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Abstract
Theupper-layer circulation in the SouthChina Sea (SCS) exhibits significant intraseasonal oscillation
(ISO), influencing the regional ocean environment and climate.However, the evolution of this ISO
under global warming and its underlyingmechanisms remain poorly understood.Using a high-
resolutionCommunity Earth SystemModel, this study identifies a strengthening trend of 7.8% in the
ISO intensity of thewestern boundary current (WBC) speed during 1901–2100. Further analysis
reveals a 24% intensification of oceanic stratification, while basin-scale wind stress and its ISO show
weakening trends of 10%and 18%, respectively. Quasi-geostrophicmodel experiments demonstrate
that the ISO enhancement is primarily driven by intensified upper-ocean stratification, with the
weakeningwind field exerting a dampening effect. This amplified upper-layer circulation ISO is
closely linked to increased sea surface temperature (SST) variability, suggesting higher intensity and
frequency ofmarine heatwaves in the SCS. Furthermore, enhanced SST variabilitymay amplify
intraseasonal ocean heat release, potentially altering regional climate. This study elucidates the
intensificationmechanismof upper-ocean ISO in the SCSunder global warming and its climatic
impacts, providing new insights into the response of tropicalmarginal sea climate variability to a
warming climate.

1. Introduction

The SouthChina Sea (SCS)Basin is a semi-enclosedmarginal sea of profound scientific significance (Lan et al
2006). Driven by the seasonally varying East AsianMonsoon, the upper-layer circulation of the SCS exhibits a
double-gyre pattern in summer and a basin-scale cyclonic pattern inwinter (Xu et al 1982, Fang et al 2002,
Wang et al 2006, Shaw and Fu 1999, Li andQu 1999). Owing to the strongerwind forcing inwinter compared to
summer, the annually averagedwind field exhibits winter-monsoon-dominant characteristics. FromOctober
toApril of the following year, the strong southwestwardwind stress can reach 0.3N·m−2 (Chu et al 1999, Lan
et al 2006), leading to a basin-wide positivewind stress curl across the SCS (Yang et al 2017). Following a
1–3months adjustment associatedwith the first-order baroclinic Rossbywaves, the upper-layer circulation
reaches quasi-steady Sverdrup balance, forming the strongwestern boundary current (WBC) along the
Vietnamese coast. TheWBCflows southwardwith speed exceeding 0.5m·s−1 and volume transport of
7 Sverdrup (1 Sv= 1× 106m3·s−1), transporting coldwater from the northern SCS, contributing to the
formation of a prominent cold tongue in the southern basin (Fang et al 2012,Meng et al 2024).
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In addition to the seasonal cycle of theupper-layer circulation, the intraseasonal oscillation (ISO) represents a
dominant signal across the tropical IndianOcean, the SCS, and the tropicalwesternNorthPacific regions (Cao et al
2017). In the SCS, surface currents exhibit robust 30–60-day ISO,with speed anomalies exceeding50%of themean
flow (ZhouandChan2005,Yang et al2017). It has been agreed that the energy contained in the intraseasonal scale
oceandynamicprocess is far greater than that of interannual and interdecadal, closely relating to the energydissipa-
tionof the ocean (QiuandChen2005, Ferrari andWunsch2009).Due to the significant upwelling andabundant
fishery ecological resources along theVietnamese coast, previous studies have found that the ISOof the current
speedplays an important role in thenearshorefishing grounds, primaryproductivity pulses and theoscillationof
theoffshore current,which is also closely related to atmospheric oscillations (Wang et al2013,Hu et al2016). Studies
indicate that the ISO, influencedby the tropicalMadden-JulianOscillation, induces significant variations in the SCS
surface circulation, therebymodulating the intrinsic ISOof SCS (Hu et al2024). Enhancedwind forcing intensifies
surface circulation, increasingkinetic energyofwatermasses andamplifying instability,which generatesmorepro-
nouncedoscillations (Hu et al2024). For example,mesoscale eddies fromcurrent instabilities along theVietnamese
coast (GanandQu2008) andbaroclinically unstablewinter circulations (Wang et al2020)modulate ISOenergy
throughRossbywave adjustment (Zhuang et al2010).

Since the onset of the IndustrialRevolution in themid-19th century, the global climate systemhas experienced
substantialwarming,with the oceans absorbing approximately 90%of the excess heat (vonSchuckmann et al2020),
resulting inpronouncedupper-oceanwarming, enhancedglobal ocean stratification (Li et al2020), andmore fre-
quentmarineheatwaves (Cai andTan2024). These thermal anddynamical changeshave significantlymodulated
the vertical structureof ocean circulation (Peng et al2022,Yang et al2025), leading to enhancedupper-layermean
flowandoscillation accompaniedby amorequiescentdeepocean (Wang et al2024). Because the surface-layer
circulation is largely drivenby the relative potential vorticity, and the thickness potential vorticity (TPV)plays a
damping role, the effect of TPV isweakened and the surface circulationbecomes strongerwith ehanced stratifica-
tion (figure S4;Pedlosky 1987, Sun et al2013,Yao et al2017, Peng et al2022,Zhu et al2024,Yang et al2025). This
process enhances thehorizontal shear of theWBC, giving the currentmorebarotropic instability, and leading to
increasedgenerationofmesoscale activitieswith aperiodof 20–90days in theoff-shore regionofwinterWBC
(figure S5; Liu1997, Sun et al2013, Lin et al2015, Feng et al2017). In comparison, theEastAsianwintermonsoon
has concurrently exhibited amarkedweakening trend since the 1970s (WangandHe2012,Kang et al2022,Cai and
Tan2024), directly reducingWBC intensity (Yang andLiu1998).Dynamically, the ISOof ocean circulation is
intrinsically linked toboth the structural characteristics and intensity of the circulation system (Liu et al2023),
implying that globalwarmingmay influence ISOof ocean circulation throughdirect external forcingmechanisms
suchaswindvariability and indirect effectsmediatedby changes in circulation intensity andocean stratification.
Nevertheless, the specific responseof the ISO in the SCS to globalwarming remainspoorly constrained, hindering a
comprehensiveunderstandingof theunderlyingdynamical processes.

To address the above issues, this paper uses long-termhigh-resolutionmodel data to study the trend of the
ISOof the upper-layer circulation in the SCS inwinter, and to explore the relative importance of wind and
stratification on the ISO change. This paper is organized as follows: section 2 briefly introduces the data and
method. In section 3, a detailed study of the trend of ISOof ocean circulation and associatedmechanisms is
presented, followed by the potential implications of the change of ISOof ocean circulation in section 4. This
paper endswith a summary in section 5.

2.Data andmethod

2.1.Data
2.1.1. Data fromCESMmodel
To explore the trend of ISOof SCS upper-layer circulation, outputs from the high-resolutionCommunity
Earth SystemModel (CESM;Wan et al 2014) are used. TheCESM is developed based on the coupled climate
model framework from theNational Center for Atmospheric Research’s Climate andGlobalDynamics
Laboratory. This dataset features a high spatial resolution of 0.1°× 0.1° and a high temporal resolution of 1 day.
TheCESMexperiments are conductedwithin the framework of theCoupledModel Intercomparison Project
Phase 5 (Taylor et al 2012). The oceanic component of CESMutilizes POP2with 62 vertical layers and
3600× 2400 horizontal grids for detailed ocean circulation dynamics. The atmospheric component uses
CAM5.2with 30 vertical layers with 2.25 hPa top pressure, and 0.25°× 0.25°horizontal resolution for
improved atmospheric circulation representation. TheCESM’s oceanmodule is spun up under fixed
preindustrial (1850) climate conditions for 250-year froma quiescent ocean state (Chang et al 2020). During
1850–2005, historical forcingswere utilized, whereas for the period after 2005, RCP8.5 forcing fieldswere
employed. Previous research utilizing theCESMhas conducted global warming studies covering theNorth
Pacific, tropical Pacific, and other oceanic regions from1850 to 2100, confirming a strong capability for
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studying ocean variability under global warming (Shang et al 2023). Here, we focus on the domain covering the
SCS (0°N–21°N, 100°E–120°E) during thewinter (December to February) from1901 to 2100.

2.1.2. Data fromECCO2
To examine the robustness of CESMoutputs, reanalysis current data from the Estimating theCirculation and
Climate of theOcean, Phase II (ECCO2) is applied. The dataset employs an eddy-permitting gridwith a spatial
resolution of 0.25°× 0.25°, and incorporates aGreen-function-based four-dimensional variational
assimilation framework that ingests observed data fromWorldOceanCirculation Experiment, Argo and
Tropical AtmosphereOcean arrays togetherwith satellite-derived products such as sea-level anomalies. Similar
to theCESMdata, the region (0°N–21°N, 100°E–120°E) is focused, while the time is thewinter (December to
February) from1992 to 2018.

2.1.3. Data fromQuasi-Geostrophicmodel
To elucidate themechanisms governing the ISOof ocean circulation changes, we design numerical experiments
based on a two-layerQuasi-Geostrophic (QG) oceanmodel. As a classical ocean dynamics tool, theQGmodel
is widely used in studies in dynamic processes of ocean circulation (Yang et al 2015, Xu andWang 2024).
Following the previous studies (Sun et al 2013, Yang et al 2015), the SCS basin is simplified to a rectangular
basinwith zonal width (Lx) of 1000 kmandmeridional width (Ly) of 1800 km. The horizontal resolution of the
QGmodel is 8 km,while the temporal step is 1 day. The governing equations for the two-layerQGmodel are as
follows (equations (1), (2); Pedlosky 1987, Berloff et al 2007, Sun et al 2013):
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These governing equations include potential vorticity (qi), the stream function (ψi), layer thickness (Hi),
dissipation term (AH∇4Ψ), wind forcing (W), and viscous term (γ∇2Ψ), where i (i= 1,2) is the layer index
starting from the top.Here, the symbol J(a,b)= axby − aybx is the Jacobian operator. Themodel adopts a
-plane approximation, with theCoriolis parameter f0 = 3.86× 10−5 s−1 and itsmeridional gradient
= 2.25× 10−11m−1·s−1. AH = 140m2·s−1 is the horizontal eddy viscosity coefficient, and = 10−7m·s−1 is

the linear bottom friction coefficient (table S1). The potential vorticity q1 and q2 are defined as follows:
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where ( )=g g 2 1 0 represents the reduced gravity, g is the gravitational constant, 0 and i indicate the
reference density and the density of layer i (values of g is available at table S1). In addition, themodel is driven
by an idealized sinusoidal wind field (W ) through Ekmanpumpingmechanism:

[ ( )] ( )= +W
y

L
k tsin 1 sin . 6

y
0

Here, 0 represents average Ekmanpumping rate, k, regulate the amplitude and frequency of the ISOof
Ekmanpumping rate, respectively (table S1).

To distinguish the different role played by the surfacewind and oceanic stratification in affecting the ISOof
ocean circulation, four sets of idealized experiment are conducted bymanipulating parameters related to the
wind ( k,0 ) and stratification (H H g, ,1 2 ). Each experiment is spun up for 1460 days from rest and the ISOof
ocean circulation is calculated from the last 90 days.More settingswill be introduced in section 3.3.

2.2.Method
Following previous studies, we employ standard deviation (STD) as themetric to quantify ISO intensity (Dong
et al 2009, Yang et al 2017). Taking the current speed as an example, when calculating the intensity of ISO as in
equation (7):
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The ISOof the current speed (ISO cur_ ) is calculated by taking the square root of the average squared
deviation of daily current speed vi from theirmean µ over the days d in this year’s winter, where i
(i= 1,2……90) represents the sequential winter day for each year. In order to eliminate the influence of seaso-
nal cycle, we remove the linear trend from each 90-daywinter window andperform a 20–60-day bandpass
filtering before the ISO calculation. All the calculation of ISOof physical quantity in this paper is similar to the
ISO cur_ .To better isolate trends in ISOunder global warming from the interannual signals such as the El
Niño-SouthernOscillation (ENSO), a 4-year smoothing filter is applied to the timeseries of ISObefore calculat-
ing their long-term trends. This approach ensures that the resulting trends are primarily attributed to global
warming (Kelly and Jones 1996).

3. The intensifying ISO in upper-layer circulation under globalwarming

3.1.Data validation
Before exploring the ISO cur_ change in SCS, it is necessary to quantify whether theCESMmodel can
reasonably simulate the associated dynamical processes. Figures 1(a) and (c) show the sea surface speed
obtained fromECCO2 andCESMmodel outputs. Reanalysis data indicate thewintertimeWBC in the SCS has
an average speed of approximately 0.38m·s−1, while theCESM simulation yields 0.28m·s−1, both consistent
with previous studies (Wu et al 1998, Yang et al 2015). The simulatedWBC’s offshore point (~12°N) also aligns
with reanalysis data and previous studies (figures 1(a), (c); Fang et al 2012). The ISO cur_ of thewinterWBC is
well-captured by themodel. The simulated ISO cur_ inWBC region is 0.087m·s−1,matching the reanalysis
data of~0.094m·s−1 (figures 1(b), (d)). These results demonstrate excellent agreement betweenCESMand
ECCO2 in reproducing both the spatial patterns ofmulti-yearmean current speed fields and the distribution of

Figure 1.Comparison betweenECCO2 andCESMdata onwinter current speed in the SCS from1992 to 2018. (a)MeanECCO2
current speed. (b) ISO of ECCO2 current speed. (c)MeanCESMcurrent speed, similar to (a). (d) ISO ofCESMcurrent speed, similar
to (b). The shading indicates the current speed, and arrows show the direction. The black rectangle in (c) is the region of calculating
transport in section 3.3.
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speed oscillations (Wang et al 2013; figure S2), indicating theCESMmodel is suitable for evaluating the long-
term trend of ISO in upper-layer circulation.

3.2. Trends of the ISOof the current speed,wind and stratification
The spatial distribution of the linear trend of ISO cur_ is shown in figure 2(a), inwhich ISO cur_ depicts a
robust increasing trendwithin 5°N–15°N, 107°E–113°E. It is noteworthy that the positive trend ismainly
locatedwithin the strong current regions (figure 1(c)), indicating that the intensity ofWBC ismore likely to
influence ISO intensity (Hu et al 2024). During 1901–2100, theWBC in the SCS exhibits a 7.87%enhanced
trend of the ISO (figure 2(b)), with an increment of 3.12± 1.47× 10−5m·s−1 per year (3.12 is increasing rate of
ISO generated by the regress function inMATLAB,while 1.47 is 90% t-test confidence interval radius).

Figure 2. (a) Space distribution of linear trend of the ISO cur_ , with a black rectangle representing theWBC. (b)Time series of
ISO cur_ in the black box in figure 2(a). (c) Space distribution of linear trend of wind stress. (d) Linear trend of ISOofwind stress.
(e)Meanbuoyancy frequency in the upper-500mocean for representing stratification. (f) Linear trend of buoyancy frequency.Here,
the time range is 1901–2100, and the black dots in a, c, d and the shading in b, f both represent 90% confidence.
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In order to analyze the underlyingmechanismof the intensifying ISO cur_ , we further calculate the trends
of wind stress and its ISO. Figure 2(c) indicates that the basin-scale wind stressweakens by about 0.014N·m−2,
equivalent to 10%of its climatologymean. Theweakeningwind stress leads to a decreasing current speed,
restraining the ISO intensity through aweaker instability. To the south of Vietnam, sea surfacewind stress
shows a regional intensifying trend (figure 2(c)), however, these positive values are located to thewest of the
strong current regionwhere ISO cur_ depicts significant increasing trend (figure 2(a)). Thismismatch in spatial
distribution indicates the regional surfacewind enhancementmight not be the key reason for the positive trend
in ISO cur_ . The trend of thewind stress ISOdemonstrates a similar spatial distributionwithwind stressmean
state, with an 18%basin scaleweakening trend (figure 2(d)), suggesting a reduced external forcing for the
ISO cur_ (Hu et al 2024). Based on the discussions above, theweakeningwind stress and its ISOmay lead to a
weaker upper-layer circulation oscillation; therefore, we further investigate the oceanic stratification in SCS
under global warming. According to previous studies (Li et al 2020, Peng et al 2022), the intensity of stratifica-
tion is evaluated by square of buoyancy frequency (N 2), which is defined as follows:

( )=N
g d

dz
, 82

0

where g= 9.8m·s−1, ρ0 is the background seawater density and dρ/dz is the vertical density gradient. Figure 2(e)
denotes the buoyancy frequency in the upper 500mof thewhole SCS basin. It’s found that themaximum N 2

reaches 4.53× 10−4 s−2 at 75-meter depth, belowwhich and the stratificationweakenswith increasing depth
(Lan et al 2006). The trend of average upper-layer buoyancy frequency shows a 24% strengthening in the 200-
year period (figure 2(f)). Themaximum N 2 increasing rate is located at 65-meter depth, with a value of 6.79×
10−7 s−2 per year, indicating a significant (~10%) uplift of the thermocline depth. This enhanced stratification,
primarily driven by global warming, prevents the kinetic energy from transporting downward (Pedlosky 1987,
Sun et al 2013), therefore enhancing the upper-layer circulation, and amplifying the upper-layer instabilities.
The increase of upper-layer instabilities enhances the possibility ofmeanflow to vortex kinetic energywith a
period of 20–90 days in the off-shore region ofwinterWBC (Lin et al 2015, Yao et al 2017, Feng et al 2017, Peng
et al 2022, Zhu et al 2024, Yang et al 2025). Consequently, the intensification of the ISO cur_ in the SCS is likely
to be primarily driven by the strengthening stratification of the upper-ocean.

3.3. The intraseasonal impact ofwind and stratification
To further consolidate the role of surfacewind and oceanic stratification in affecting the intensification of the
ISO cur_ in the SCS, four idealized high-resolution experiments based on theQGmodel introduced in
section 2.1.3 are conducted (table S1), with robustness confirmed via sensitivity analysis (tables S3, S4;
figure S3). In the first experiment, namely Before-Warming-Run, thewind stress intensity (τ0) is set to be
4.5× 10−6N·m−2 while the amplitude of wind stress ISO (k) is set to be 9.900. Following the previous studies
(Yang et al 2017, Sun andLan 2023), parameters representing the intensity of stratification, that is, the upper-
layer thicknessH1 and reduced gravity g’, are set to be 220mand 0.03m·s−2, respectively (table S1). In the
second experiment (calledAfter-Warming-Run), τ0 and k are set to be 4.0× 10−6N·m−2 and 8.625,
representing 10%and 13%weakening rate comparedwith Before-Warming-Run, which is the same as the
weakening rate inCESM. In addition, the reduced gravity g’ and upper-layer thicknessH2 are 0.037m·s−2 and
200m, denoting a 23% increase of stratification and 10%uplift of the thermocline, both comparablewith the
changing rate inCESMdata. The third experiment (Wind-Weakening-Run) isolates the effect of wind field
change. It uses the τ0 and k inAfter-Warming-Run combinedwithH1 and g’ in Before-Warming-Run.
Similarly, the last experiment (Stratification-Strengthening-Run)uses enhanced stratification but remains
windfield unchanged to highlight the impact of stratification on the ISOof upper-layer circulation.Detailed
setting is available in table S1.

Figure 3(a) compares theWBC transport (left panel) aswell as ISO cur_ (right panel) in CESMandQG
model. Before global warming, the volume transport ofWBC inCESMreaches 9.64 Sv (calculated in the black
rectangle in figure 1(c) during 1901–1930). In comparison, theWBC inBefore-Warming-Run transports
9.24 Svwatermass southward (dashed yellow rectangle in figure 3(c)), showing a great consistencywith the
CESMdata. In addition, the ISOofWBC inCESMreaches 0.089m·s−1 (calculated in the black rectangle in
figure 2(a) during 1901–1930), while theWBC inBefore-Warming-Run reaches 0.097m·s−1 (solid yellow rec-
tangle in figure 3(c)). Therefore, theQGmodel reasonably reproduces the dynamics of the SCS upper-layer
circulation and themodel parameters in table S1 are suitable. After global warming, the volume transport of
WBC inCESMreduces to 9.52 Sv (calculated in the black rectangle in figure 1(c) during 2071–2100). In com-
parison, theWBC inAfter-Warming-Run transports 8.86 Svwatermass southward (dashed yellow rectangle in
figure 3(d)), showing a great consistencywith theCESMdata. In addition, the ISOofWBC inCESMreaches
0.096m·s−1 (calculated in the black rectangle in figure 2(a) during 2071–2100), while theWBC inAfter-Warm-
ing-Run reaches 0.101m·s−1 (solid yellow rectangle in figure 3(d)). Therefore, theQGmodel reasonably
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reproduces the variation of the SCS upper-layer circulation under global warming by revisingwind and stratifi-
cation, proving the significant effect of wind and stratification.

After confirming the capacity of theQGmodel in reproducing the evolution of ISO cur_ under global
warming, theWind-Weakening-Run and the Stratification-Strengthening-Run are conducted. The ISO cur_
inWind-Weakening-Run reduces to 0.083m·s−1, indicating a 14.43%weakening comparedwith the status
beforewarming (figures 3(b), (c) and (e); table S2), demonstrating that weakenedwind fields result in aweaker
ISOofWBC (Hu et al 2024). If we keep thewind field unchanged and onlymodify the stratification to the state
after warming, the ISO cur_ increases to 0.105m·s−1 and has a 8.25% strengthening (figures 3(b), (c) and (f);
table S2), demonstrating that strengthening stratification favors an enhanced ISOofWBC (Peng et al 2022,
Yang et al 2025). Consequently, the intensification of the ISOof theWBC in the SCS is primarily driven by the
strengthening stratification of the upper-ocean, and thewind forcing has a secondary role.

4. Potential implications of ISO intensification

The intensification of the ISOof current speed not only reflects the evolution of the SCS current systemunder
global warming, itmay also affect the surrounding ocean environment and overlying atmosphere through the
ISOof SST and surface heat flux (SHF;Duvel andVialard 2007). Based onCESMdata, we explore the linear
trends of the ISOof SST and SHFduring 1901–2100 (figure 4; equation (7)). It’s found that the ISOof SST
depicts a similar distributionwith that of current speed (figures 2(a) and 4(a)), with an increasing rate about
9.56± 7.20× 10−5 °Cper year in theWBC region. Further analysis shows that the ISOof SST and current
speed are highly related, with a correlation coefficient reaching 0.60 in theWBC region over the 200-year period
(figure 4(b)). This relationship suggests that the intensification of the ISOof current speedmay influence the
SST by heat transport (Johns et al 2011, Parfitt et al 2017, SenGupta et al 2021, Cai et al 2023). The enhanced
SST oscillation induces possibility of larger intensity and frequency ofmarine heatwaves in SCS (Cai and
Tan 2024,Meng et al 2024), whichmay disturbmarine ecosystems and then reduce biodiversity (Wernberg
et al 2016,Hughes et al 2017, Joyce et al 2024,Meng et al 2024).

In addition, the ISOof SHF also shows an intensifying pattern in the extension region ofwinterWBCof
SCS (figures 4(c), (d)). Correlation analysis implies that SHF and SST are negatively correlated in the

Figure 3. (a)The comparison betweenCESMandQG, using volume transport and ISOofWBCas criteria. (b) ISOof theWBCunder
four states (c-f) controlled byQGmodel, with error bars of 95% t-test. (c) ISOof the current speed in Before-Warming-Run. (d) ISO
of the current speed inAfter-Warming-Run. (e) ISO of the current speed inWind-Weakening-Run. (f) ISOof the current speed in
Stratification-Strengthening-Run. The solid yellow rectangle in c~f is the calculated space of the ISOofWBC, and the dashed
rectangle is the calculated space of volume transport.
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intraseasonal timescale (figure S1, negative SHF represents ocean releases heat into the atmosphere), suggesting
the increasing ISOof SSTmight enlarge ocean heat release. Therefore, ISO cur_ may also partly affect the local
atmospheric processes and regional climate through SST oscillations under global warming (Liu et al 2004).

5. Summary

Based on bothCESMandQGmodel, the trend of the ISOof upper-layer circulation in thewinter of SCS is
studied. Themajor results of this study are summarized as follows:

1. In the winter SCS, the ISO of current speed shows a 7.87% strengthening trend in the WBC region during
1901–2100.

2. The sea surface wind stress and its ISO weaken by 10% and 18%, respectively. By comparison, a 24%
strengthening trend in the stratification is considered and demonstrated to insert a significant impact on the
intensification of the ISOofWBCbyQG experiments.

3. Correlation analysis shows that the ISO of current speed may affect the ISO of SST through oceanic heat
transport, whichmay lead to enhanced intensity and frequency ofmarine heatwaves in the SCS. In addition,
the enhanced ISOof SSTmay further influence the SHF in the region ofWBCand then alters local
atmospheric processes and regional climate in awarming climate.

Data availability statement

TheHRCESMsimulations canbe accessed fromhttps://ihesp.github.io/archive/products/ds_archive/Sunway_
Runs.html. The surface geostrophic speedproducts providedby theECCO2canbedownloaded at https://data.
nas.nasa.gov/ecco/. Thedata that support thefindings of this study are openly available at theURL/DOI.

Figure 4. (a) Space distribution of linear trend of ISOof SST. (b)The time series of ISOof SST and current speed in theWBC region,
with correlation coefficient about 0.60. (c) Space distribution of linear trend of ISOof SHF. (d)The time series of ISOof SHF and SST
in theWBC region, with correlation coefficient about 0.30. The black rectangles in a and c represent theWBC, and the black dots
represent 90%confidence.
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