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Abstract Tropical cyclones (TCs) frequently encounter and interact with mesoscale eddies when moving
over the ocean, affecting both of their subsequent evolutions. The South China Sea (SCS) suffers the most
frequent TCs among global oceans and contains active eddies. On average, one TC encounters and interacts with
at least one eddy during its lifespan in the SCS. Using 27‐year satellite data and numerical simulations, we
examined the response and feedback of mesoscale eddies to TCs over the SCS, based on TCs' interaction with
183 cyclonic ocean eddies (COEs) and 152 anticyclonic ocean eddies (AOEs). TCs induce a symmetric sea
surface height reduction with maximum reduction (∼5 cm on average) appearing at the TC center. Pre‐existing
COEs (AOEs) are enhanced (weakened) by TCs with an average 24% increase (17% decrease) in amplitude and
enlarged (shrunk) with an average 19% increase (13% decrease) in radius. Stronger or slower‐moving TCs
enhance COEs more significantly. Pre‐TC existing COEs (AOEs) enhance (suppress) TC‐induced sea surface
cooling, and thus suppress (fuel) TC intensification, with the effect of COEs statistically stronger than AOEs.
This modulating effect is more pronounced under stronger or slower‐moving TCs. Eddy's location also
influences the modulating effect, with pre‐TC COEs located to the left (right) of TC track shifting the largest
cooling leftwards (rightwards). Furthermore, the left‐located COEs increase cooling amplitude by 61%, stronger
than right‐located COEs (26%). These results suggest that the combination of mesoscale eddies and TC
attributes complicates TC‐induced sea surface cooling, which potentially affects TC intensification, wind
structure, and rainfall.

Plain Language Summary Tropical cyclones (TCs) and mesoscale eddies, the most energetic
synoptic‐scale processes in the atmosphere and ocean respectively, often interact with each other at their
encounters. The South China Sea (SCS) suffers the most frequent TCs among global oceans and contains active
mesoscale eddies, leading to frequent TC–eddy encountering events (12.4 annually on average). Nevertheless, a
systematic study on TC–eddy interaction in the SCS is lacking. Compositing 27‐year satellite data, this study
examines the influence of TCs on eddies and the modulation of TC‐induced sea surface cooling and TC
intensification by eddies over the SCS. TCs enhance cyclonic ocean eddies (COEs) and weaken anticyclonic
ocean eddies (AOEs). Conversely, COEs (AOEs) enhance (suppress) TC‐induced sea surface cooling and thus
suppress (fuel) TC intensification. COEs located to the left of the TC track increase cooling magnitude much
more than those to the right (61% vs. 26%). Rightward‐located AOEs reduce cooling magnitude more than
leftward‐located ones (42% vs. 33%). Overall, the modulating effect of COEs is statistically stronger than AOEs,
and also left COEs than right ones. These results improve our understanding of TC–eddy interaction and
potentially contribute to improving forecasting of both TC intensity and eddies in the SCS.

1. Introduction
Tropical cyclones (TCs), popularly known as typhoons in the western North Pacific (WNP), feature strong winds
and cyclonic wind stress (Emanuel, 1999, 2003). Under the force of strong winds, near‐inertial currents are
generated in the upper ocean and their shear instability triggers strong diapycnal mixing, entraining subsurface
cold water into the mixed layer and resulting in significant sea surface cooling (Guan et al., 2014; Lin et al., 2003;
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Niwa & Hibiya, 1997; Price, 1983; Vincent et al., 2012). The magnitude of sea surface temperature (SST) cooling
can range from 1°C to 10°C (Chiang et al., 2011; Guan et al., 2021, 2024; Lin et al., 2003; Price, 1981), and the
cooling often exhibits a rightward shift relative to the TC track in the Northern Hemisphere (Mei & Pas-
quero, 2013; Price et al., 1994; G. Wang et al., 2016). The cyclonic wind stress associated with TCs drives
divergent horizontal currents in the upper ocean and induces upwelling from the thermocline, resulting in a
reduction in sea surface height (Lu et al., 2020; Mei et al., 2013). In addition, it has been reported that even new
cyclonic mesoscale eddies can form after TC passage (e.g., J. Li et al., 2021; L. Sun et al., 2014).

Mesoscale eddies, typically classified as cyclonic ocean eddies (COEs) and anticyclonic ocean eddies (AOEs),
are ubiquitous over global oceans (Chelton et al., 2011), accounting for around 90% of upper‐ocean kinetic energy
(Ferrari & Wunsch, 2009). These eddies play an essential role in transporting mass, heat, salt, nutrients, and
potential vorticity (Chelton et al., 2011; Dong et al., 2014; Q. Li et al., 2018; Z. Zhang et al., 2014), and can further
modulate large‐scale ocean circulations and climate systems (Foltz et al., 2004; Roemmich & Gilson, 2001; Y.
Zhang et al., 2020). TCs and mesoscale eddies are among the most energetic synoptic‐scale processes in the
atmosphere and ocean, respectively. Mesoscale eddies usually propagate westwards at O (0.1 m s− 1), with a
lifetime of O (100 days) (Chelton et al., 2011). TCs usually develop in tropical and subtropical oceans (Balaguru
et al., 2016; Gray, 1968) and move much faster than mesoscale eddies (typically 5 m s− 1), mostly lingering over
the ocean for about 5–10 days. Therefore, TCs are very likely to encounter and interact with mesoscale eddies
when moving over the ocean (Ma et al., 2017).

Many previous studies have investigated the interaction between TCs and mesoscale eddies (e.g., Jaimes &
Shay, 2010, 2015; S. Liu et al., 2017; Lu et al., 2016; Ma et al., 2021; Zheng et al., 2008), initially concentrating
on the role of mesoscale eddies in modulating TC‐induced SST cooling (Shay et al., 2000; Zheng et al., 2010) and
thus TC intensification (Lloyd & Vecchi, 2011; Wu et al., 2007). Specifically, COEs (AOEs) usually enhance
(suppress) SST cooling owing to sharp (weak) subsurface thermal stratification (Jaimes & Shay, 2009, 2010) and
thus inhibit (favor) TC intensification (Shay et al., 2000; Walker et al., 2005). For example, when Hurricane Rita
(2005) moved over the Gulf of Mexico, SST cooling of ∼1°C and ∼4°C was observed in an AOE and a COE,
respectively, due to which Rita intensified to category 5 after passing the AOE and weakened to category 3 after
passing the COE (Jaimes & Shay, 2009). Lin et al. (2005) reported that, when passing over a prominent AOE,
Typhoon Maemi (2003) experienced rapid intensification, with its maximum wind speed increasing by 36 m s− 1

over 36 hr. Based on a statistical study in the WNP during 2002–2011, Ma et al. (2018) revealed a significant
enhancing (suppressing) effect of COEs (AOEs) on TC‐induced SST cooling.

In the last decade, it has been demonstrated that TCs can exert an impact on mesoscale eddies, which was initially
reported in case studies (e.g., Lu et al., 2016; L. Sun et al., 2009, 2014). For example, L. Sun et al. (2014) reported
that 18 pre‐existing COEs were enhanced, and even two new COEs were generated after the passage of 15 ty-
phoons in the WNP. Lu et al. (2016) elucidated the processes that a pre‐existing COE underwent when it was
enhanced by Typhoon Lupit (2003) in the WNP. Using numerical experiments, Lu et al. (2020) further
demonstrated that the COE enhancement was closely associated with TC‐induced upwelling and potential
vorticity injection. In contrast to COEs, AOEs tend to decay following the passage of TCs due to the upwelling
induced by TCs. For instance, Lu et al. (2023) reported that Typhoon Kilo (2015) significantly weakened two pre‐
existing AOEs close to its track. In addition to case studies, Ma et al. (2021) examined and composited the impact
of TCs on eddies based on TC–eddy encounters in the WNP during 2002–2017. They reported that COEs (AOEs)
are enhanced (weakened) in terms of amplitude and circulation speed, and are enlarged (shrunk) in terms of radius
after TC passage. They also showed that stronger or slower‐moving TCs enhance COEs more significantly. The
TC‐induced changes in mesoscale eddies can further influence marine ecosystems, ocean circulations, and
climate systems (Lin, 2012; F. Liu & Tang, 2018; L. Sun et al., 2010; Walker et al., 2014; Y. Zhang et al., 2020).

The South China Sea (SCS), which is the largest semi‐enclosed marginal sea in the WNP, suffers the most
frequent TCs among global oceans (Gray, 1968), with about 11 TCs passing over annually on average (Guan
et al., 2018; G. Wang et al., 2007). Meanwhile, mesoscale eddies in the SCS are highly active and energetic (G.
Chen et al., 2011; G. Wang et al., 2003). Furthermore, TCs and eddies in the SCS are influenced by various factors
such as energetic multiscale ocean processes, the surrounding landmass, complex topography, the intrusion from
the Kuroshio current, as well as their mutual interactions (Brand & Blelloch, 1974; Guan et al., 2024; Nan
et al., 2015; Zhang et al., 2016). Previous studies on TC–eddy interaction in the SCS mainly focus on individual
TC cases (e.g., Huang & Wang, 2022; Jin et al., 2022; Shang et al., 2015; J. Sun et al., 2023; G. Wang et al., 2009).
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For instance, Jin et al. (2022) examined the modulation of SST cooling by COEs and AOEs in three typhoon
cases. Huang and Wang (2022) investigated the influence of one TC case on two eddies.

Despite these previous case studies, a systematic study on TC–eddy interaction has yet to be carried out in the
SCS. In this study, using 27‐year satellite observations, we examined the response of sea level anomaly (SLA) and
mesoscale eddies to TCs over the SCS and their dependence on TC attributes. We also investigated the modu-
lation of TC‐induced SST cooling and TC intensification by pre‐existing mesoscale eddies. The present study
further reveals how the relative location of eddies to the TC track influences the spatial pattern of SST cooling.
The rest of the paper is organized as follows: Section 2 introduces the data and methods. Section 3 presents the
results of two TC cases and composite analysis. Section 4 discusses the mechanism behind the stronger SST
cooling when COEs are located to the left side of the TC track than COEs to the right side. Conclusions are
summarized in Section 5.

2. Data and Methods
2.1. TC Best‐Track Data Set

The TC best‐track data set is obtained from the Joint Typhoon Warning Center (JTWC) (Knapp et al., 2018),
which provides TC central location and maximum sustained wind speed (Vmax) every 6 hr. The TC translation
speed (Uh) is calculated by dividing the moving distance between the current location and the location 6 hr after
by 6 hr. During the study period from 1993 to 2019, a total of 326 TCs passed over the study area in the SCS
(10°–24°N, 105°–122°E), including TCs that originate from the WNP and TCs that generated locally in the
SCS. TCs are active throughout the entire SCS but particularly active in the northern SCS (Figure 1a).

2.2. Mesoscale Eddy Data Set

Daily mesoscale eddy information is from META2.0 DT (the delayed‐time version 2.0 release of the Mesoscale
Eddy Trajectory Atlas Product), distributed by the Archiving, Validation, and Interpretation of Satellite
Oceanographic Data (AVISO) (Chelton et al., 2011). Eddies in this data set are detected and tracked based on
SLA fields (Schlax & Chelton, 2016). The eddy information has been available since 1993, consisting of eddy
type (COE or AOE), position, amplitude, circulation speed, and radius. The eddy propagation speed is calculated
by dividing the propagation distance of the eddy center from the current day to the next day by 24 hr Figure 1b
shows the number of mesoscale eddies that pass through each 0.25° × 0.25° grid cell in the SCS during 1993–
2019. The passage of an eddy is defined as occurring when the distance between the grid point and the eddy
central position is equal to or smaller than the eddy radius. The eddies located in water shallower than 200 m are
pre‐excluded because of the high level of uncertainty linked with altimetric observations in shallow water. As
reported in the literature (e.g., G. Chen et al., 2011; G. Wang et al., 2003), there are generally four eddy‐active
geographical regions in the SCS, that is, southwest of Taiwan Island, northwest of Luzon, southwest of Luzon,
and offshore of central Vietnam.

The frequent passage of TCs and widespread distribution of eddies make TC–eddy encountering a common
phenomenon in the SCS. Following the approach of Ma et al. (2021), a TC–eddy encountering event is identified
when the distance between the eddy center and the TC center is equal to or smaller than the eddy radius. A total of
335 TC‐eddy encountering events are identified. On average, one TC encounters at least one eddy during its
lifespan. Figure 1c displays the percentage of TC track points that encounter eddies, which is higher than 30% in
the western central SCS. Figure 1d displays the percentage of eddies that encounter TCs, which peaks in the
northern SCS and the western central SCS. In these two regions, on average, one to two out of 10 eddies encounter
TCs. Figures 1c and 1d exhibit similar spatial patterns, both suggesting that TC–eddy encounters occur most
frequently in the northern SCS and the western central SCS. Both TCs and eddies are the most active in the
northern SCS, leading to frequent TC‐eddy encounters. What is surprising is that the probability of TC‐eddy
encountering is highest in the western central SCS, where eddies are relatively active while the number of TC
track points is moderate. To examine the response of eddies to TCs over the SCS, we composited the eddy
characteristic anomaly during TC passage, which is calculated by subtracting the pre‐TC value (the average value
of 15 to 11 days before TC passage).
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2.3. SLA and SST

In addition to eddy information, SLA and SST data are used to examine the sea level change and sea surface
cooling induced by TCs. A daily 0.25° × 0.25° SLA data set since 1993, merged from multiple satellite missions,
is obtained from the Copernicus Marine Environment Monitoring Service (CMEMS). The climatological sea-
sonal cycle and long‐term linear trend are first removed from the original SLA data at each grid point. We
composited the spatial pattern of SLA change under TC‐centric coordinate, following the procedure developed by
Mei and Pasquero (2013). For each 6‐hr TC central position, we define a domain centered on the TC center with a
size of 600 km in the TC cross‐track direction and 600 km in the TC along‐track direction. The daily SLA data are
then linearly interpolated onto the domain with a spatial resolution of 25 km × 25 km. The TC‐induced SLA
change is calculated by subtracting pre‐TC SLA, which is defined as the average SLA of 15 to 11 days before TC
passage to avoid the pre‐TC SLA field being contaminated with TC‐induced change (Lu et al., 2023).

Figure 1. (a) The number of tropical cyclone (TC) track points that pass over each 0.5° × 0.5° grid cell during 1993–2019.
(b) The number of mesoscale eddies that pass through each 0.25° × 0.25° grid cell during 1993–2019. (c) The percentage of
TC track points that encounter eddies in each 0.5°× 0.5° grid cell. (d) The percentage of mesoscale eddies that encounter TCs
in each 0.25° × 0.25° grid cell. Data in water shallower than 200 m is pre‐excluded.
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The optimally interpolated (OI) SST data since 2002 (temporal resolution: daily; spatial resolution: 9 km × 9 km),
derived from microwave radiometer (MW) and infrared radiometer (IR) observations (i.e., the MW + IR v5.1
product), are obtained from the Remote Sensing Systems (RSS). The climatological seasonal cycle and long‐term
linear trend are first removed from the original SST data. The spatial pattern of SST anomaly (SSTA) under TC‐
centric coordinate is also composited following the same procedure as compositing SLA change, except that the
spatial resolution is 10 km × 10 km. The TC‐induced SSTA is calculated by subtracting pre‐TC SST (the average
SST of 12 to 3 days before TC passage), following Lloyd and Vecchi (2011).

2.4. Wind Field

Wind data at 10‐m height (temporal resolution: 6‐hr; spatial resolution: 0.25° × 0.25°) are obtained from the
ERA5 database distributed by the European Center for Medium‐Range Forecasts (ECMWF) (Hersbach
et al., 2023). The wind data are used to calculate Ekman pumping velocity (EPV) following Equation 1 to estimate
the TC‐induced upwelling.

EPV =
∇ × τ
ρ0 f

. (1)

Here, ρ0 is the seawater density, taken as 1,025 kg m− 3, f is the Coriolis parameter, τ = ρaCDUs|Us| is the wind
stress; ρa is the air density, taken as 1.29 kg m− 3, |Us| and Us are 10‐m wind speed and its vector, respectively; CD,
the drag coefficient, is defined as follows (Black et al., 2007; Powell et al., 2003):

CD =

⎧⎪⎪⎨

⎪⎪⎩

(4 − 0.6|Us|) × 10− 3 (|Us|< 5 m/s)

(0.7375 + 0.0525|Us|) × 10− 3 (5 m/s ≤ |Us|< 25 m/s).

2.05 × 10− 3 (|Us| ≥ 25 m/s)

(2)

3. Results
3.1. Case Studies: Two COEs and One AOE Affected by TCs

To detail the response of mesoscale eddies to TCs in the SCS, the generation of two COEs by TC Gaemi (2012)
and the evolution of one AOE under the influence of TC Kujira (2015) are first investigated. Meanwhile, the TC‐
induced SST cooling is also examined in each case.

3.1.1. COEs Generated by TC Gaemi (2012)

TC Gaemi (2012) initially originated from a tropical depression in the SCS (15.4°N, 113°E) on 30 September and
then moved northeastwards (Figure 2a). On 1 October, Gaemi made a sudden turn to move southeastwards and
then gradually intensified until it achieved its lifetime peak intensity with a Vmax of 28 m s− 1 on 3 October.
Subsequently, Gaemi slowed down (reaching its lifetime minimum Uh of ∼1 m s− 1) and made its second sudden
turn to move southwestwards on 4 October. After 3 days of westward motion, Gaemi made landfall in Vietnam
and finally disappeared inland (not shown).

Figures 2a–2c depict the SLA evolution before, during, and after the passage of TC Gaemi. A week before
Gaemi's passage, the SLA around the TC track was mostly positive (Figure 2a). As Gaemi approached, the SLA
started to decrease (Figure 2b), resulting from the divergent surface flow driven by the TC's cyclonic wind stress.
Two COEs (referred to as C1 and C2 here), characterized by local minimum negative SLA and cyclonic hori-
zontal currents, were identified around the TC turning points. In the following several days, C1 and C2
continuously strengthened, and their areas increased concurrently (Figure 2c). Actually, the generation of COEs
along TC track is not a rare phenomenon, as has been reported in the literature (e.g., L. Sun et al., 2010; Y. Zhang
et al., 2023), especially when a TC moves slowly or makes a sudden turn, which prolongs the local residence time
of wind forcing (H. Zhang et al., 2023). The generation and enhancement of the COEs can be attributed to TC‐
induced upwelling (Figure S1 in Supporting Information S1). As a measure of upwelling, the Ekman pumping
velocity was approximately 20 and 80 m d− 1 in C1 and C2 regions, respectively. It should be noted that the
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amplitude of upwelling may be underestimated due to the coarse horizontal resolution of the ERA5 wind data set,
especially under high wind conditions (Guan et al., 2014). The stronger upwelling in C2 than in C1 was because
Gaemi was more intense and moved more slowly when passing over C2. Consequently, C2 was∼5 cm stronger in
magnitude and∼50% larger in area than C1 (Figure 2c). As a measure of COE strength, the minimum SLA within
the C2 region was reduced by more than 10 cm after Gaemi's passage (Figure 3a).

It should be noted that the SLA has begun to decrease 2 days before Gaemi's arrival (Figure 3a). This is probably
because the gridded‐daily SLA product used here is obtained by a temporal and spatial interpolation of sparse
altimeter‐based Level‐3 data, the temporal and spatial resolution of which are typically larger than 10 days and
80 km (altimeter inter‐track distance at the equator), respectively. Therefore, the TC‐induced change is likely to
have been interpolated into the pre‐TC SLA field (Lu et al., 2023).

Figure 2. Ocean response to tropical cyclone (TC) Gaemi. (a–c) Sea level anomaly (SLA) evolution before (23 Sept.), during
(3 Oct.), and after (10 Oct.) TC Gaemi's passage. Two COEs (named C1 and C2) are generated. Dashed white contours
indicate negative SLA. Black arrows denote geostrophic currents. Colored dots and lines indicate 6‐hr TC centers and the TC
track, respectively. (d and e) Sea surface temperature (SST) before (26 Sept.) and after (5 Oct.) the TC passage. TC intensity
categories (TD: tropical depression; TS: tropical storm) are labeled by corresponding colored dots on the upper right corner
of panel (d). (f) SST anomaly (SSTA) induced by the TC, which is calculated by post‐TC SST minus pre‐TC SST. Dashed
gray contours denote post‐TC SLA.

Figure 3. Time series of panel (a) minimum sea level anomaly (SLA) of C2 in Figure 2b and (b) maximum SLA of the AOE in
Figure 4b. Dashed black lines in panels (a) and (b) indicate the time of Gaemi's arrival at the C2 region and Kujira's genesis in
the AOE region, respectively.
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The SST evolution during Gaemi's passage is also examined (Figures 2d–2f). Before the TC passage, the SST was
generally above 29°C (Figure 2d), warmer than the minimum SST (26°C) usually required for TC development.
Due to the low Uh and turning path, Gaemi's passage induced a widespread SST cooling, reducing the SST to
below 28°C within a couple of days in most areas around its track (Figure 2e). Notably, two prominent cold
patches (with SST of ∼27°C) within the two COEs were detected after the TC passage. Especially within C2, the
SST reduction ranged from 2°C to 3°C, in contrast with a reduction of generally less than 1°C outside C1 and C2
(Figure 2f). Theoretically, the TC‐induced SST cooling could reduce the heat flux from ocean to atmosphere and
thus inhibit TC intensification or even weaken the TC (Emanuel, 2001). The enhanced SST cooling within C2 at
least partly contributed to the weakening of Gaemi, the Vmax of which dropped quickly from 28 to 18 m s− 1 in
24 hr after passing over C2.

3.1.2. A Pre‐Existing AOE Weakened by TC Kujira (2015)

TC Kujira (2015) appeared as a tropical depression in the SCS (15.4°N, 112.2°E) on 20 June and then moved
westwards (Figure 4a). About 12 hr afterward, Kujira made a sudden turn to move northwards and developed into
a tropical storm on 21 June. Kujira experienced continuous intensification following its genesis and achieved its
lifetime peak intensity on 22 June (Vmax of 26 m s− 1). Subsequently, Kujira passed over Hainan Island on 22
June, then made landfall in Vietnam on 24 June, and finally disappeared inland (not shown).

Figures 4a–4c show the SLA evolution before, during, and after the passage of TC Kujira. On 10 June, a strong
and large AOE existed before Kujira's genesis (Figure 4a). The maximum SLA within the AOE was maintained
stably at ∼32 cm (Figure 3b), suggesting a geostrophic balance state of the AOE. Kujira formed on 20 June, and
lingered over the AOE for nearly 2 days, perturbing the AOE's balance state. TC's cyclonic wind stress forced a
remarkable upwelling of more than 25 m d− 1 in the AOE region (Figure S2 in Supporting Information S1), which
may be underestimated due to the coarse horizontal resolution of the ERA5 wind data set. Consequently, the AOE
was dramatically weakened and its size greatly decreased (Figures 4b and 4c). The maximum SLA was reduced
by two‐thirds of its pre‐TC value, from 32 to 15 cm in 15 days (Figure 3b). Similar to the C2 case under TC Gaemi

Figure 4. Ocean response to tropical cyclone (TC) Kujira. (a–c) Sea level anomaly (SLA) evolution before (10 Jun.), during
(21 Jun.), and after (28 Jun.) the TC passage. Solid white contours indicate positive SLA. Black arrows denote geostrophic
currents. (d and e) Sea surface temperature (SST) before (18 Jun.) and after (24 Jun.) the TC passage. TC intensity categories
(TD: tropical depression; TS: tropical storm) are labeled by corresponding colored dots on the upper right corner of panel (d).
(f) SST anomaly (SSTA) induced by the TC, which is calculated by post‐TC SST minus pre‐TC SST. Solid gray contours
denote post‐TC SLA.
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discussed above, the commencement of the SLA reduction within the AOE was roughly 4 days earlier than
Kujira's passage, which is ascribed to the interpolation of the sparse altimeter data (Lu et al., 2023).

The pre‐existing AOE significantly modulated the SST cooling induced by Kujira (Figures 4d–4f). Before the TC
genesis, the SST was mostly above 30°C (Figure 4d). Especially within the AOE, the pre‐TC SST was ∼1°C
warmer than that outside the AOE, which was conducive to the genesis of Kujira (Pun et al., 2013; Zhan
et al., 2022). With the genesis and passage of Kujira, the SST experienced a continuous decline (Figure 4e). A
prominent patch featuring a smaller cooling magnitude of 0.5°C–1°C than surrounding regions occupied the AOE
region (Figure 4f), indicating the AOE suppressed the TC‐induced SST cooling, which might help to explain
Kujira's continuous intensification from its genesis until when it left the AOE.

3.2. Response of SLA and Mesoscale Eddies to TCs

Although clearly showing the influence of TCs on mesoscale eddies, the results reported in the above section are
based on only two TC cases. To draw robust conclusions, we examined the SLA change and eddy characteristic
anomaly induced by TCs and their dependence on TC attributes based on TCs passing over the SCS during 1993–
2019.

3.2.1. Compositing TC‐Induced SLA Change

The TC‐induced SLA change—an important indicator of eddy evolution—is composited based on 2804 track
points of 326 TCs in the SCS (Figure 5a). The TC‐induced SSTA, which has been widely analyzed in previous
studies (e.g., Lloyd & Vecchi, 2011; Mei & Pasquero, 2013), is also composited for comparison (Figure 5b). The
SLA change and SSTA are averaged during days when their respective maximum changes occur. The SLA
change is averaged on days 6–10 after TC passage (Cui et al., 2023; Mei et al., 2013), while the SSTA is averaged
on days 1–3 after TC passage. Therefore, SLA change and SSTA are not simultaneous. The TC‐induced SST
cooling exhibits a rightward bias in the SCS (Figure 5b), consistent with previous studies (G. Wang et al., 2016;
Y. Wang & Xiu, 2022). The largest SST cooling (− 0.89°C) is located 40 km to the right of the TC track in the
cross‐track section (Figure 5c). The SLA change, however, is nearly symmetric with respect to the TC track
(Figure 5a). The maximum SLA reduction (− 4.67 cm) is located exactly at the TC center (Figure 5c). This
discrepancy between SLA change's and SSTA's spatial pattern is mainly because TCs affect SLA and SST
through different physical processes. The SST cooling is mainly induced by vertical mixing and entrainment,
which are stronger on the right side of the TC track than on the left side (Price et al., 1994). The SLA reduction
mainly results from the divergent Ekman flow driven by TC's cyclonic wind stress (Shay & Chang, 1997), which
is roughly symmetric with respect to the TC track (Huang & Wang, 2022; Lu & Shang, 2024; Ma, 2020).
Furthermore, the e‐folding width in the cross‐track section is 300 km for SLA change, narrower than that for
SSTA (640 km), probably because the area of TC‐induced upwelling is smaller than that of TC‐induced
entrainment.

The SLA change is always symmetric with respect to the TC track, regardless of TC intensity or translation speed
(Uh) (Figure 6). However, the magnitude and width of the SLA change strongly depend on the two TC attributes.
The maximum SLA reduction induced by strong TCs is nearly twice that induced by weak TCs (6.54 vs. 3.28 cm)
(Figure 6e) since stronger winds drive stronger divergent currents. The widths of the SLA change (represented by
− 2 cm) induced by strong and weak TCs are 310 and 210 km, respectively, due to the fact that stronger TCs are
generally larger in size (Kimball & Mulekar, 2004; Y. Liu et al., 2023). For TCs with different Uh, the maximum
SLA reduction induced by slow‐moving TCs is nearly three times that induced by fast‐moving TCs (5.89 vs.
2.10 cm) (Figure 6f). The widths of the SLA change (represented by − 2 cm) are 340 and 50 km for slow‐ and fast‐
moving TCs, respectively. Although the magnitude and width of SLA change vary, the shape of the normalized
SLA change is similar across different TC intensities and Uh (Figures 6g and 6h).

The temporal evolution of the TC‐induced SLA change is examined and shown in Figure 7. From 15 to ∼7 days
before TC passage, the area‐averaged SLA changes remain stably at approximately zero (Figure 7a), suggesting a
balanced state of the ocean. From day − 7, the SLA starts to rapidly decrease and drops to its lowest level
approximately on day 8. The maximum SLA reduction at the TC center reaches nearly 5 cm. Subsequently, the
SLA experiences a 20‐day rapid exponential increase, followed by a slow increase, and recovers to approximately
1 cm lower than the pre‐TC value on day 60. The recovery of SLA reduction is primarily attributed to air–ocean
heat flux via thermal expansion of water as well as geostrophic adjustment and westward propagation associated
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with eddies (Mei et al., 2013). The westward propagation speed of the SLA change is ∼0.1° d− 1 (Figure 7c),
consistent with the result in the open ocean (Cushman‐Roisin et al., 1990; Jansen et al., 2010). The e‐folding
recovery time (Γ) of the normalized SLA change is∼24 days, estimated based on a nonlinear least squares fit to an
exponential curve following Equation 3 by Mei and Pasquero (2013), which reveals that the recovery time of TC‐
induced SSTA is approximately 10 days.

SLA(t) = Aexp(−
t
Γ
). (3)

Although the magnitude of area‐averaged SLA change decreases with the area increasing (Figure 7a), the tem-
poral evolution of area‐averaged SLA changes within different‐size areas is similar, which is more clearly pre-
sented by the normalized SLA change (Figure 7b). Interestingly, the timing of area‐averaged SLA reaching
maximum reduction lags with the area increasing, probably because the average SLA within a larger area involves
SLA change induced by following several TC track points.

As mentioned in Section 3.1, the decrease in SLA starts from day − 7 instead of day 0, mainly because the
interpolation of altimeter data maps the TC‐induced SLA change onto pre‐TC SLA field, as discussed in detail by
Lu et al. (2023). Similarly, the pre‐TC SLA field could also be mapped onto post‐TC SLA field during the
interpolation. Furthermore, the chance that altimeters accurately capture maximum SLA reduction is slight,
owing to the long sampling period of altimeters. In addition, the rainfall concurrent with TC passage also in-
terferes with the altimeter‐observed SLA (Carrère et al., 2009). Given these uncertainties, the TC‐induced SLA

Figure 5. Spatial pattern of composited (a) sea level anomaly (SLA) change and (b) sea surface temperature anomaly (SSTA)
induced by tropical cyclones (TCs). Red crosses denote the TC center and red arrows denote TC moving direction. Red solid
triangles in panels (a) and (b) represent the locations of maximum SLA and SST reduction in the cross‐track section,
respectively. (c) SLA change and SSTA in the across TC track section. Horizontal dash‐dotted lines indicate the widths of
SLA change (SSTA) being e− 1 times the minimum SLA change (SSTA). Shaded error bars represent standard errors.
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reduction is likely to be underestimated based on altimeter data, and the observed timing of maximum SLA
reduction after TC passage may not be perfectly exact.

3.2.2. Response of COEs and AOEs to TCs

Although the TC‐induced SLA reduction to some extent represents mesoscale eddy changes (Jansen et al., 2010),
we cannot detail the influence of TCs on COEs and AOEs directly from the SLA change. Using the mesoscale
eddy data set derived from SLA fields (Chelton et al., 2011), we composited the eddy characteristic anomaly
based on a total of 335 TC–eddy encountering events over the SCS during 1993–2019, including 183 TC–COE
and 152 TC–AOE encountering events. The TC–eddy encountering is identified when the distance between the
eddy center and the TC center is equal to or smaller than the eddy radius (Ma et al., 2021), which is reasonable
since the average eddy radius in the SCS is 130 km (G. Chen et al., 2011), and the TC‐induced SLA change is
pronounced within 150 km from the TC center (Figure 6).

Figure 8 shows the temporal evolution of eddy characteristic anomaly before and after TC passage. The evo-
lutions of amplitude and circulation speed exhibit highly similar features since both are indicators of eddy strength

Figure 6. Spatial pattern of composited sea surface anomaly (SLA) change induced by tropical cyclones (TCs) with
(a) maximum wind speed (Vmax) ≥ 21 m s− 1 (strong), (b) Vmax < 21 m s− 1 (weak), (c) translation speed (Uh) < 5 m s− 1

(slow), and (d) Uh ≥ 5 m s− 1 (fast). (e) The SLA change in the across TC track section for strong, all, and weak TCs. The
horizontal gray dash‐dotted line indicates SLA change = − 2 cm. Shaded error bars represent standard errors. (f) As in panel
(e) but for fast, all, and slow TCs. (g) and (h) As in panels (e) and (f) but for the SLA change normalized by dividing their
respective maximum SLA reduction. The horizontal gray dash‐dotted line indicates the normalized SLA change = − e− 1.
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(Figures 8a and 8c). For COEs, before TC passage, the amplitude and circulation speed remain stable, suggesting
a balanced state. As TCs approach, the amplitude and circulation speed begin to increase, reaching their peaks at
roughly day 21, with an increase of ∼2 and ∼2.5 cm s− 1, representing a 24% and 8% increase from pre‐TC values
(8.2 and 30.5 cm s− 1), respectively. Following the peak, the amplitude and circulation speed rapidly decrease,
recovering to pre‐TC values on day 37 and day 32 (not shown here), respectively. For AOEs, the amplitude and
circulation speed also remain stable before TC passage and subsequently decrease by ∼1.5 and ∼2.5 cm s− 1,
representing a 17% and 8% reduction from pre‐TC values (8.9 and 30.1 cm s− 1), respectively. The reduction is
followed by an increase from day 19. It should be noted that the observed enhancement of COEs and weakening
of AOEs start from approximately day − 7, instead of the arrival time of TCs, which is attributed to the inter-
polation of altimeter data (Lu et al., 2023).

After TC passage, the COE radius is raised by∼20 km, 19% of the pre‐TC value, while the AOE radius is reduced
by ∼15 km, 13% of the pre‐TC value (Figure 8b). As for the eddy propagation speed, generally, COEs propagate
more slowly, while AOEs propagate more quickly after TCs than before (Figure 8d), since weaker eddies are
more likely to flow with background currents. Overall, the statistical response of mesoscale eddies to TCs over the
SCS is generally consistent with that in the WNP (Ma et al., 2021), although both TCs and eddies in the SCS, a
marginal sea, are also influenced by many other factors, such as the complex topography (Z. Zhang et al., 2016).

We then examined the dependence of the eddy response on TC intensity (Vmax) and Uh using maximum eddy
characteristic anomaly, which is defined as the first local maximum (minimum) characteristic anomaly during
days 0–30 for COEs (AOEs) (Figure 9). For COEs, the magnitude of amplitude (circulation speed) anomaly
roughly increases monotonically as the Vmax increases or Uh decreases (Figures 9a–9d). For instance, the
amplitude (circulation speed) anomaly associated with Vmax larger than 29 m s− 1 and smaller than 13 m s− 1 is
3.1 cm (5.1 cm s− 1) and 1.1 cm (0.8 cm s− 1), respectively. The amplitude (circulation speed) anomaly associated
with Uh lower than 3 m s− 1 and higher than 7 m s− 1 is 3.9 cm (6.2 cm s− 1) and 0.2 cm (0.4 cm s− 1), respectively.

Figure 7. (a) Time series of composited sea level anomaly (SLA) change at the tropical cyclone (TC) center and area‐averaged SLA change within 50–500 km around the
TC center. Pentagram denotes maximum SLA reduction. Shaded error bars represent standard errors. (b) As in panel (a) but for the SLA change normalized by dividing
their respective maximum SLA reduction. The black dash‐dotted line indicates an exponential function with an e‐folding time of 24 days. (c) Hovmöller diagram
showing the composited SLA change in the zonal section centered on the TC track for TCs moving within 45° of the poleward direction.
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The dependence of COE radius anomaly on the Vmax or Uh is also roughly monotonic (Figures 9e and 9f),
although not as pronounced as that of the COE amplitude anomaly. Interestingly, the variation of AOE char-
acteristic anomaly with the Vmax or Uh is not monotonic and could not be recognized well, but the results still
indicate that roughly strong or slow‐moving TCs tend to weaken and shrink AOEs greatly (Figure 9).

Overall, TCs strongly influence the evolution of mesoscale eddies over the SCS in terms of eddy strength, radius,
and propagation speed. Specifically, COEs are enhanced and enlarged after TC passage (Figure 8), and this
response is more pronounced when TCs are stronger or slower‐moving (Figure 9). By contrast, AOEs are
weakened and shrunk (Figure 8), but this response is not as sensitive to TC intensity and Uh as the COE response
(Figure 9).

3.3. Modulation of SST Cooling and TC Intensification by COEs and AOEs

In the TC–ocean coupled system, not only can TCs significantly affect the evolution of mesoscale eddies, but pre‐
existing eddies can also modulate TC‐induced SST cooling and further feedback onto TC intensification, which
we examined next based on 198 TCs that passed over the SCS during 2002–2019. A total of 1578 TC track points
are involved here, including 227 track points within COE regions and 141 within AOE regions. We composited
the spatial pattern of TC‐induced SSTA when pre‐TC existing COE or AOE is located to the left or right of the TC
track (hereafter referred to as left‐COE, right‐COE, left‐AOE, or right‐AOE conditions) and when there is no pre‐
existing eddy (COM condition) for comparison (Figure 10). The SSTA is averaged on days 1–3 after TC passage.

Compared with COM conditions, pre‐existing COEs enhance TC‐induced SST cooling on both sides of the TC
track, as shown in Figures 10a–10c. The maximum cooling enhancement is located on the left and right sides of
the TC track under left‐ and right‐COE conditions, respectively (Figure 10h). Consequently, their respective
locations of the largest cooling shift leftwards and rightwards compared with COM condition but are still
rightward‐biased, appearing at 10 km, 70 km, and 40 km to the right of the TC track under left‐COE, right‐COE,
and COM conditions, respectively (Figure 10f). SST cooling under left‐COE condition is stronger than that under

Figure 8. Time series of mesoscale eddy characteristic anomaly including (a) amplitude anomaly, (b) radius anomaly,
(c) circulation speed anomaly, and (d) propagation speed anomaly, for cyclonic ocean eddies (COEs) and anticyclonic ocean
eddies (AOEs). Shaded error bars represent daily standard errors. A 3‐day running mean smoothing is applied.
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right‐COE condition; their respective maximum cooling magnitudes in the cross‐track section are 1.42°C and
1.11°C, representing an increase of 61% and 26% compared with COM condition (0.88°C), respectively
(Figure 10f; Table 1). The width of SST cooling is further estimated by the SSTA= − 0.6°C contour. Under COM,
left‐COE, and right‐COE conditions, the respective widths of SST cooling are 280, 430, and 300 km, indicating
that COEs enlarge the cooling area, and this effect seems more pronounced by left COEs than by right COEs.

In contrast, pre‐existing AOEs suppress the TC‐induced SST cooling, as shown in Figures 10c–10e. Compared
with COM condition, the largest cooling is suppressed by 33% (42%) under left‐AOE (right‐AOE) condition,
appearing at 100 km (30 km) to the right of the TC track (Figure 10g; Table 1). Additionally, AOEs reduce the
cooling area, as indicated by the widths of − 0.4°C SSTA, which are 530, 370, and 290 km under COM, left‐AOE,
and right‐AOE conditions, respectively. Overall, the suppression of cooling by right AOEs is slightly stronger
than that by left AOEs in the SCS.

Given the fact that TC‐induced SST cooling is also influenced by TC attributes (Mei & Pasquero, 2013; Y.
Wang, 2020), we further examined the modulation of the SSTA by COEs and AOEs as a function of TC intensity
(Vmax) and translation speed (Uh) (Figure 11). The SSTA magnitude increases with the Vmax increasing or Uh
decreasing, consistent with previous studies (e.g., Ma et al., 2018; Mei & Pasquero, 2013; Y. Wang & Xiu, 2022).
Under TCs of the same Vmax or Uh range, the SSTA magnitude under COE condition is mostly larger than that
under COM condition. Furthermore, this difference increases with the Vmax increasing or Uh decreasing. For
example, the SSTA difference between COE and COM conditions is about 0.01°C when Vmax is lower than
13 m s− 1 but reaches 0.7°C when Vmax is higher than 29 m s− 1 (Figure 11a). The SSTA amplitude under COE

Figure 9. (a) and (b) Maximum amplitude anomaly, (c) and (d) maximum circulation speed anomaly, (e) and (f) maximum
radius anomaly as functions of panels (a, c, and e) TC maximum wind speed and (b, d, and f) TC translation speed, for
cyclonic ocean eddies (COEs) and anticyclonic ocean eddies (AOEs). Shaded error bars represent standard errors.
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condition is 0.5°C and 0.2°C larger than that under COM condition for Uh lower than 3 m s− 1 and higher than
7 m s− 1, respectively (Figure 11b). In contrast to COEs, the SSTA magnitude under AOE condition is mostly

smaller than that under COM condition, and the SSTA difference between the
two conditions also exhibits an increase as TCs intensify or slow down.
Overall, the enhancing (suppressing) effect of COEs (AOEs) on SST cooling
is more pronounced for stronger or slower‐moving TCs.

At the TC center, the SSTA magnitude within COEs is 49% higher than that
under COM condition, above the 95% confidence level, while the SSTA
magnitude is reduced by 39% within AOEs, above the 95% confidence level
(Figure 12a). The modulating effect on SST cooling is more pronounced by
strong COEs (− 1.35°C) than weak COEs (− 0.96°C), while the dependence of
the modulating effect on AOE strength is weak (− 0.47°C for strong AOEs vs.

Figure 10. Spatial pattern of composited tropical cyclone‐induced (TC‐induced) sea surface temperature anomaly (SSTA) under (a) left‐COE (relative to the TC track),
(b) right‐COE, (c) COM, (d) left‐AOE, and (e) right‐AOE conditions. Red solid triangles denote minimum SSTA in the across TC track section. (f) The TC‐induced
SSTA in the across TC section under COM, right‐COE, and left‐COE conditions. The horizontal dash‐dotted gray line indicates SSTA = − 0.6°C. Shaded error bars
represent standard errors. (g) As in panel (f) but under right‐AOE, left‐AOE, and COM conditions. The horizontal dash‐dotted gray line indicates SSTA = − 0.4°C.
(h) and (i) The SSTA difference with respect to the SSTA under COM condition in the cross‐track section. Solid and dotted lines indicate values in the South China Sea
and western North Pacific (WNP), respectively.

Table 1
The Magnitude and Location of the Largest Sea Surface Temperature (SST)
Cooling in the Across Tropcial Cyclone (TC) Track Section

Largest SST cooling COE left COE right COM AOE left AOE right

Magnitude (°C) 1.42 1.11 0.88 0.59 0.51

Location (km) +10 +70 +40 +100 +30

Note. The positive value of the location means that the location is on the right
side of the TC track.
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− 0.48°C for weak AOEs). The modulated SST cooling is expected to further feedback onto TC intensity. As a
measure of TC intensity change, the TC intensification rate is defined as the Vmax change in the subsequent 24 hr
after passing the current location. On average, the TC intensification rate under COE condition is 0.54 m s− 1 per
24 hr (47%) lower than that under COM condition, above the 95% confidence level (Figure 12b). Under AOE
condition, the TC intensification rate is raised by 0.14 m s− 1 per 24 hr (12%), although not as significantly as the
change within COEs. A possible explanation is that the effect of AOEs on TC intensification also depends on the
distance between the AOE and the TC center. If an AOE is located far away from the TC center, TC intensifi-
cation is inhibited because the AOE weakens the TC secondary circulation and reduces the energy conversion
from the ocean to the TC, as proposed by J. Sun et al. (2023).

4. Discussion
An unexpected result in the SCS is that the TC‐induced SST cooling is stronger when COEs are located to the left
side of the TC track than when COEs to the right side, while the phenomenon is not found in the WNP (Figure 10).
To uncover the underlying mechanism behind this phenomenon, we examined factors that affect TC‐induced SST
cooling, including eddy amplitude, TC intensity, storm size, TC translation speed (Uh), and climatological ocean
thermal stratification over which COEs are overlaid. The average eddy amplitude of left COEs is smaller than that
of right COEs (9.2 vs. 9.7 cm), which cannot explain stronger SST cooling under left‐COE condition, as weaker

Figure 11. The sea surface temperature anomaly (SSTA) at the tropical cyclone (TC) center as a function of TC (a) maximum
wind speed and (b) translation speed under COE, COM, and AOE conditions. Shaded error bars represent standard errors.

Figure 12. Boxplots of panel (a) sea surface temperature anomaly (SSTA) at the tropical cyclone (TC) center and (b) TC intensification rate under COE, COM, and AOE
conditions. The solid dot in each box denotes the average value, which is texted on the right of the corresponding box. The middle line of each box indicates the median.
The shaded region of each box is called the notch and two boxes with nonoverlapping notches have different medians above the 95% confidence level.
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COEs are expected to enhance SST cooling to a lesser extent. The maximum wind speeds of TCs encountering left
and right COEs are both approximately 25 m s− 1, which also cannot account for the stronger cooling enhancement
under left‐COE condition. The storm sizes, in terms of 34‐kt wind radii, are 152 and 185 km for TCs encountering
left and right COEs, respectively. As smaller TCs tend to generate weaker SST cooling (Y. Liu et al., 2023),
smaller storm size also cannot explain stronger SST cooling under left‐COE condition. Nevertheless, we find that
the average TC Uh under left‐COE condition (3.5 ± 0.4 m s− 1) is significantly lower than that under right‐COE
condition (4.3 ± 0.3 m s− 1), above the 95% confidence level, while TC Uh in the WNP shows no significant
difference between left‐ and right‐COE conditions. The background thermal stratification over which COEs are
overlaid may also influence the cooling enhancement. Using climatological monthly temperature data from
World Ocean Atlas 2018, we extracted ocean temperature profiles along the TC cross‐track section and averaged
them within 300 km of the TC center for each TC track point. The composited temperature profile for TCs
encountering left COEs shows sharper thermal stratification in the upper 50 m than that for TCs encountering
right COEs (Figure S3 in Supporting Information S1), probably due to different distributions of latitudes where
TCs encounter left or right COEs. Therefore, the TC Uh and climatological ocean thermal structure are two
candidates responsible for the stronger cooling under left‐COE condition.

To further confirm and quantify the relative contributions from Uh and thermal stratification, we conducted
numerical experiments by employing the three‐dimensional Price‐Weller‐Pinkel model (3DPWP; Price
et al., 1994), which has been widely used in TC‐ocean interaction studies (e.g., Balaguru et al., 2015; Guan
et al., 2014; Lin et al., 2013; Pun et al., 2018; Walker et al., 2014; Ye et al., 2023; Y. Zhang et al., 2023). The
3DPWP model used in this study is a newly modified version, which can include a geostrophic eddy by incor-
porating isotherm displacements and geostrophic currents associated with the eddy into the initial field. In this
study, the model is configured with horizontal grids at resolutions of 5 km × 5 km and the domain size is
1,000 km × 1,000 km. In the vertical direction, the domain extends to a depth of 1,000 m and is divided into 45
layers, with a 5‐m interval of the first 20 layers, a 10‐m interval of the middle 10 layers, and a 50‐m interval of the
last 15 layers. The time step is 600 s. The f‐plane is utilized with the latitude set at 16°N, which is the average
latitude of TC track points encountering COEs.

Four experiments are designed (Table 2). In the control experiment (Exp_Cr), TC moves at a constant speed of
4.3 m s− 1; the background ocean temperature before incorporating eddy‐related isotherm displacements is the
composited climatological temperature profile for TCs encountering right COEs (Figure S3 in Supporting In-
formation S1); a COE is placed 80 km to the right of the TC track (Figure 13a; Figure S4b in Supporting In-
formation S1). The second experiment (Exp_Cl) setting is the same as experiment Exp_Cr but a COE is placed
80 km to the left of the TC track (Figure 13b; Figure S4c in Supporting Information S1). The third experiment
(Exp_Cl_T) setting is the same as experiment Exp_Cl but the background ocean temperature before incorporating
eddy‐related isotherm displacements is the composited climatological temperature profile for TCs encountering
left COEs (Figure S3 in Supporting Information S1). The fourth experiment (Exp_Cl_T_Uh) setting is the same
as experiment Exp_Cl_T but for the TC Uh of 3.5 m s− 1.

In each experiment, TC moves along the y‐axis from the center of the bottom edge with maximum wind speed of
25 m s− 1. The wind pattern of TCs is based on the idealized Rankine vortex, with the radius of maximum wind
speed being 50 km (Figure S4a in Supporting Information S1). For the COE, the radius is 130 km and the

Table 2
Settings in Different Experiments

Experiments Translation speed of tropical cyclone (TC) Initial ocean temperature Position of cyclonic ocean eddy (COE) center

Exp_Cr 4.3 m s− 1 Profile 1 +80 km

Exp_Cl 4.3 m s− 1 Profile 1 − 80 km

Exp_Cl_T 4.3 m s− 1 Profile 2 − 80 km

Exp_Cl_T_Uh 3.5 m s− 1 Profile 2 − 80 km

Note. The initial ocean temperature profile is the profile before incorporating eddy‐induced isotherm displacements. Profile 1 and Profile 2 denote the composited
temperature profile within 300 km of the TC center under right‐COE and left‐COE conditions, respectively (Figure S3 in Supporting Information S1). COE center is
positioned in the section across the midpoint of y axis. “+80 km” and “− 80 km” mean that the COE center is located 80 km to the right and left of the TC track,
respectively.
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maximum isotherm displacement is 50 m at 300 m depth. The center of COE is positioned in the section across the
midpoint of the y‐axis. The initial current is the superposition of static current and geostrophic current associated
with the COE (Figure S4 in Supporting Information S1).

Figure 14 shows the simulated cross‐track SSTA and SSTA difference with respect to experiment Exp_Cr. The
SSTA is calculated by subtracting the initial SST from the average SST during days 1–3 after TC passage. SST
cooling in all experiments is rightward‐biased. The largest SST cooling in experiments Exp_Cr and Exp_Cl_T_Uh
is − 1.13°C and − 1.38°C, respectively, which are roughly consistent with the composited SSTA using satellite
observations (Figure 10f). Furthermore, the SST cooling on both sides of the TC track is stronger in experiment
Exp_Cl_T_Uh than in experiment Exp_Cr (Figure 14). However, under the same TC Uh and background
climatological ocean thermal stratification, the largest cooling under left‐COE condition (experiment Exp_Cl) is
smaller than that under right‐COE condition (experiment Exp_Cr), as is the SST cooling on the right side of the TC
track. Taking the largest cooling as a metric, the cooling amplitude in experiment Exp_Cl_T_Uh is 0.30°C larger
than that in experiment Exp_Cl. The contribution to the difference from slow TC Uh and ocean thermal stratifi-
cation is 77% and 23%, respectively. We further explored the potential effect of slow Uh and thermal stratification
on SST cooling under right‐COE condition by designing additional experiments assuming that the right COE
experiment also operated under slow Uh (3.5 m s− 1) and utilized Profile 2 as the initial thermal stratification (Figure
S5 in Supporting Information S1). Results show that with the same Uh and thermal stratification, SST cooling under
right‐COE condition (experiment Exp_Cr_T_Uh) would be comparable to that under left‐COE condition
(experiment Exp_Cl_T_Uh). Therefore, the stronger SST cooling enhancement under left‐COE condition than

Figure 13. Initial vertical temperature section across tropical cyclone (TC) track in panel (a) experiment Exp_Cr and (b) experiment Exp_Cl. The dashed white lines in
panel (b) indicate the temperature profile in experiments Exp_Cl_T and Exp_Cl_T_Uh. The vertical dashed black and magenta lines denote the positions of the TC track
and eddy center, respectively.

Figure 14. (a) Simulated sea surface temperature anomaly (SSTA) in four experiments. (b) Simulated SSTA difference with respect to experiment Exp_Cr.
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right‐COE condition in the SCS (Figure 10) is primarily attributed to the combined effect of slow TC Uh and
relatively sharp background thermal stratification over which COEs are overlaid. The results suggest that the
combination of mesoscale eddies, climatological ocean thermal stratification, and TC attributes (such as Uh here)
further complicates the magnitudes and spatial patterns of TC‐induced SST cooling. This will in turn influence TC
intensification, wind structure, and rainfall, as well as the heat uptake into the subsurface ocean by TCs (D. Y.‐C.F
Chen et al., 2011; Ye et al., 2023).

5. Conclusions
TCs and mesoscale eddies are energetic mesoscale processes in the atmosphere and ocean, respectively. En-
counters and interactions between TCs and eddies frequently occur and are one of the present hotspots, stimu-
lating many studies in recent years (e.g., Jaimes & Shay, 2009, 2010; Lin, 2012; S. Liu et al., 2017; Lu et al., 2016,
2020; Ma et al., 2018, 2021; L. Sun et al., 2010, 2014; Walker et al., 2014; Y. Zhang et al., 2020). As the largest
semi‐enclosed marginal sea in the WNP, the SCS not only suffers highly frequent TCs but also contains active
mesoscale eddies, serving as a perfect ocean basin for studying TC–eddy interaction. However, a systematic study
on TC–eddy interaction over the SCS is still lacking. Using 27‐year satellite data, we identified 183 TC‐COE
encountering events and 152 TC‐AOE encountering events in the SCS. We found that TC‐eddy encountering
events are mainly concentrated in the northern SCS and the western central SCS, where one to two out of 10
eddies encounter TCs. On average, one TC encounters at least one eddy during its lifespan in the SCS. We then
investigated the response of mesoscale eddies to TCs and the modulation of TC‐induced SST cooling and TC
intensification by pre‐existing eddies.

We first detailed the evolution of two COEs and one AOE after encountering TCs. Two COEs were generated and
then enhanced and enlarged owing to TC Gaemi's (2012) passage. Meanwhile, the TC‐induced SST cooling
within the COE region was enhanced. TC Kujira (2015) formed over a pre‐existing AOE region and lingered over
the AOE for 2 days, leading to a dramatic reduction in the strength and size of the AOE. In contrast with the COEs,
the TC‐induced SST cooling within the AOE region was suppressed.

TC‐induced SLA change is an important indicator of eddy evolution, and thus we first composited SLA change
induced by TCs. TCs induce a symmetric SLA reduction with maximum reduction appearing at the TC center,
regardless of TC intensity and Uh. Stronger or slower‐moving TCs induce more pronounced SLA reduction both
in magnitude and width, while the shape of the normalized SLA change is similar across different TC intensities
and Uh. After the dramatic decrease concurrent with TC passage, the SLA experiences a 20‐day rapid exponential
increase, followed by a slow increase. The response of mesoscale eddies to TCs reveals that COEs are enhanced
by TCs in terms of a 24% (8%) increase in amplitude (circulation speed), and are enlarged in terms of a 19%
increase in radius. Stronger or slower‐moving TCs enhance COEs more significantly. In contrast, AOEs are
weakened by TCs, with a 17% (8%) reduction in amplitude (circulation speed). The radius of AOEs is reduced by
13% on average. Nevertheless, the dependence of the AOE response on TC attributes is relatively weak. Overall,
the response of COEs to TCs is generally more evident than that of AOEs, as evidenced by greater changes in the
magnitude of eddy parameters.

The spatial pattern of TC‐induced SST cooling reveals that COEs enhance the cooling, and this enhancement
when COEs are located to the left of the TC track is more pronounced than that when COEs are located to the
right. Compared with the cooling when there is no pre‐existing eddy (referred to as COM condition), maximum
cooling magnitude is increased by 61% and 26% when left COEs and right COEs pre‐exist, respectively. The
difference is primarily attributed to the combined effect of slow TC Uh and relatively sharp climatological
background thermal stratification under left‐COE condition. The pre‐existing eddies also influence the location of
the largest cooling, which shifts 40, 10, and 70 km rightwards off the TC track under COM, left‐COE, and right‐
COE conditions, respectively. By contrast, AOEs suppress the SST cooling, and this suppression by right AOEs is
a little stronger than that by left AOEs. Under left‐AOE and right‐AOE conditions, the largest cooling is sup-
pressed by 33% and 42% in magnitude, which appears at 100 and 30 km to the right of the TC track, respectively.
Furthermore, the enhancing (suppressing) effect of COEs (AOEs) on the cooling is more pronounced under
stronger or slower‐moving TCs. The eddy‐modulated SST cooling is found to further feedback onto TC inten-
sification. Compared with COM condition, COEs reduce TC intensification rate by 0.54 m s− 1 per 24 hr (47%) on
average, while AOEs increase it by 0.14 m s− 1 per 24 hr (12%). Overall, the modulating effects of COEs on SST
cooling and TC intensification are more evident than those of AOEs, and the modulating effects of left COEs are
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stronger than right ones. The influence of the eddy location and eddy strength on TC intensity and rainfall pattern
is more complex and will be detailed in our future studies (D. Y.‐C.F Chen et al., 2011).

In short, our study systematically details the response of mesoscale eddies to TCs and the modulation of the TC‐
induced SST cooling and TC intensification by eddies over the SCS using satellite data. Nevertheless, the in-
fluence of eddies on the spatial pattern of cooling in global oceans remains unknown and needs to be studied in the
future, considering different ocean environment conditions between the SCS and the open ocean (Mei
et al., 2015). In addition, this study only focuses on the surface evolution of eddies affected by TCs, yet the
vertical evolution of eddies remains unknown. Therefore, further studies utilizing mooring observations or nu-
merical experiments are required to investigate the evolution of mesoscale eddies influenced by TCs and the
potential influence of TCs on the ocean environment.

Data Availability Statement
The JTWC TC best‐track data are obtained from the IBTrACS database (Knapp et al., 2018). The Mesoscale Eddy
Trajectories Atlas product is produced by SSALTO/DUACS and distributed by AVISO+ (AVISO, 2023), with
support from CNES, in collaboration with Oregon State University with support from NASA. The SLA data are
available at the Copernicus Marine Service (CMEMS, 2023). The SST data are downloaded at the Remote
Sensing Systems (RSS, 2023). The reanalysis wind data are obtained from the ECMWF ERA5 (Hersbach
et al., 2023). Figures in this manuscript were made with Matlab software version R2022b (MATLAB, 2023).
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