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Abstract

This study examines the influence of the Kuroshio intrusion into the South China Sea (SCS) on the sea surface temperature
cooling (SSTC) induced by tropical cyclones (TCs) through numerical simulations. Two types of the Kuroshio intrusion
are investigated, i.e. the looping path characterized by the formation of an anticyclonic eddy in the SCS, and the leaping
path characterized by the minimal intrusion into the SCS. For comparison, a no-Kuroshio case with initial horizontally
homogeneous stratification is also simulated. Results indicate that both the looping and leaping Kuroshio modify TC-
induced SSTC compared to the no-Kuroshio case, through distinct mechanisms. The looping Kuroshio suppresses TC-
induced SSTC to both sides of the Luzon Strait (LS). In the anticyclonic eddy induced by the looping Kuroshio to the
west side of the LS, the suppression is related to the warmer subsurface water, smaller vertical temperature gradient and
larger mixed layer depth, which lead to weaker vertical mixing. Whereas to the east side of the LS, the cause is horizontal
advection. The leaping Kuroshio also suppresses TC-induced SSTC to the east side of the LS through strong horizontal
advection, but it enhances the SSTC to the west side of the LS through enhanced vertical mixing. Moreover, it is found
that TC-induced SSTC spreads downstream along the major axis of the leaping Kuroshio, which is caused by vertical
mixing rather than horizontal advection.

Keywords Kuroshio intrusion - Tropical cyclone - Sea surface temperature cooling - Numerical simulation - South
China Sea

1 Introduction During the formation and development of a TC, the sea

surface temperature (SST) plays an important role. On one

Tropical cyclones (TCs) are intense meteorological sys-
tems that occur over tropical and subtropical oceans, par-
ticularly in the Northwestern Pacific Ocean (D’ Asaro et al.,
2011). In recent decades, TCs have exhibited an increasing
trend in both frequency and intensity, raising significant
scientific and societal concerns (e.g., Mei and Xie 2016;
Tan et al. 2023).
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hand, the formation and maintenance of a TC depend on the
continuous transport of vapor and heat from the upper ocean
to the atmosphere, which requires the SST to be larger than
a certain threshold (Dare and McBride 2011; Tory and Dare
2015). On the other hand, a TC can cause pronounced SST
cooling (SSTC) along its track, due to a combined effect of
Ekman pumping, turbulent mixing and other processes (e.g.
Jullien et al. 2012; Vincent 2012a, b; Zhang et al. 2021).
Consequently, TC-induced SSTC exerts a negative feed-
back on the TC intensification (Schade and Emanuel 1999;
Emanuel et al. 2004; Zhu and Zhang 2006; Wu et al. 2008).
Therefore, understanding the mechanism through which a
TC causes SSTC is of great importance, and it is also ben-
eficial for the prediction of TC’s further evolution.
Previous studies have revealed several mechanisms
for TC-induced SSTC, among which vertical mixing and
upwelling are two important ones. Intense vertical mixing
driven by wind stress-induced vertical shear instability is
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the primary driver of SSTC, accounting for over 70% of the
SSTC (Price 1981; Greatbatch 1984; Shay et al. 1992; Jacob
et al. 2000; Jullien et al. 2012; Qiao et al. 2022). Upwell-
ing, which is induced by Ekman pumping, transports colder
water from the deep ocean upward, also contributing to the
SSTC. Although upwelling contributes less to the SSTC
than vertical mixing, it modulates the temperature gradient
in the upper ocean, thereby affecting vertical mixing (Price
1981; Chiang et al. 2011; Jullien et al. 2012). Moreover, TC-
induced SSTC is influenced by the ocean conditions, such
as the mixed layer depth (MLD), temperature structure and
stratification (Vincent et al. 2012a, b; Wei et al. 2017; Jiang
et al. 2018; Cui et al. 2023; Cheng et al. 2024).

Previous studies also indicated that the multiscale ocean
dynamical processes can modulate TC-induced SSTC. Lin
et al. (2005) found that an anticyclonic eddy reduced TC-
induced SSTC due to a thicker upper-ocean mixed layer,
which inhibited the entrainment of colder deep water. Wu
et al. (2007) further pointed out that the thicker mixed layer
in the anticyclonic eddy restricted the SSTC in the TC cen-
ter, whereas the higher SST in the anticyclonic eddy led to
stronger SSTC in the trailed right-hand side wake region of
the TC. Zheng et al. (2010) showed that preexisting cyclonic
eddies enhanced TC-induced SSTC by a factor of 2, com-
pared to a case without the eddies. Jaimes and Shay (2010)
found that an anticyclonic eddy reduced TC-induced SSTC
whereas a cyclonic eddy enhanced it, and they attributed
these phenomena to the different evolution characteristics
of TC-induced near-inertial waves in the anticyclonic and
cyclonic eddies. Ma et al. (2018) revealed that a cyclonic
eddy extended the occurrence and recovery time of TC-
induced SSTC, whereas an anticyclonic eddy showed little
influence. In addition to mesoscale eddies, internal tides
are also found to be able to modulate TC-induced SSTC.
Through a series of idealized experiments in the South
China Sea (SCS), Cheng et al. (2023) showed that internal
tides can enhance TC-induced SSTC by 0.2-0.4 °C in the
Luzon Strait (LS). Guan et al. (2024) reported that internal
tides-enhanced SSTC further suppressed the TC intensifica-
tion in the SCS.

As the west boundary current in the Northwestern Pacific
Ocean, the Kuroshio carries the Northwestern Pacific Ocean
water characterized by high temperature and high salinity
(Nitani 1975; Deser et al. 1996; Tseng et al. 2000). The
Kuroshio influences the local ocean conditions of the SCS
and East China Sea (Qu et al. 2000; Chen et al. 2009; Nan et
al. 2011, 2015; Chou et al. 2013), and may hence affect TC-
induced SSTC in these regions. However, the understanding
of the Kuroshio’s influence on TC-induced SSTC remains
limited. First, the current understanding of the Kuroshio’s
influence on TC-induced SSTC remains debated. For exam-
ple, Wuetal. (2008), Liu and Wei (2015) and He et al. (2022)
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reported that the Kuroshio weakens TC-induced SSTC and
shortens the recovery time of cooling through continuous
horizontal advection of warm water. Furthermore, He et
al. (2022) noted that the Kuroshio’s thicker warm water
layer can suppress vertical mixing, thereby further reducing
SSTC. In contrast, Wei et al. (2014) argued that the Kuro-
shio intensifies TC-induced SSTC, as its baroclinic potential
energy can enhance vertical mixing. Second, the Kuroshio
intrudes into the SCS near the LS via three distinct paths,
i.e. the leaping, looping and leaking paths (Nan et al. 2011,
2015). These paths exhibit seasonal variability and differ-
ently influence the local temperature, salinity and circula-
tion structure, thereby differently modulating TC-induced
SSTC. Figure 1 shows the satellite-observed SSTC induced
by TCs Hato (2017) and Hagupit (2008), which had simi-
lar tracks and passed over the LS in August and September,
respectively. Because the Kuroshio took different paths dur-
ing the two TCs (Fig. 1b and d), the SSTC patterns show
large difference (Fig. 1a and c). Given that previous studies
have primarily focused on the Kuroshio’s influence on TC-
induced SSTC in the East China Sea (Wu et al. 2008; Wei et
al. 2014; Liu and Wei 2015; He et al. 2022), how different
Kuroshio paths affect TC-induced SSTC in the SCS remains
unclear. Hence, it is necessary to explore the influence of
different Kuroshio intrusion types on TC-induced SSTC
near the LS, as there are approximately 6 TCs passing over
the LS annually (Xu et al. 2020).

The remainder of this paper is organized as follows.
Section 2 introduces the numerical model configurations
and data processing methodology. Section 3 presents the
main results, including the validation of simulated results,
TC-induced SSTC features under the influences of differ-
ent Kuroshio intrusion types, as well as the analysis results
of temperature equation in the mixed layer. A discussion is
presented in Sect. 4. Finally, Sect. 5 summarizes this study.

2 Data and methods
2.1 Model configurations

The Coastal and Regional Ocean Community model
(CROCO vl.1; https://www.croco-ocean.org) is used to
simulate TC-induced SSTC under different Kuroshio intru-
sion types near the LS. Considering that the real case is very
complicated, i.e., a TC can intensify itself when passing over
the Kuroshio (Yu et al. 2020), and this process may vary
among different TC cases, semi-idealized experiments are
conducted in this study. In the semi-idealized experiments,
the background currents (including the Kuroshio) are real,
whereas the TC is idealized and its characteristics remain
invariant during the simulation. In other words, this study
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Fig. 1 Satellite-observed SSTC
(shading, unit: °C) induced

by TCs (a) Hato in 2017 and

(¢) Hagupit in 2008. Satellite-
observed mean surface current
fields (magnitude: shading; unit:
m/s; direction: quivers) in (b) 20°N |
August 2017 and (d) September

2008. In each subfigure, the black

solid curve denotes the major

axis of the Kuroshio and the gray 7oy
dashed curve represents the TC

track
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only focuses on the ocean’s response to the TC, whereas the
ocean’s feedback on the TC is not considered.

The simulated domain is set to 115.5-126.5° E and 16.5—
24.5° N, with a horizontal resolution of 1/20° (approxi-
mately 5 km). There are fifty uneven sigma layers in the
vertical direction, with stretching parameters of 15.0 for
THETA S and 0.4 for THETA B. A 50-km wide sponge
layer with enhanced viscosity and diffusivity is set at the
open boundaries to absorb baroclinic energy. The K-Profile
Parameterization (KPP) vertical mixing scheme (Large et
al. 1994) is implemented in the CROCO. The Laplacian
background viscosity and diffusivity are set to 100 and 10
m?/s, respectively. A linear bottom friction coefficient of
3.0x10~% m/s is used. Bathymetric data are obtained from
the 1 arc-minute global relief model (ETOPOL1, Fig. 2a).

Four semi-idealized experiments are designed, of which
the key settings are listed in Table 1. In Exps 1 and 2, the
monthly averaged ocean conditions in November 2013
and November 2008 are used, when the Kuroshio took the
looping and leaping paths, respectively (Fig. 2c and e). The
initial and boundary conditions, including velocity, tem-
perature, salinity and surface elevation, are derived from
the monthly averaged Hybrid Coordinate Ocean Model
(HYCOM) reanalysis data (https://www.hycom.org/). Exps
3 and 4 serve as the control experiments for Exps 1 and 2,
respectively, in which the initial and boundary conditions
are prescribed using the horizontally averaged temperature,
salinity and surface elevation fields of the HY COM reanaly-
sis over the simulation domain. The velocity in both the ini-
tial state and at the open boundaries are set to zero in Exps
3 and 4. To focus on the influence of the Kuroshio, other
factors such as tides and precipitation are not considered.

124°E 118°E

2
; 15

1
0.5

Lo

The same idealized TC is prescribed in the four experi-
ments, traveling westward across the domain along 20.5°N
(Figure 2b). Its parameters are determined based on the TC
best-track data for the northern SCS (112—-122°E, 16-24°N)
from 2004 to 2015. According to the TC best-track data, the
median (mean) values of the maximum wind speed, radius
of maximum wind speed, and translation speed are 23.0 m/s
(26.4 m/s), 46.0 km (44.6 km), and 3.30 m/s (3.79 m/s),
respectively (Figure 3). Hence, the idealized TC is config-
ured with a maximum wind speed of 30 m/s, a radius of
maximum wind speed of 50 km, and a translation speed of
3 m/s, as a maximum wind speed of 20 m/s would be too
low to represent a typical TC. The wind field of the TC is
prescribed following Jelesnianski (1965):

121°E

124°E

r ; ; 10\ (4 ; <
W(r):{ iy (Ve + Vi) + Wat (7)° (Ai 4+ Bj), 0<r <R

s (Vai 4+ Vi) + Wat (£)2 (Ai+ Bj), r > R

(1

r

where W is the wind speed vector, i and j are zonal and
meridional unit vectors, r is the distance from the TC center,
Wy is the maximum wind speed, R is the radius of the maxi-
mum wind speed, V, and V), are the zonal and meridional
translation speeds of the TC, and

A=—[(x—z.)sin 0+ (y — yc) cos 0]
{ B = [(z — z.) cos 0—(5—yyc)sin 0] &

where (x, y) and (x,, y,) are the coordinates of grid and TC
center, respectively, and 8 is the ingress angle:

r<R
—{ sk ®
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Fig. 2 (a) Bathymetry (shading,
unit: m) in the simulated domain.
(b) The wind field (magnitude:
shading; unit: m/s; direction:
quivers) when the TC passes over
the LS. The black dashed line
represents the TC track. Mean sea
surface height (shading, unit: m)
and mean surface current fields
(quivers) in (¢ and d) november
2013 and (e and f) November
2008 for satellite observations

(c and e) and (d and f) CROCO
simulations. The black solid
curve denotes the major axis of
the Kuroshio
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Table 1 Key settings of the four semi-idealized experiments

Initial condition Kuroshio
status
Exp 1 Real ocean condition in November 2013 looping path
Exp 2 Real ocean condition in November 2008  leaping path
Exp 3 Horizontally averaged ocean condition in  no Kuroshio
November 2013
Exp 4 Horizontally averaged ocean condition in  no Kuroshio
November 2008
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According to the wind field, the TC reaches the LS on the
5th day of the simulation (Fig. 2b). Moreover, since an ide-
alized TC is adopted in these experiments, the surface heat
flux is omitted, as it generally has little influence on TC-
induced SSTC in most cases (e.g. Price 1981; Zhang et al.
2016; Cheng et al. 2024).

In each experiment, the CROCO is operated for 20 days
with a baroclinic time step of 120 s, and the number of baro-
tropic time steps between per baroclinic time step is set to
60. The simulated results are output every 1 h.

® 2 L
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Translation speed (m/s)
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o

Fig. 3 Probabilities of the (a) maximum wind speed, (b) radius of maximum wind speed and (c) translation speed of all the TCs in the northern
SCS from 2004 to 2015. The black and gray vertical dashed lines in each subfigure denote the median and mean values, respectively
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2.2 Temperature equation in the mixed layer

According to the temperature equation in the mixed layer
(Jullien et al., 2012), the variation of SST can be calculated
as follows:

1[0/ or or 1% or
assT _ _ 1 9,2 _Z el
S = h_/,h<u8x+v8y>dz }Llhwazdz

0 Hadv 5 5 Vadv
1 o0°T  0°T
- K2 +2 -
+h/; l(aﬁ'+8w>dz (4)
Hmix
101, SST—T(z=—-h)oh] Q
+ [ o= h E] e
Vmix Heat flux

where T is the temperature, ¢ is the time, x and y are zonal
and meridional coordinates, z is the depth, u, v and w are
the zonal, meridional and vertical velocities, respectively,
K, and K, are the horizontal and vertical mixing coefficients,
respectively, and 4 is the time-varying MLD. The five terms
on the right-hand side of Eq. (4) represent the horizontal
advection (Hadv), vertical advection (Vadv), horizontal
mixing (Hmix), vertical mixing (Vmix), and surface heat
flux, respectively. In this study, the MLD is calculated as the
depth at which the temperature is 0.5 °C lower than the tem-
perature at 5 m depth (Sprintall and Tomczak 1992; Wata-
nabe and Hibiya 2002; Cheng et al. 2023). In fact, using
a density threshold criterion (0.125 kg m™ larger than the
surface value; Rimac et al. 2016) yields similar results (not
shown). Because the surface heat flux is not considered in
the four semi-idealized experiments, it is 0. The vertical
mixing is generally considered to be the primary driver of

Fig.4 MLD (shading, unit: m) in

the variation of SST (Price 1981; Greatbatch 1984; Shay et
al. 1992; Jacob et al. 2000; Jullien et al. 2012; Qiao et al.
2022; Cheng et al. 2023, 2024), of which the first term is
vertical diffusion at the MLD and the second term is entrain-
ment (Vincent et al. 2012a; Jullien et al. 2012).

3 Result
3.1 Validation of the simulated Kuroshio

The CROCO-simulated Kuroshio patterns in Novem-
ber 2013 and November 2008 are illustrated in Fig. 2d
and f. The simulated Kuroshio exhibits a looping path in
November 2013 and a leaping path in November 2008,
which is consistent with the satellite observations (Fig. 2c
and e) downloaded from the Copernicus Marine Environ-
ment Monitoring Service (CMEMS, https://doi.org/10.48
670/moi-00148), thereby demonstrating the reasonability
and reliability of the simulated Kuroshio. The simulated
sea surface heights averaged in the two periods (Fig. 2d
and f) also match satellite observations (Fig. 2c¢ and e),
further confirming the credibility of the simulated results.
Figure 4 compares the MLD distribution between the
CROCO simulations and HYCOM reanalysis data three
days before the TC’s arrival. The CROCO-simulated
MLD pattern is generally consistent with the HYCOM
reanalysis data. When the Kuroshio exhibits a looping
path, the MLD around the anticyclonic eddy induced by
the looping Kuroshio is deeper. When the Kuroshio takes
a leaping path, the MLD to the west side of the LS is shal-
lower than that to the east side.

the simulated domain in (a and

b) November 2013 and (c and 23°N
d) November 2008 for (a and ¢)

HYCOM reanalysis data and (b

and d) CROCO simulations. In

each subfigure, the black solid 20°N
curve denotes the major axis

of the Kuroshio and the black

dashed curve denotes the 500 m
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3.2 TC-induced SSTC patterns

TC-induced SSTC is calculated as the difference between
the minimum SST within 4 days after the TC’s arrival and
the SST 1 day before the TC’s arrival. Figure 5 shows TC-
induced SSTC in the four experiments as well as the dif-
ference of SSTC among different cases. Because this study
mainly focuses on the Kuroshio’s influence on TC-induced
SSTC, which primarily occurs in deep waters, only results
from waters deeper than 500 m are presented. Overall, the
TC in the four experiments causes larger SSTC to the right
side of TC track than to the left side, which is consistent
with the rightward biased feature of ocean’s response to a
TC in the Northern Hemisphere (Price et al. 1994). Because
horizontally homogeneous stratification is used and no back-
ground currents exist in Exps 3 and 4, the SSTC patterns in
the two experiments are regular. In contrast, because the real
ocean conditions including the non-homogeneous stratifica-
tion and background currents are considered in Exps 1 and
2, the SSTC exhibits complicated patterns, showing evident
differences to both sides of the LS. To further investigate the
difference of SSTC in different experiments, two areas (the
two boxes in Fig. 5) are selected: Area A (118.8-119.8 °E,
20.8-21.8 °N) is located in the anticyclonic eddy induced
by the looping Kuroshio to the west side of the LS and
Area B (121.0-122.0 °E, 20.8-21.8 °N) is located along the
major axis of the leaping Kuroshio to the east side of the LS.
Moreover, because both Exps 3 and 4 use the horizontally
homogeneous stratification in November (although in dif-
ferent years), TC-induced SSTC in these two experiments
is nearly the same, and the difference between them is too

oy @ Exp 1 TR (b) Exp 2

118°E 121°E 124°E 118°E 124°E

121°E

(e) Exp 3-Exp4 ;¢

(f) Exp 1-Exp 3
19°N e ‘e
119°E 121°E 123°E 119°E 121°E 123°E
Fig. 5 TC-induced SSTC (shading, unit: °C) in (a) Exp 1, (b) Exp 2,
(¢) Exp 3 and (d) Exp 4. Difference of SSTC between (e) Exps 3 and

4, (f) Exps 1 and 3, (g) Exps 2 and 3 and (h) Exps 1 and 2. In each sub-
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small to be noticed (Fig. 5e). Therefore, in the following
analysis, only the results of Exp 3 is used to represent the
no-Kuroshio case.

As shown in Fig. 5f, in comparison to the no-Kuroshio case
(Exp 3), the looping Kuroshio (Exp 1) reduces TC-induced
SSTC across nearly the entire region to the right of the TC
track. In Exp 3, the SSTC in Areas A and B is —0.87 °C and
—0.86 °C, respectively. In contrast, in the looping Kuroshio
case (Exp 1), the SSTC in Areas A and B decreases to —0.71 °C
and —0.73 °C, representing a reduction of 15-20%. In the
leaping Kuroshio case (Exp 2), the SSTC within 120 km to the
right side of the TC track in the Philippine Sea is suppressed,
which is similar to the looping Kuroshio case. However, the
leaping Kuroshio enhances the SSTC in the SCS Basin and
the Kuroshio’s downstream region (Fig. 5g). Consequently,
under the influence of the leaping Kuroshio, the SSTC in Area
A (Area B) is —0.99 °C (—0.55 °C) which is increased by 14%
(decreased by 36%) compared to the no-Kuroshio case. These
results confirm that the Kuroshio can affect the SSTC induced
by the TC that passes over the LS.

When directly comparing TC-induced SSTC under the
looping and leaping Kuroshio (Fig. 5h), it becomes evident
that the looping and leaping Kuroshio exert different influ-
ences on the SSTC. Specifically, the looping Kuroshio nota-
bly reduces the SSTC in the anticyclonic eddy generated by
the looping Kuroshio (Area A), while simultaneously caus-
ing an increase in the SSTC along the major axis of the leap-
ing Kuroshio to the east side of the LS (Area B), compared
to the leaping Kuroshio. These results further indicate that
different Kuroshio intrusion types differently modulate the
intensity and spatial pattern of TC-induced SSTC.

SSTC (°C)
I R 4 R 4 05
A 0B ,--A& 1B 1
- T |
—————— - === S el G 15
8- ‘ L 2
1 _1 W
/I v 25
(c)Exp3 ! W (d)Exp4 ! &
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difference in SSTC (°C)

(h) Exp1-Exp2 >
‘ D 4

121°E
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figure, the gray dashed line denotes the TC track, the black solid curve
represents the major axis of the Kuroshio, the black dashed curve is

the 500 m isobath and the two boxes denote the selected research areas
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3.3 Analysis of temperature equation in the mixed
layer

To further understand why different Kuroshio paths have
different influences on TC-induced SSTC, analysis of tem-
perature equation in the mixed layer (Eq. 4) is performed.
Figure 6 shows the derivative of SST with respect to time
(the left-hand side of Eq. 4), the contributions of vertical
mixing, horizontal mixing, vertical advection and horizontal
advection to the derivative of SST (the right-hand side of
Eq. 4), as well as the temporal variation of MLD. Time zero
(0 h) represents the moment when the TC center reaches the
center of Area A or B. Due to the horizontally homogeneous
initial stratification employed in Exp 3, the results in Areas A
and B exhibit minimal differences, eliminating the need for
separate analysis of them. In all the three experiments, the
contributions of horizontal mixing are nearly zero (Fig. 6¢),
which can be neglected. The vertical advection can enhance
SSTC by transporting cold water from the deeper ocean to
the surface (Price 1981; Chiang et al. 2011). Because of the
same TC and similar stratification in November, the con-
tributions of vertical advection are nearly the same in the
two Areas and in all the experiments (Fig. 6d). Hence, nei-
ther horizontal mixing nor vertical advection is the primary
cause for the different SSTC introduced above (Fig. 5). The
vertical mixing (Fig. 6b) exhibits a similar varying trend as
the derivative of SST (Fig. 6a), indicating that the SSTC is
primarily controlled by the vertical mixing, which is con-
sistent with previous studies (Price 1981; Greatbatch 1984;
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|8
<
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w
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g ]
> = e -1
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Shay et al. 1992; Jacob et al. 2000; Jullien et al. 2012; Qiao
et al. 2022; Cheng et al. 2023, 2024). Moreover, the hori-
zontal advection varies in different Areas and in different
experiments (Fig. 6e), suggesting that it is also crucial in the
TC-induced SSTC under the influence of different Kuroshio
intrusion types. Therefore, we will mainly focus on vertical
mixing and horizontal advection in the following analysis.

3.4 Vertical mixing

As introduced above, vertical mixing dominates TC-induced
SSTC, which manifests distinct characteristics in different
Areas for different Kuroshio intrusion types (Fig. 6b). To
delve deeper into the variations of vertical mixing in differ-
ent scenarios, Fig. 7 shows the spatial patterns of vertical
mixing in the simulated domain and Fig. 8 illustrates the
factors that govern vertical mixing in the three experiments.

As shown in Fig. 7a-c, vertical mixing exhibits different
spatial patterns for different Kuroshio intrusion types. In the
no-Kuroshio case (Exp 3), enhanced vertical mixing mainly
appears to the right side of the TC track in both the SCS
and Philippine Sea (Fig. 7¢), which is consistent with TC-
induced SSTC pattern (Fig. 5¢). In the looping Kuroshio
case (Exp 1), enhanced vertical mixing mainly occurs along
the looping Kuroshio path to the south of 21°N in the SCS
and in Area B to the east of the LS, and the vertical mixing
in the Philippine Sea is relatively weak (Fig. 7a). However,
in the leaping Kuroshio case (Exp 2), enhanced vertical mix-
ing is found to appear from the major axis of the Kuroshio at
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Fig. 6 (a) Derivative of SST with respect to time and contributions of (b) vertical mixing, (¢) horizontal mixing, (d) vertical advection and (e)
horizontal advection to derivative of SST, as well as (f) temporal variation of MLD in areas A and B in Exps 1-3
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the LS to 118°E in the SCS, while the vertical mixing in the
Philippine Sea also keeps a relatively low level (Fig. 7b). As
a result, the looping Kuroshio suppresses the vertical mix-
ing in Area A but enhances it in Area B (Fig. 7d), whereas
the leaping Kuroshio enhances the vertical mixing in both
Areas A and B (Fig. 7e), compared to the no-Kuroshio case.
A direct comparison of vertical mixing under the looping
and leaping Kuroshio (Fig. 7f) reveals that the anticyclonic
eddy generated by the looping Kuroshio suppresses vertical
mixing in Area A. In Area B, the looping Kuroshio weakens
vertical mixing in the left half but enhances it in the right
half, possibly due to its northward branch to the east side of
the LS (Fig. 5d).

The vertical mixing is dominated by the vertical diffu-
sion (Fig. 8a) over entrainment (Fig. 8b) in all these cases,
which is consistent with previous studies (Cheng et al.
2023; 2024). Hence, the different intensities of vertical mix-
ing can be explained by the temperature gradient divided by
the MLD [(07/0z)/h] and vertical mixing coefficient at the
MLD (X,) shown in Fig. 8c and d.

In the looping Kuroshio case (Exp 1), the values of
(0T/0z)/h in both Areas A and B are smaller than that in
the no-Kuroshio case (Exp 3), which is due to the warmer
subsurface water, smaller vertical temperature gradient and
larger MLD (Fig. 8¢). At the same time, the vertical mixing
coefficient K, in Area B is larger in the looping Kuroshio
case than in the no-Kuroshio case, whereas the K in Area A
is smaller in the looping Kuroshio case than in the no-Kuro-
shio case (Fig. 8d). This difference is because the deeper
MLD in the anticyclonic eddy generated by the looping
Kuroshio weakens TC-induced near-inertial oscillations in
the mixed layer and reduces the intensity of vertical mixing
(Shay et al. 2000; Jaimes and Shay 2010; He et al. 2022). All
these factors finally yield stronger vertical mixing in Area B
and weaker vertical mixing in Area A under the influence of
the looping Kuroshio (Fig. 6b).

In the leaping Kuroshio case (Exp 2), vertical mixing
in both Areas is stronger than that in the no-Kuroshio case
(Fig. 6b), but for different reasons. In Area A, because the
leaping Kuroshio does not intrude into the SCS, the subsur-
face temperature gradient is larger and the MLD is smaller
(Fig. 8e), resulting in a larger value of (07/0z)/h (Fig. 8c).
This is the major cause for the enhanced vertical mixing in
Area A. In Area B, by contrast, the enhanced vertical mixing
is mainly attributed to the larger Kz induced by strong back-
ground currents of the leaping Kuroshio (Fig. 8d).

3.5 Horizontal advection
While vertical mixing dominates SSTC (Fig. 6), the vari-

ations in SSTC cannot be fully accounted for by the dif-
ferences of vertical mixing across the experiments. For

example, compared to the no-Kuroshio case (Exp 3), the
vertical mixing in Area B is enhanced under both the loop-
ing and leaping Kuroshio (Fig. 6b), but the SSTC is reduced
in both cases (Fig. 5f and g). This is because horizontal
advection also plays a crucial role in TC-induced SSTC, due
to the strong Kuroshio currents (Wu et al. 2008; He et al.
2022). To have a better understanding of horizontal advec-
tion, Fig. 9 illustrates the spatial distribution of horizontal
advection averaged from —24 to 48 h, the period during
which SSTC mainly occurs, in Exps 1-3.

In the no-Kuroshio case (Exp 3), the horizontal
advection pattern is regular, which is positive below the
TC track and negative to the right side of the TC track
(Fig. 9c), suggesting that the horizontal advection trans-
ports cold water to the right side of the TC track (Zhang et
al. 2016), contributing to the TC-induced SSTC. However,
horizontal advection exhibits more complicated patterns
under the influences of different Kuroshio intrusion types
(Fig. 9a and b). In Area A, the spatial patterns of horizontal
advection under both the leaping and looping Kuroshio are
generally similar to that in the no-Kuroshio case, which
is positive below the TC track and negative to the right
side of the TC track. The different influences of the leaping
and looping Kuroshio embody in the intensity and range
of horizontal advection. However, in Area B to the east
side of the LS, the horizontal advection is mainly positive
under both the leaping and looping Kuroshio, which is dif-
ferent from that in the no-Kuroshio case, indicating that
horizontal advection suppresses TC-induced SSTC here.
This suppression explains why the SSTC is weaker in Area
B for Exps 1 and 2 compared to Exp 3.

The differences of horizontal advection between the
looping (leaping) Kuroshio and no-Kuroshio cases are
clearly illustrated in Fig. 9d and e. As for the different
influence between the looping and leaping Kuroshio, it
is found that the positive and negative horizontal advec-
tion differences are generally eliminated in Area A; but
in Area B, the leaping Kuroshio causes stronger horizon-
tal advection than the looping Kuroshio (Fig. 9f). Given
that the vertical mixing in Area B is nearly comparable
under the looping and leaping Kuroshio (Fig. 6b), this
result explains why the SSTC in Area B is greater in Exp
1 (=0.73 °C) than in Exp 2 (—0.55 °C).

It should be noted that in addition to suppressing TC-
induced SSTC, the horizontal advection also contributes to
the temperature recovery (Fig. 6a). For example, after 48 h,
the positive horizontal advection in Area B in the leaping
Kuroshio case (Exp 2) causes faster temperature recovery
(positive value of ASST/Af) than that in the no-Kuroshio
case (Exp 3). Similar phenomenon is also found in Area B
in the looping Kuroshio case (Exp 1). However, in Area A,
such phenomenon is absent.

@ Springer



67 Page 10 of 15

Ocean Dynamics (2026) 76:67

Hadv (°C/s)
6

14

‘(d) Exp 1-Exp 3 (e) Exp 2-Exp 3
N - . . — 1

119°E 121°E 7 ) 125°E7 119°E
Fig. 9 Horizontal advection averaged from —24 to 48 h (shading, unit:
°C/s) in (a) Exp 1, (b) Exp 2 and (¢) Exp 3. Difference of time-aver-

aged horizontal advection between (d) Exps 1 and 3, (e) Exps 2 and 3
and (f) Exps | and 2. In each subfigure, the gray dashed line denotes

4 Discussions

Through numerical simulations, this study explores the influ-
ence of the Kuroshio intrusion into the SCS on TC-induced
SSTC. It is found that TC-induced SSTC is weakened by the
Kuroshio and the recovery of SST is faster to the east side of
the LS, which is due to the temperature horizontal advection by
the Kuroshio. These findings are consistent with previous stud-
ies (Wu et al. 2008; Liu and Wei 2015; He et al. 2022). More-
over, because the leaping Kuroshio is faster and less dispersed
than the looping Kuroshio, the former causes stronger horizon-
tal advection to the east side of the LS than the latter (Fig. 9f).
He et al. (2022) proposed that the Kuroshio had a thicker
mixed layer and removed the wind energy transferred to
the mixed layer, thereby suppressing TC-induced SSTC.
Our simulated results in Area A under the influence of the
looping Kuroshio exhibit similar characteristics (Figs. 5f
and 6d and e) to this mechanism. However, in Area B under
the influence of the leaping Kuroshio, vertical mixing is
enhanced rather than suppressed (Fig. 6b), and the MLD
is even shallower than that in the no-Kuroshio case (Fig.
8e). This indicates that the observed suppression of SSTC in
Area B under the influence of the leaping Kuroshio (Fig. 5g)
cannot be attributed to the mechanism described by He et
al. (2022). In fact, the enhanced vertical mixing in Area B
under the influence of the leaping Kuroshio is more consis-
tent with the finding of Wei et al. (2014), who demonstrated
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that enhanced vertical mixing is attributed to kinetic energy
extraction from the Kuroshio’s baroclinic potential energy.
However, in Area B, the SSTC is still suppressed by the
leaping Kuroshio (Fig. 5g). This is because the horizontal
advection of the leaping Kuroshio eliminates TC-induced
SSTC to some extent (Fig. 9¢). This highlights the role
of horizontal advection in modulating TC-induced SSTC,
although it is usually negligible due to its substantially
smaller contribution than the vertical mixing and vertical
advection in most other scenarios (e.g. Zhang 2023; Cheng
etal. 2023; 2024).

Although the Kuroshio paths vary seasonally (Nan et
al. 2011, 2015), their modulation on TC-induced SSTC is
not month-dependent. This is supported by Fig. 10, which
shows the results for the leaping Kuroshio in August 2011
(Fig. 10a) and the looping Kuroshio in December 2007
(Fig. 10d), using the same idealized TC as in Exps 1-4. Rel-
ative to their respective control experiments (Fig. 10b and
e), the leaping Kuroshio enhances SSTC to the east side of
the LS but suppresses it to the west (Fig. 10c), whereas the
looping Kuroshio weakens SSTC to both sides of the LS
(Fig. 10f). These results are consistent with those obtained
from Exps 1-4, demonstrating the robustness of our findings
regarding the Kuroshio’s influence on TC-induced SSTC.

Furthermore, the influence mechanism of the Kuroshio
on TC-induced SSTC is also independent on TC charac-
teristics. Figure 11 shows the SSTC induced by TCs with
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different characteristics (sensitivity experiments S1-S3),
under the same leaping Kuroshio condition as in Exp 2.
In these sensitivity experiments, only one TC parameter,
either the maximum wind speed, the radius of maximum
wind speed, or the translation speed, is changed, while all
other settings are kept invariant. Specifically, in Exp S1, the
translation speed is set to 4 m/s; in Exp S2, the radius of
maximum wind speed is set to 60 km; and in Exp S3, the
maximum wind speed is set to 20 m/s. Exps S4-S6 serve
as the control experiments for Exps S1-S3, respectively,
with only the ocean condition replaced by that of Exp 4.
As shown, the SSTC varies consistently with changes in
TC characteristics (Figs. 11a-f), which aligns with previous
studies (e.g., Lin et al. 2008; 2009; Cheng et al. 2023; Liu
et al. 2023). However, the SSTC difference for each pair of
control experiments (Figs. 11g-i1) exhibits a highly similar
pattern: the SSTC is enhanced to the west side of the LS but
weakened to the east side.

Exps R1-R6 are identical to Exps S1-S6, except that they
are conducted under the looping Kuroshio path. As shown in

Fig. 12, the SSTC difference for each pair of control experi-
ments is similar to that between Expl and Exp3, with SSTC
being suppressed in both Areas A and B. The temperature
equation analysis for these experiments (not shown) also
yields results consistent with those presented in Sect. 3, fur-
ther confirming that the Kuroshio’s influence on TC-induced
SSTC is robust and independent of TC characteristics.

Previous studies also indicated that when a TC traverses
the major axis of the Kuroshio, TC-induced SSTC spreads
downstream along the major axis of the Kuroshio, owing to
the Kuroshio’s transport of TC-induced cold water (Liu and
Wei 2015; He et al. 2022). Such phenomenon is reproduced
in the leaping Kuroshio case (Fig. 5b). However, our results
suggest that the SSTC in the downstream region of the leap-
ing Kuroshio is driven by vertical mixing rather than hori-
zontal advection. Compared to the no-Kuroshio case, the
downstream region exhibits a negative vertical mixing dif-
ference (Fig. 7¢) but a positive horizontal advection differ-
ence (Fig. 9¢). The former tends to enhances SSTC, while
the latter tends to suppresses it.
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Despite the findings presented above, this study has sev-
eral limitations. First, TC-induced surface waves are intense
and play an important role in modifying MLD and upper
ocean mixing (e.g. Zhang et al. 2023a, b; Jing et al. 2025a,
b), thereby affecting TC-induced SSTC. However, due
to the present model configurations, the influence of TC-
induced surface waves is not considered. Second, the influ-
ence of internal tides generated at the LS on TC-induced
SSTC is also excluded. Previous studies have demonstrated
that internal tides can modulate TC-induced SSTC near the
LS (Cheng et al. 2023; Guan et al. 2024), but internal tides
are also influenced by different Kuroshio paths (Jan et al.
2012; Kerry et al. 2014a, b; Xu et al. 2021; Cao et al. 2022,
2026). Incorporating internal tides into the model would
therefore complicate the research question addressed here.
To isolate the direct influence of different Kuroshio paths on
TC-induced SSTC, tidal forcing is omitted from the model
configurations in the present study. These two issues will be
explored in the future.

5 Summary

This study investigates the modulation of the Kuroshio intru-
sion into the SCS on TC-induced SSTC near the LS. The loop-
ing and leaping paths (Nan et al. 2011, 2015) of the Kuroshio
are considered with the no-Kuroshio case as a comparison. In
order to control variables, the same idealized TC prescribed
by Jelesnianski (1965) is used. Due to the complexity of TC-
ocean negative feedback mechanism, this study specifically
examines the ocean’s response to the TC.

Results demonstrate that both the looping and leaping
Kuroshio modify TC-induced SSTC compared to the no-
Kuroshio scenario, with distinct mechanisms. For the loop-
ing Kuroshio, the warmer subsurface water, smaller vertical
temperature gradient and larger MLD account for the weaker
vertical mixing in the anticyclonic eddy induced by the loop-
ing Kuroshio to the west side of the LS, which finally results
in suppressed SSTC. To the east side of the LS, the SSTC is
also suppressed, which is due to horizontal advection. For
the leaping Kuroshio, reduced SSTC also occurs to the east
side of the LS due to horizontal advection. Because the leap-
ing Kuroshio is more tightly confined to the east side of the
LS, it generates stronger horizontal advection than the loop-
ing Kuroshio, resulting in more pronounced suppression of
TC-induced SSTC in this region. However, in the SCS Basin
to the west side of the LS, the leaping Kuroshio enhances
TC-induced SSTC, which is related to the enhanced vertical
mixing. Moreover, it is found that TC-induced SSTC spreads
downstream along the major axis of the leaping Kuroshio.
Analysis indicates that this phenomenon is caused by verti-
cal mixing rather than by horizontal advection.
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