the passage of TC, and the following conclusions were
drawn:

1. After the discovery of a tropical cyclone, two
clockwise eddies appeared in the southern equatorial
stream of the central Indian Ocean. The vorticity

was also enhanced from 0.08 s to 0.22 s7%. Chl-a
blooms were found in the two eddies. The chlorophyll
concentration in the center of the eddies reached 0.5
mg-m=.

2. Before and after the TC passage, the MLD changed
from 13.7 m on March 11 to 27.5 m on March 22.
The ILD changed from 27.5 m on March 11 to 34.5
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m on March 22. The maximum buoyancy frequency
N changed from 0.024 s to 0.021 s™%. The thickness
of the barrier layer changed from 13.8 mto 7 m.
Obviously, the deepened mixed layer, weakened
thermocline, and thinned barrier layer facilitated the
uplift of nutrients from the deep sea to the upper
layer.

3. After March 24, the PAR in the two boxes reached 50
Einstein m~2 day! and attained a steady state, thus
providing favorable conditions for the Chl-a blooms
that occurred on March 26 in Box A and March 28 in
Box B.
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