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The generation mechanism of
cold eddies and the related heat
flux exchanges in the upper
ocean during two sequential
tropical cyclones

Zheyue Shen1 and Shuwen Zhang1,2*

1Institute of Marine Science, Shantou University, Shantou, China, 2Guangdong Provincial Key
Laboratory of Marine Disaster Prediction and Protection, Shantou University, Shantou, China
The impacts of two sequential tropical cyclones (TCs), Kyarr and Maha, [from

October 24 to November 06, 2019, over the Arabian Sea (AS)] on upper ocean

environments were investigated using multiple satellite observations, Argo float

profiles and numerical model outputs. To obtain a realistic TC strength, the

Weather Research and Forecasting (WRF) model was used to reproduce Kyarr

andMaha. During Kyarr andMaha, three distinct cold patcheswere observed at the

sea surface with a maximum sea surface cooling of approximately 5°C. The

comparison between WRF model simulation results and ERA5 wind field

showed that the WRF model simulation indicated high simulation accuracy with

respect to the SST decrease in the AS under the influence of Kyarr andMaha’s wind

stress curls. Meanwhile, concentration of chlorophyll a (chl-a) and positive relative

vorticity of sea surface also appeared in the three cold patch areas. Through the

use of eddy detection algorithms, three mesoscale cold cyclonic eddies were

identified along the track of TC Kyarr, and the locations of these cold eddies were

highly correlated with three obvious negative sea surface height anomalies

(SSHAs). The radii of the three cold eddies were 69 km, 50 km, and 41 km. With

a focus on the thermodynamic responses of the three cold eddy fields to Kyarr and

Maha, the central regions of the three cold eddies were explored. The central

regions of the three cold eddies exhibited relatively shallow mixed-layer depths

(MLDs) and lowmixed-layer temperatures (MLTs). The depth integrated heat (DIH)

content was also calculated to explore the heat flux exchanges occurring in

different layers in the upper 200m of the centre of each eddy. The results showed

that DIH in each eddy centre varied by one order of magnitude, accounting for

between 127.3MJm-2 and 1220.0MJm-2 of heat loss. This study suggests that the

effect of long forcing time on intense positive wind stress curls can produce

upwelling caused by Ekman response, which is the main influencing factor of the
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three cold eddies generation mechanism. At the same time, the positive relative

vorticity injected into the sea surface also has some contribution. TC-induced

vertical mixing and upwelling (strengthened by unstable structures inside the cold

eddies) cause substantial redistribution of the DIH, and related heat flux exchanges

at different layers occur in the eddy fields.
KEYWORDS

two sequential tropical cyclones, three cold eddies, heat exchanges, upper ocean,
WRF model simulation
1 Introduction

The passage of a tropical cyclone (TC) over the warm ocean

represents a typical part of air-sea interactions and has strong

dynamic and thermal impacts on the upper ocean (Price et al.,

1994; Cheng et al., 2015; Potter et al., 2017). And the influence of

a TC on the ocean can be divided into two stages, namely forced

stage and relaxation stage. During the forced stage, the

“resonance effect” between TC wind stresses and ocean

currents generates near-inertial oscillation. This is due to

strong shear stress across the base of the mixed-layer, which

will induce vertical mixing (Mayer et al., 1981). After the passage

of the TC, the ocean will enter the relaxation stage. During the

relaxation stage, the ocean response is mainly affected by inertial

gravity oscillation excited by the TC. The mixed-layer velocity

oscillates with a near-inertial period. As a result, sea surface

currents diverge and produce upwelling (Tsai et al., 2008).

Vertical mixing largely explains sea surface cooling and air-sea

heat flux exchanges. However, TC-induced deeper and cooler

upwelling also plays a role, as it partly balances the warming of

subsurface water caused by vertical mixing. So a combination of

vertical mixing and upwelling causes a redistribution of heat in

the upper ocean (Prasad and Hogan, 2007; Jaimes and Shay,

2009). Concurrently, a decrease in the sea surface temperature

(SST) and a change in upper ocean heat content also have a

significant negative feedback effect on the TCs intensity,

weakening or reducing the energy supplied to TCs (Park et al.,

2019). Moreover, the distribution of phytoplankton biomass is

influenced by TCs. TCs cause intense Ekman pumping velocity

(EPV), elevating nutrient-rich or chlorophyll a (chl-a)-rich

water up to the euphotic layer, thereby promoting an overall

increase in the surface chl-a concentration and improving

primary productivity (Babin et al., 2004).

Besides, according to previous studies, the cyclonic eddy was

generated by a slow-moving and looping track typhoon, or along

the tracks of binary typhoons (Hu and Kawamura, 2004; Yang

et al., 2012). These studies show that the passage of certain
02
typhoons, such as looping track typhoons or binary typhoons,

may play a significant role in inducing cold eddies generation.

In addition, along with the generation of cyclonic eddies, a

series of physical processes occur inside the cyclonic eddies

along their vertical profile, including eddy pumping, eddy

stirring, eddy trapping, etc. That makes heat flux exchanges

inside the cyclonic eddies more prominent (Zhang et al., 2019).

As Yang et al. (2015) found that inside a cold eddy, the

maximum cooling of up to 2°C can be caused between 60 dbar

and 80 dbar. What’s more, TCs usually pass through mesoscale

ocean eddy fields and inject obvious disturbances during their

movement (Lu et al., 2016). The intensity, size and vertical

structure of a preexisting eddy can also be modified by the TC

(Lu et al., 2020). Meanwhile, changes in the eddy caused by the

TC can also enhance the ocean’s response to the TC. Qiu et al.

(2021) analyzed TC Bailu led to SST decrease within the cold

eddy and enlarge the size of the cold eddy. Then the cooled-

enlarged eddy excited heat advection transport reached -0.4/day.

This has a certain contribution to the extreme cooling of the sea

surface when the TC Bailu passes through.

In addition, when the cold eddy moves, if the ratio of the

rotational speed U of the cold eddy to its propagation speed c (i.e.,

U/c) is greater than 1, the cold eddy can be considered a moving

water mass. It plays an essential role in modulating ocean general

circulation and marine biochemical processes. And it also plays a

significant role in the zonal conduction of heat and salt (Gilson and

Roemmich, 2001; Qiu and Chen, 2005).

Due to the severe weather conditions during the passage of

TCs, it is very difficult to monitor the complete TC transit

process and to obtain real-time data. Therefore, various models

have also been widely used to study TCs all over the world. For

example, the WRF model is one of the most popular regional

numerical weather prediction models being used by operational

and research personnel. It also has the advantages of flexibility,

dynamic and easy access to physical options. Recent sensitivity

experiments by various researchers have also verified that the

WRF model is one of the best performing mesoscale models for
frontiersin.org

https://doi.org/10.3389/fmars.2022.1061159
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Shen and Zhang 10.3389/fmars.2022.1061159
reproducing TC development (Cheng and Steenburgh, 2005;

Davis et al., 2008).

From a climatological point of view, TCs in the Arabian Sea

(AS) have distinct features and exhibit strong differences from

those in other basins. The annual cycle of AS TCs is

characterized by prominent double peaks occurring during the

monsoon transition periods (April-May and October-

November) (Mohapatra et al., 2017). Moreover, on average,

there are approximately two TCs in the AS each year.

Therefore, the AS region has a high frequency of TC passage

(Evan and Camargo, 2011).

The aim of this study is to determine the generation

mechanism of cold eddies and related heat flux exchanges in

eddy fields during two sequential TCs: TC Kyarr (October 2019)

and TC Maha (November 2019) over the AS. This paper is

organized as follows: section 2 provides a detailed description of

the WRF model simulation and the experimental design;

section 3 contains a description of the data and methods;

section 4 gives the results and discussion; finally, section 5

presents the conclusion.
2 WRF model experimental design

In this experiment, the WRF model is adopted for the physical

parametric scheme of TC simulation, as shown in Table 1. The TCs

Kyarr and Maha, which landed in the northern Indian Ocean in

2019, are selected as experimental cases, and the simulation periods

are 18:00 UTC October 24 to 00:00 UTC November 01, 2019, and

06:00 UTC October 30 to 12:00 UTC November 06, 2019,

respectively. The centre of the simulated region is located at

(13.2°N, 78.8°E), and the Mercator projection is adopted. The

dimensions of the grid in the D01 area are 196×129, and the

horizontal resolution is 54 km; the dimensions of the grid in

the D02 area are 328×217, and the horizontal resolution is 18

km. There are 50 vertical layers, and the vertical top height is 50

hPa. During the TC simulation, the information of TC location and

fixed intensity is output every three hours as a model to simulate the

location and intensity of TCs.
3 Data and methods

3.1 Data

3.1.1 TC track data and intensity
Information on Kyarr and Maha is obtained from the best

track datasets of the Joint Typhoon Warning Center (JTWC,

http://www.usno.navy.mil/NOOC/nmfc-ph/RSS/jtwc/best_

tracks). This includes the centre location, the minimum sea

surface pressure, the maximum sustained wind speed and the

wind radius [at the radius of specified wind (17 m/s)] in every 6-

hour interval.
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3.1.2 Analysis and reanalysis data
The European Center for Medium-Range Weather Forecasts

(ECMWF) ERA5 fifth-generation atmospheric reanalysis data of

the global climate represent the detailed evolution of weather

systems. ERA5 data have very high spatial and temporal

resolutions. This product is widely used to analyse the

evolution of TCs. In this study, the 10 m U-component of

wind, 10 m V-component of wind and sea surface pressure from

ERA5 data with a spatial resolution of 0.25°× 0.25° and a

temporal resolution of one hour were used. The ERA5 data,

which cover data from 1979 to present, are now available for

public use. Detailed documentation and download information

can be found at the ECMWF website (https://www.ecmwf.int/).

The daily SST product used in this study is obtained from

NOAA Global Surface Temperature Data (NOAA Global Temp)

with a 1/4 degree global grid. It combines global SST data with

global land surface air temperature data into merged data of both

the land and ocean surface temperature (available at https://psl.

noaa.gov/data/gridded/data.ncep.reanalysis.derived.surface.

html/).
3.1.3 Remote sensing data
The daily chl-a concentration data are merged with satellite-

derived altimeter products from multiple satellite sensor

observations. The daily altimeter-derived sea surface height

anomaly and sea surface currents data are provided by

Archiving, Validation and Interpretation of Satellite Data in

Oceanography (AVISO). All of these products have a spatial

resolution of 4 km and are produced and distributed by the

Copernicus Marine Environmental Monitoring Center

(CMEMS, http://marine.copernicus.eu/).

3.1.4 In situ observations
In this study, the upper ocean temperature and salinity

measured by Argo floats are taken from the India Argo project

(ftp://ftp.ifremer.fr/ifremer/argo). All these Argo floats are

equipped with conductivity–temperature–depth (CTD) sensors

and deployed in the AS to collect ocean data at 10-day intervals

from depths of 5 m to 2000 m as a part of the Argo program.

The ocean temperature and salinity data are recorded by the

Argo floats, and quality control is performed. The Argo float

profiles before and after the passage of the two sequential TCs

along their tracks are selected. This provides a good opportunity

to study changes in the upper ocean environments induced by

TCs. The locations and observation periods of the five Argo

floats distributed near the TC tracks adopted in this study are

shown in Figures 1B, 2F.

3.1.5 Model data
Data with a spatial resolution of 0.08°x0.08° from the global

HYbrid Coordinate Ocean Model (HYCOM, https://www.

hycom.org/) daily and hourly numerical model outputs are
frontiersin.org
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FIGURE 1

Tracks (A, B), intensities according to JTWC, WRF model simulation, and ERA5 (C–F) and translation speeds (G). In (A, B), the black and red lines
represent the tracks of TCs Kyarr and Maha, respectively. The colours of circles indicate the intensity of TCs (according to the Saffir-Simpson
hurricane scale), and the interval of each circle is 6 hours. The grey dotted lines represent the eddy shapes, the grey five-pointed stars represent
the eddy centres of cyclonic eddies e1, e2, and e3 (November 07, 2019, by eddy detection algorithms). The temporal and spatial variations in
the Argo floats are represented by various coloured triangle symbols. The small (large) symbols represent the location of Argo floats pre (post)-
TC Kyarr.
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driven by the Navy Environmental Model version 1.2

(Chassignet et al., 2007). Data of three-dimensional ocean

temperature and salinity are used in this study to show

temperature profile changes with time during TC passage and

to calculate the density of sea water, MLD, and heat flux

exchanges at different layers in the upper ocean.
3.2 Methods

3.2.1 Wind stress curls
The wind stress curls play an important role in the dynamic

processes of the upper ocean during the passage of TC. For example,

wind stress curls cause sea water to converge and diverge, with

corresponding changes in sea surface height (Chiang et al., 2011). To

better understand this role, the wind stress curls are computed based

on the wind stresses. The wind stresses are given by:

t = raCD U
!���
���U! (1)
Frontiers in Marine Science 05
ra is the density of air, U! is the wind speed 10 m over the sea

surface, and CD is the drag coefficient (Powell et al., 2003). The

drag coefficient is calculated as follows:

CD =

1:2x10−3, 0 ≤ ~U < 11m=s

(0:49 + 0:065~U)x10−3, 11 ≤ ~U ≤ 25m=s

2:115x10−3,~U > 25m=s

2
664 (2)

The wind stress curls (W) are calculated as:

W =
∂ ty
∂ x

−
∂ tx
∂ y

(3)

ty and tx are the meridional and zonal wind stresses,

respectively, ∂x and ∂y are the distances in the west-east and

south-north directions, respectively.
ED

A B C

F

FIGURE 2

(A–E) show a comparison of temperature profiles obtained from Argo observations (different colours represent different Argo floats) and
HYCOM model output results at different times. In (F) The Argo floats are represented by various coloured symbols. The small(large) symbols
represent the location of Argo floats pre (post)-TC Kyarr/Maha. The grey dotted lines represent the shape and eddy centre of cyclonic eddies e1,
e2, and e3 (November 07, 2019, eddy detection algorithms detected). The Argo floats are represented by various coloured symbols. The
expression of TC tracks is the same as that in Figure 3. The red solid point represents the location of TC Maha on November 04.
frontiersin.org
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3.2.2 Maximum forcing time and maximum
adjustment time

The method of Sun et al. (2010) is used to divide the wind

field data into half-hour intervals along the TC tracks data

provided by JTWC, and the forcing time of TC is calculated,

which is defined as the wind speed of TC (wind speed > 17 m/s)

blowing time at the sea surface.

According to Gill et al. (1974) geostrophic adjustment

theory, the adjustment time is at least 1/f , in which f=2wsinq
is the Coriolis force, where w is the Earth’s angular velocity and

= 7.292x10-5 rad/s and q is the local latitude. In this study, after

Kyarr and Maha passed through, the maximum adjustment time

of three cold eddies is calculated (November 07, 2019).

3.2.3 Eddy detection algorithms
Among the eddy detection methods based on physical

parameters, the Okubo-Weiss (OW) parametric method has

been widely used (Okubo, 1970), but this method also has some

disadvantages. Therefore, Nencioli et al. (2010) further

improved the eddy detection method based on Euler-type data

and categorized it into four constraints:
Fron
1. Along an east–west (EW) section, zonal v components of

currents velocity, v has to reverse in sign across the eddy

centre, and its magnitude has to increase moving away

from the centre;

2. Along a north–south (NS) section, meridional u

components of currents velocity, u has to reverse in

sign across the eddy centre, and its magnitude has to

increase moving away from the centre; the sense of

rotation has to be the same as that of v;
tiers in Marine Science 06
3. The velocity magnitude exhibits a local minimum at the

eddy centre;
Based on the above, after the eddy centre is determined, the

outermost closed line is determined to be the boundary of the

eddy according to the flow function of the eddy region, and

the average distance from the eddy boundary point to the eddy

centre is defined as the eddy radius.

3.2.4 Sea surface relative vorticity
During the passage of the TC, the strong wind stresses of the

TC can easily cause the geostrophic balance of sea surface to be

lost and cause vorticity anomalies (Wang et al., 2007). Moreover,

cyclonic eddy often shows positive vorticity, so calculating the

change in the relative vorticity of sea surface helps reveal the

generation mechanism of the cyclonic eddy.

z =
∂ v
∂ x

−
∂ u
∂ y

(4)

where v and u are two components of the sea surface

currents along the west–east and south–north directions,

respectively, ∂x and ∂y are the distances in the west–east and

south–north directions, respectively.

3.2.5 Nondimensional numbers
Some nondimensional numbers, such as the nondimensional

storm speed, S, are calculated to aid understanding of the general

characteristics of each TC. S, which is the ratio of the local inertial

period to the residence time of a TC. The value of S is considered an

indication of the timescale at which the ocean is subjected to the TC
E

DA B

F G H

C

FIGURE 3

The tracks of TCs Kyarr (A) and Maha (B) were provided by JTWC, ERA5 and WRF model simulation, respectively.
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strong wind stresses compared to the local inertial period. Thus, this

is an indication of the near-inertial ocean response generated by a

TC. Following Price et al. (1994), S is defined as:

S =
pUh

4fRmax
(5)

Rmax is the radius to maximum wind stress. Uh is the TC’s

translation speed.

The Burger number, B. B, is a direct measure of the degree of

pressure coupling between mixed-layer currents and

thermocline currents. As shown in the following formula, the

decay and e-folding time for mixed-layer currents (through

energy dispersion) are directly dependent on the Burger

number (Price et al., 1994).

B =
g 0 hmax
4fR2 max

(6)

g 0 =
gDr
r0

(7)

g' is the reduced gravity. Dr is the density difference across

the seasonal thermocline. r0 is the density of mixed-layer, and

the MLD is defined here as the depth where the temperature is

0.5°C less than the SST (Kara et al., 2000). g = 9.8 m/s2 is the

acceleration due to gravity, hmax is the maximum MLD.

C, is the ratio of the translation speed of the TC to the gravest

mode internal wave phase speed. And the Mach number

indicates significant upwelling directly beneath the TC and

includes a substantial geostrophic component. The upwelling

driven by wind stress curls is the most important process. It

causes the variation of thermocline density through the

divergence of upper layer transport. The Mach number C, as

given by Price et al. (1994):

C =
Uh
c

(8)

C is the gravest mode internal wave phase speed, with a

nominal value of c=2m/s
4 Results and discussion

4.1 Comparison of TC tracks evolution

The results from the WRF model simulation of two sequential

TCs Kyarr and Maha are presented in this section. The JTWC and

ERA5 estimate basic tropical cyclone data at every 6h can be

observed, though in situ observations during tropical cyclone

events in the Arabian Sea region are lacking. The tracks which

TCs Kyarr and Maha were observed and simulated are presented

in Figures 1A, B. In ERA5, WRF model simulation, the centers of
Frontiers in Marine Science 07
Kyarr and Maha are located at the minimum point of sea level

pressure. In Figures 4A, B, the tracks of Kyarr, Maha provided by

JTWC, ERA5, WRF model simulation all show that TCs first

moved to the northwest and then changed abruptly. In general, the

TC tracks provided by ERA5 are basically consistent with those

provided by JTWC. As would be observed, there is a significant

difference between the WRF model simulation and ERA5, JTWC.

For example, the WRF model simulation track of TC Kyarr biased

to the west side of the observed track at first. Then the track was

greatly biased to the east side of the observed track after it’s sudden

change. Though deviating from the Maha’s observed track at the

beginning, it’s track changes were basically consistent with those

provided by ERA5 and JTWC afterwards. In another study, it was

found a higher track deviation might be attributed to the initial

positioning error (Osuri et al., 2012). In general, the WRF model

simulation exhibits relatively large errors in the track of TC Kyarr.

Unlike TC Maha, the WRF model simulation has a relatively high

consistency with the track provided by JWTC and ERA5. From the

above, in this paper, we will use the tracks provided by JTWC as

the tracks of TCs Kyarr and Maha.
4.2 Two sequential tropical cyclones in
October 2019

The tracks, intensities and translation speeds of Kyarr and

Maha in October 2019 are shown in Figures 1A–G. TCs Kyarr

and Maha followed a similar path across the AS from October 24

to November 06, 2019. First, Kyarr originated and reached

tropical storm status on the night of 25 October 2019 near

India (Figure 1A). Then Kyarr moved north-westwards

continuously developed from 00:00 UTC to 18:00 UTC on

October 26, and it quickly strengthened from Category 1 to

Category 4. The Category 4 stage persisted for approximately 54

hours according to the Saffir-Simpson scale.

At noon on October 29, Kyarr made a sudden south-westerly

turn and gradually weakened before dissipating into a tropical

storm and finally disappearing over the western AS. Afterwards,

a week after Kyarr originated, Maha originated in the sea near

southern India and moved north-westwards. Later, Maha was

upgraded to Category 1 on the evening of November 02 and

gradually strengthened to reach its maximum intensity

of Category 3 in the early morning of November 04.

Approximately a day after Maha continued moving northwest

as a Category 3 TC, the track of Maha changed to the east near

the area where Kyarr suddenly turned. Finally, Maha gradually

weakened and disappeared over the northern AS.

For the purpose of comparing the WRF model simulation

results, the minimum central pressure and maximum sustained

wind speed from JTWC and ERA5 were used (Figures 1C–F). The

maximum 10 m wind speed from the WRF model simulation and

ERA5 were used as the maximum sustained wind speed.
frontiersin.org
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Notably, the TCs intensity indicated by ERA5 appears to be

particularly weak compared to the intensity indicated by JTWC and

WRFmodel simulation. Moreover, theWRF model simulation and

ERA5 peaks (maximum sustained wind speed and minimum

central pressure) were delayed relative to those of JTWC.

However, according to the evolution of minimum central

pressure recorded by JTWC, WRF model simulation and ERA5

for Kyarr and Maha, the minimum central pressure values of TC

Kyarr were 923 hPa, 955, and 974 hPa, respectively (Figure 1C). The

JTWC-recorded minimum central pressure for TC Maha was 959

hPa, that recorded by WRF model simulation and ERA5 were 972

and 998 hPa, respectively (Figure 1D). For the maximum sustained

wind speed of Kyarr and Maha, JTWC maximum sustained wind

speed were faster than WRF model simulation and ERA5. And the

JTWC-recorded maximum sustained wind speed for TC Kyarr was

69m/s, while that ofWRFmodel simulation and ERA5were 45 and

29m/s, respectively (Figure 1E). Moreover, the maximum sustained

wind speed of TC Maha recorded by JTWC was 54 m/s, while that

recorded byWRFmodel simulation and ERA5 were 39 and 20 m/s,

respectively (Figure 1F). The WRF model simulation

underestimated the minimum central pressure and maximum

sustained wind speed during the development stage compared to

that of JTWC but was closer to ERA5.

The translation speeds of Kyarr and Maha were calculated

according to the locations of the TCs centres in the time series

(Figure 1G). Kyarr moved relatively slowly (1–4 m/s) during most

stages over the AS. Maha moved relatively fast during the early

stage, but after November 02, Maha moved relatively slowly and

attained a translation speed (Uh) of approximately 2.5 m/s.
4.3 Sea surface cooling

As shown in Figure 3A, the background ocean environment

on October 24 provided favourable conditions for TC
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generation, and the AS was covered by warm water with a

high SST. During the passage of Kyarr and Maha, there was a

cool trail along their tracks with a rightwards bias (Figures 3B–

H). In particular, four distinct cold patches were detected, which

are marked with black boxes and correspondingly labelled C1,

C2, C3, and C4 in Figure 3. On October 31 (Figure 3D), the first

and second cooling patches appeared after the passage of Kyarr.

Both cooling patches were located to the right of TC Kyarr’s

track. In regions C1 and C2, the maximum decreases of SST were

3°C and 4.5°C, respectively (Figure 3D).

As seen in Figures 3E–H, the sea surface cooled again after

the Maha passed through the same area 8 days later (Figure 3H).

And two more new cooling patches emerged, regions C3 and C4,

their temperature decreases of 5°C and 4.5°C, respectively. While

the first cooling patch in region C1 continued to enlarge, the

maximum SST drop in region C2 gradually recovered during the

passage of TC Maha (Figures 3E–H). Thus, after the passage of

Kyarr and Maha, there were three cooling regions on the sea

surface. And the cooling in region C4 is significantly stronger

than that in other regions.
4.4 Horizontal distribution of the wind
stress curls

Figure 5 shows the wind field simulated by the WRF model.

The calculated wind stress curls were obtained fromWRF model

simulation and ERA5, respectively. A positive wind stress curl

closely linked to Ekman pumping to generate upwelling and

promote cold wake development (Chiang et al., 2011). The wind

stress curls obtained by WRF model simulation and ERA5

calculation were all positive over the AS, but the wind stress

curls according to ERA5 were relatively weak. The ERA5 spatial

pattern of the wind stress curls were similar to that of WRF

model simulation (Figures 5A–C, G–I), the magnitude was 2–6
A B

FIGURE 4

Evolution of the SST before, during and after Kyarr and Maha. (A): before Kyarr, (B, C): during Kyarr, (D): after Kyarr and before Maha, and (E–H):
after Kyarr and during Maha. The black and red lines denote the tracks of Kyarr and Maha, respectively. The grey and red dotted lines represent
that the TCs have not passed through the regions. The black and red solid dots denote the centre locations of Kyarr and Maha at 00:00 UTC,
respectively. The black boxes represent typical regions with distinct sea surface cooling.
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times larger for WRF model simulation (Figures 5D–F, I, J). For

example, at 00:00 UTC on October 27, the wind stress curls of

Kyarr obtained fromWRF model simulation were obviously four

times stronger than that of ERA5. The maximum value of the

wind stress curls from ERA5 was ~1.1×10-5 N/m3 (Figure 5A)

and that from WRF model simulation was~5×10-5 N/m3

(Figure 5D). The maximum value of wind stress curls of Maha

obtained from ERA5 was ~0.8×10-5 N/m3 (Figure 5I) and that
Frontiers in Marine Science 09
from WRF model simulation was ~4.8×10-5 N/m3 (Figure 5L), at

18:00 UTC on November 04. The powerful wind of the TCs

induced a series of physical processes, and the sea surface cooled,

as shown in Figure 3. As the SST decreased along the TC tracks

analyzed above, it can be seen that the wind forcing according to

ERA5 was too weak to produce this feature. In contrast, the

WRF-obtained atmospheric forcing could produce this cold wake

more realistically.
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FIGURE 5

The hourly wind field (arrows: m/s) at 10 m above the sea surface and estimated wind stress curls (colours: N/m3) during (A–F) Kyarr’s passage and
(G–L) Maha’s passage from ERA5 data and WRF model simulation, respectively. The expression of the TC tracks is the same as that in Figure 3.
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4.5 Chlorophyll a concentration
corresponding to the two sequential
tropical cyclones

Figure 6 shows the time evolution of chl-a concentration at

sea surface caused by Kyarr and Maha. The chl-a concentration

was 0.5~1 mg/m3 in most areas of AS before two sequential TCs

(Figure 6A). Unsurprisingly, the three typical regions with

obvious sea surface cooling and affected by strong wind stress

curls were also noted to exhibit pronounced increases in chl-a

after two sequential TCs. During the passage of TC Kyarr, the

chl-a concentration did not significantly increase along the TC

track but showed only a small increase of 2 mg/m3 near the

generation region of Kyarr (Figure 6B). After Kyarr and during

Maha, there were three chl-a concentration regions: the region

near the generation of Kyarr and regions C1 and C3. In these

three regions, the chl-a concentration could reach ≥ 3.5 mg/m3

(Figure 6C). After the passage of Kyarr and Maha, the chl-a

concentration in the region near the generation of Kyarr did not

obviously increase. In region C1, the chl-a concentration

gradually returned to ≤ 2.5 mg/m3. In region C3, the chl-a

concentration increased to a maximum of 4.5 mg/m3, and

another chl-a concentration region appeared, region C4. There

was a significant increase in the chl-a concentration in this

region, with a maximum value > 5 mg/m3.
4.6 Three cold eddies after the passage
of the two sequential tropical cyclones

In Figures 7A–F, the evolution of sea surface relative vorticity is

shown. After TC Kyarr passed (Figures 7A–C), the three regions

exhibited positive relative vorticity, regions C1, C3, and C4 reached

approximately 1×10-5 s-1, 1.5×10-5 s-1, and 1×10-5 s-1, respectively.

Interestingly, after TC Kyarr passed through, a positive relative

vorticity also appeared in between of regions C3 and C4
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(Figure 7C). However, the relative vorticity in this region was

smaller than the relative vorticity in regions C3 and C4 and

gradually weakened (Figures 7D–F). After Maha passed, the

positive relative vorticity of regions C3 and C4 developed further

and reached maximum values of 2×10-5 s-1 and 3×10-5 s-1,

respectively. The relative vorticity of region C1 did not change

significantly, but the area with positive relative vorticity in this

region increased (Figures 7D–F). Because cyclonic eddies are closely

linked to the positive relative vorticity, further research on this topic

is presented in the next section.

Figure 8 depicts the temporal evolution of the SSHA before,

during and after the passage of Kyarr and Maha. At first, no

SSHA existed before the two sequential TCs (Figure 8A). Then a

SSHA began to appear during the passage of TC Kyarr

(Figure 8B). Meanwhile, a cold eddy was first identified by

eddy detection algorithms in the area during the passage of

TC Kyarr (Figure 8B). Then, as Kyarr continued to advance, a

second SSHA appeared on the sea surface. And a second cold

eddy was also identified (Figure 8C). After the passage of Kyarr,

the sea surface height in C1, C3 and C4 regions decreased by -10

cm, -15 cm and -15 cm, respectively. And a third cold eddy was

identified at location of the turn in Kyarr’s track (Figure 8D). In

the three cold eddy areas, the sea surface geostrophic currents

gradually strengthened and showed the characteristics of cyclone

(Figures 8B–D). Moreover, during the passage of Maha, negative

SSHAs were further reinforced. In region C1, the sea surface

height decreased by approximately -15 cm. In regions C3 and

C4, the sea surface height extensively decreased, and both

reached -25 cm. The sea surface geostrophic currents formed

more intense cyclonic features in these regions, and the highest

velocities were found around the edges of the three cold eddies

(Figures 8E, F). Finally, the shape of the three cold eddies

stabilized on November 07 (Figure 7F).

After the two TCs passed through on November 07, three

stable cold eddies were identified by eddy detection algorithms.

The centre of cyclonic eddy e1 in region C1 was located at

68.125°E, 16.875°N and had a radius of up to 69 km and an area
DA B C

FIGURE 6

Observations of the 8-day mean chl-a concentration (mg/m3 ) before, during and after Kyarr and Maha. (A): before Kyarr, (B): during Kyarr,
(C): after Kyarr and during Maha, and (D): after Kyarr and Maha. The expression of the TC tracks is the same as that in Figure 4. The black
boxes represent three typical regions with obvious chl-a increases and sea surface cooling, as shown in Figure 4.
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of up to ~15000 km2. The centre of cyclonic eddy e2 was located

at 65.375°E, 18.375°N and had a radius of up to 50 km and an

area of up to ~7850 km2. The centre of cyclonic eddy e3 was

located at 68.125°E, 16.875°N and had a radius of up to 41 km
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and an area of up to ~5280 km2. Each eddy radius is defined as

the average distance between the eddy boundary and the centre

of the eddy identified by the eddy detection algorithms. The long

forcing time of strong wind during the passage of Kyarr and
TABLE 2 Information about cyclonic eddies identified by eddy detection algorithms.

The maxing forcing time (hours) The maxing adjustment time (hours) eddy centre eddy radius (km) eddy S (km2)

During Kyarr During Maha Post Maha Post Maha Post Maha
Oct 26-30 Nov 01-05 Nov 07 Nov 07 Nov 07

e1 37 8 40 68.125°E, 16.875°N 69 14950

e2 44 20 37 65.375°E,
18.375°N

50 7850

e3 50 30 35 62.875°E,
19.375°N

41 5278
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FIGURE 7

The calculated 3-day mean sea surface relative vorticity (colours: s-1 ) before, during and after the passage of Kyarr and Maha. (A): before Kyarr,
(B, C): during Kyarr, (D, E): after Kyarr and during Maha, and (F): after Kyarr and Maha. The expression of the TC tracks is the same as that in
Figure 3. The black boxes represent three typical regions with obvious sea surface relative vorticity increases and sea surface cooling, as shown
in Figure 3.
TABLE 1 Specific options of the default parametric scheme.

Model Physical parametric type Options corresponding to parametric schemes

WRF PBL YSU (1)

Mp WSM3 (3)

Cu KF (1)

Ra_sw Dudhia (1)

Ra_lw Dudhia (1)

Sf_surface Noah (2)
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Maha are shown in Table 2. The maximum forcing time of each

eddy was all much longer than the geostrophic adjustment time

during the passage of Kyarr. However, during the passage of

Maha, the maximum forcing time was all slightly below the

maximum adjustment time in these three cold eddy regions.
4.7 Temperature structure and the
depth integrated heat content of
the upper ocean

Figures 2A–E show the variations in temperature profiles

from five Argo floats. Figure 2F shows the temporal and

spatial variations in the five selected Argo floats. According to

Figure 2F, Argo floats were located near the tracks of Kyarr

and Maha. And Argo floats 2902202, 2902205, and 2902272

were concentrated near e1. Argo float 2902175 was somewhat

far from e1, approximately 100 km from the edge of e1, and

Argo float 2902210 was located approximately 50 km from

the edge of e2. The five Argo floats recorded changes in the

ocean at different times during the passage of Kyarr and

Maha. For example, Argo floats 29002210 and 2902272

recorded changes in the interior of the ocean caused by TC

Kyarr, and Argo floats 2902205, 2902202, and 2902175
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recorded changes in the interior of the ocean caused by

TC Maha.

Furthermore, similar to the Argo float observations, the

spatial series of the HYCOM model output results were added

to the temperature profile to demonstrate that HYCOM model

can reproduce ocean conditions. However, the upper ocean

temperature changes captured by the HYCOM model output

after the passage of TC Kyarr were more affected than the

temperature changes recorded by Argo floats, and the

temperature decreased even more dramatically (Figures 2A–E).

In general, the HYCOM model output results were generally

consistent with the Argo float measurements.

In this study, the upper ocean is defined as depths of 0–

200 m. To investigate the thermal response of the upper

ocean, the heat content change (DH ) was calculated from a

pair of temperature profiles from each Argo float (Zedler

et al., 2002).

DH = r0Cpw
Z 0

200
DT(z)dz (9)

Here, r0 is the density of seawater, and Cpw is the specific

heat of seawater, so r0Cpw = 4.1 MJ°C-1 m-3. Integration is

performed over depths of 0 to 200 m. DT is the change in sea

water temperature before and after the TCs, as shown in Figure 2
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FIGURE 8

Observations of SSHAs (colours: cm) and geostrophic velocity of zonal/meridional components (arrows: m/s) before , during and after the
passage of the two TCs. (A): before Kyarr, (B, C): during Kyarr, (D): after Kyarr and before Maha, and (E): after Kyarr and during Maha. (F): after
Kyarr and Maha. The solid blue lines show the shape of eddies, and the blue five-pointed stars show the centre of the eddies. The expression of
the TC tracks is the same as that in Figure 3. The black boxes represent three typical regions with obvious SSHA decreases and sea surface
cooling, as shown in Figure 3.
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for the Argo float temperature profile of the time series. A

negative value indicates heat loss and a positive value indicates

heat gain within a specified depth range. As shown in Figure 9,

the DH calculated from the Argo profiles demonstrated a

significant difference.

Argo floats 2902175 and 2902202 showed that the upper 200

m of the ocean lost heat along the temperature profiles, while

Argo floats 2902210, 2902205, and 2902272 showed that heat

was gained in the subsurface ocean (50-100 m). And Argo float

2902210 showed that a subsurface ocean heat increase could

reach 13 MJ°C-1 m-3, Argo float 2902205 showed a subsurface

ocean heat increase of approximately 6 MJ°C-1 m-3. Argo float

2902272 showed a subsurface ocean heat increase of 2 MJ°C-1

m-3. Moreover, Argo float 2902210 showed an ocean heat gain of

approximately 180 m. In previous sections, it was found that the

passage of Kyarr led to the generation of three cold eddies. The

interior of the cold eddy is an unstable thermal structure.

Therefore, the heat flux exchanges inside cold eddies need to

be further studied.
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4.8 Nondimensionalization of the two
sequential tropical cyclones

Some of the nondimensional numbers defined in previous

studies help to reveal the characteristics of TCs and their

interactions with the upper ocean. The external parameters

that characterize the ocean environments and the two

sequential TCs are exhibited and listed in Table 3. The

calculation results for each TC are presented in Table 4. For

each TC, the nondimensional storm speed S is O(1), where S is

the ratio of the local inertial period to the TC residence time

(Price et al., 1994). The strong wind stresses of TCs caused

changes in the interior of the ocean that were basically consistent

with the local inertial period. The Burger number B reveals the

degree of pressure coupling between the mixed-layer currents

and the thermocline currents (Price et al., 1994). For each TC

case, a relatively large Burger number can be seen, and it is

expected that the pressure coupling is very pronounced during

the TC passage. The translation speeds of TCs Kyarr and Maha
FIGURE 9

Vertical profiles of the heat content anomaly according to each Argo float.
TABLE 3 External parameters.

parameters Symbol Units Kyarr Maha

Maximum MLD hmax m 85 80

Translation speed Uh m s-1 3.1 3.6

The local Coriolis parameter f s -1 4.4x10-5 4.1x10-5

Radius to maximum wind Rmax km 49 32

Density change across the thermocline Dr Kg m-3 3 3

Reduced gravity g’ m s-2 0.03 0.03

Maximum sustained wind Vmax m s-1 69 54

The gravest mode internal wave phase speed c m s-1 2 2
frontie
The radius of maximum wind and the maximum sustained wind are provided by JTWC. The local Coriolis parameters are calculated according to the mean latitude of TC location centers
recorded by JTWC. The thermocline defined in this paper takes the depth of the 20°C isotherm as a reference (Busalacchi and Murtugudde, 1999).
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TABLE 4 Nondimensional variables.

Nondimensional storm speed (S) mixed-layer Burger number (B) Mach number (C)

Kyarr 1.11 0.31 1.52

Maha 2.17 0.36 1.79
Frontiers in Marine S
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FIGURE 10

Vertical profiles of temperature in the central range of each eddy over time. (A): Vertical profiles of temperature in the central range of e1 over
time. (B): Vertical profiles of temperature in the central range of e2 over time. (C): Vertical profiles of temperature in the central range of e3 over
time. The solid white lines indicate the depth of each eddy centre mixed-layer. The black and red solid lines denote the times when Kyarr and
Maha passed by each eddy, respectively.
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were only slightly greater than c (the gravest mode internal

wave). Each TC had an O(1) Mach number. Previous studies

have shown that under these conditions, significant upwelling

occurs directly beneath TCs (Price et al., 1994). And it was

caused by Ekman pumping, which is closely linked to positive

wind stress curls (Figure 5). Therefore, the calculations of these

nondimensional numbers for each TC case show that two slow

and strong TCs have considerable impacts on the upper ocean

interior during their passage (Price et al., 1994).

Figures 10A–C show the changes in vertical temperature

profiles and the depth of mixed-layers before, during and after

Kyarr and Maha in the upper ocean at the three cyclonic eddy

centres. At each eddy centre, the initial MLD was approximately

40 m, and the MLT was approximately 29°C. Then, the MLT and

MLD changed sharply due to the influence of the passage of TCs.

The cooling of the MLT was accompanied by the deepening of

the MLD; the MLT decreased by at least 3°C, and the MLD

deepened to at least 55 m at each eddy centre after Kyarr passed.

For example, after the passage of Kyarr, the MLT in the central

area of e2 decreased the most sharply, by approximately 5°C

(Figure 10B), the MLD deepened by approximately 75 m. After

the passage of Kyarr in e3, the MLD deepened the most, up to 80

m, and the MLT dropped to approximately 26°C (Figure 10C).

After Maha passed through the three cold eddies, it also caused

the MLD in each eddy centre to deepen and the MLT to

decrease, but none of the changes were as pronounced as

those after Kyarr passed through. The differences in the

variations in MLD and MLT at the e1, e2, and e3 centres were

mainly due to the different characteristics of each TC when they

were passing these cold eddy fields. Based on the

nondimensional characteristics of each TC calculated in

section 4.8, two slow-moving TCs can cause strong vertical

mixing and upwelling, causing the cooling of the MLT and

deepening the MLD. What’s more, the sea water temperature at

150-200 m remained virtually unchanged during the

whole period.
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The passage of TCs greatly influenced the depth integrated heat

(DIH) content of the upper ocean. Figures 10A–C show the

temperature profiles of each eddy centre. The maximum

temperature in each eddy centre response to each TC occurred

approximately 48 h after the TCs passed. Therefore, T0(z) was the

24-h average during the temperature response to TCs at each eddy

centre before the TCs (on October 24). And T1(z) was the 48-h

average during the temperature response to TCs at each eddy centre

after the TCs. The DIH anomaly could be obtained from the

temperature profiles by integrating the temperature anomaly (T1

(z)–T0(z)) over an appropriate depth range and multiplying it by

the density and specific heat of sea water. Thus, following Zedler

(Zedler, 2002), the computation of the DIH anomaly is as follows:

DIH = r0Cpw
Z Z0

Z1
(T1(Z) − T0(Z))dZ (10)

Integration was performed over depths of z1 to z2 (z is positive

downwards). To examine the separate contributions between

different layers of the upper ocean, three depth ranges were

chosen for integration: a shallow depth range as the MLD, a

middle layer that was the MLD bottom to the 150 m depth, and

a bottom layer that was the 150 m to 200 m depth. The shallow

range effectively quantified the MLD cooling occurring after the

passage of TCs and was therefore denoted DIHML; the middle layer

was denoted DIHMD, and the bottom layer was denoted DIH200.

The depth ranges and the corresponding DIH values of each

eddy centre for the TCs are summarized in Table 5. The two TCs

were associated with heat loss from the three different layers, but

the largest loss occurred in the middle layer after Maha, where

DIHML = -1220.0 MJ m-2 in the e1 eddy centre, and another large

middle layer heat loss in theMaha case similar to that observed for

the e1 eddy centre occurred when DIHML = -1192.3 MJ m-2 over

the depth range [53 m, 150 m]. These different DIH values may be

partly due to the difference in vertical mixing and upwelling

intensity in the upper ocean caused by TCs Kyarr and maha as

they passed through the central region of each cold eddy.
TABLE 5 Depth integrated heat anomaly.

After TC of Kyarr

MLD(m) DIHML, MJ m-2 Middle layer(m) DIHMD, MJ m-2 Bottom layer DIH200, MJ m-2

e1 45 -338.0 46-150 -725.1 151-200 -127.3

e2 42 -661.2 43-150 -1017.6 151-200 -220.7

e3 31 -794.4 32-150 -794.1 151-200 -208.7

After TC of Maha

MLD(m) DIHML, MJ m-2 Middle layer(m) DIHMD, MJ m-2 Bottom layer DIH200, MJ m-2

e1 52 -410.4 53-150 -1220.0 151-200 -322.6

e2 59 -379.5 60-150 -701.7 151-200 -332.5

e3 35 -510.0 36-150 -1192.3 151-200 -439.4
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5 Conclusion

The response of the upper ocean to Kyarr and Maha,

including the generation mechanism of cold eddies and heat

flux exchanges in the eddy centre fields, is discussed in this study

by using satellite data, numerical model outputs,in

situ observations.

The two sequential TCs followed a similar path, with a slow

translation speed over the same area in the AS from October 24

to November 06, 2019. During the passage of Kyarr and Maha,

the SST significantly decreased in three regions due to strong

ocean vertical mixing and upwelling. The wind field data

provided by the WRF model simulation and ERA5 were

compared. Wind stress curls were thus calculated. The WRF

model simulation could better reproduce the TC wind field and

better match the SST reduction magnitude. Meanwhile, the sea

surface chl-a concentration was enhanced by Kyarr and Maha.

The regions with particularly pronounced chl-a enhancement

coincided well with sea surface cooling regions. More

importantly, based on the use of eddy detection algorithms,

three cold eddies with negative SSHAs were found along the

track of Kyarr. In general, the long forcing time of strong

positive wind stress curls has mainly contributed to the

generation of the three cyclonic cold eddies during the passage

of two sequential TCs. Positive wind stress curls can produce

upwelling due to Ekman responses. What’s more, along with the

injection of positive relative vorticity, the sea surface presents

cyclonic changes.

Moreover, obvious thermodynamic responses in the upper

ocean occurred at each eddy field interior. During the passage of

Kyarr and Maha, the TCs had superimposed effects on the upper

ocean and caused strong vertical mixing and upwelling. And the

upwelling was enhanced by the instability of thermal structure

inside the cold eddy (eddy-wind Ekman pumping and

eddy pumping).

The variation in heat content (DH ) was calculated from the

temperature distribution of five Argo floats. Three Argo floats,

located near e1(2902272, 2902205) and e2(2902010), showed

subsurface warming and increased heat. Moreover, the Argo

float (2902010) showed heat gain in the bottom layer.

In order to further study the heat flux exchanges in the upper

ocean in the central region of each cold eddy. Specific heat flux

exchanges between different layers of the upper ocean were

studied by using HYCOM model output results. The upper 200

m of each eddy centre field was divided into three layers: the

mixed-layer, the middle layer and the bottom layer. The DIH of

the three layers in the three cold eddy centre fields were

calculated in turn after each TC passed. All three eddy centre

fields showed heat loss from different layers after the TCs.

Regardless, strong vertical mixing and upwelling are the

main factors that influence eddy centre fields heat flux

exchanges, but it is not clear how much of each term
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contributes to the heat flux exchanges in different layers. Is

there a difference between the main time periods of vertical

mixing and upwelling?

Therefore, further studies are needed to improve the

understanding of the relationship between the two sequential

TCs. And their interaction with the upper ocean by combining

the coupled ocean numerical model with in situ observations. It

can be determined the thermal modulation process inside cold

eddies when a TC passes through.
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