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Abstract
TheKuroshioCurrent (KC)haswitnessed rapid surface warming during the past half-century,
impacting themarine ecosystems in surrounding regions. However, the vertical structure of the
warmingKC remains unclear. This study utilizes historical hydrographic observational data and ocean
model experiments to investigate temperature changes of theKC in the East China Sea since 1970. The
KC at the PollutionNagasaki (PN) section has shown rapidwarming in the upper 350mand
insignificant warming or cooling trends in the subsurface layer of 350–800m.Our diagnosis suggests
that the rapid upper-layer warming results from the downward displacement of isopycnal surfaces,
whereas the subsurface cooling arises from lateral advection along isopycnal surfaces. In addition to
surface heating, surface wind changes over the subtropical North Pacific-induced by the phase shift of
the PacificDecadalOscillation (PDO)-also enhance the upper-layer warming of the KCby driving
downwelling Rossbywaves. The subsurface cooling reflects property changes of theNorth Pacific
IntermediateWater (NPIW)which can be traced to buoyancy fluxes in the subpolar northwestern
Pacific. By linking the regional changes observed in the ECS to basin-scale processes over theNorth
Pacific, this work contributes to the understanding of the response of theKC to climate change.

1. Introduction

The East China Sea (ECS) possesses one of the largest continental shelves of theworld’s oceans, harboring
economically important ecosystems. The ECS has shown rapid surface warming trends since themid-20th
century (Xie et al 2002, Tang et al 2009, Xu et al 2011,Miyama et al 2012). This persistent warming has led to
more frequent and intensemarine heatwaves, exacerbating the stress of climate change onmarine ecosystems
and coastal biological systems (Cai et al 2016,Wang et al 2023). In addition to changes in the East Asian
monsoon (D’Arrigo et al 2005, Xu et al 2006, Yeh andKim2010, Cai et al 2017), the increase in heat transport
from theKuroshio Current (KC) is also amajor driver of the rapid ECSwarming (Zhang et al 2010, Rudnick et al
2011,Wu et al 2012). Originating from the bifurcation of theNorth Equatorial Current (Qiu and Lukas 1996),
the KCflows northeastward along the continental slope situated in the offshore part of the ECS (Nitani 1972).
TheKC communicates with the Yellow Sea and ECS shelves through intrusive flows, playing a crucial role in the
heat andmaterial budgets of these regions (Hsueh 2000, Yuan et al 2008,Oey et al 2013, Chen et al 2021).
Temperature change in theKCmodulates typhoon genesis (Wu et al 2008), fishery production
(Tsukamoto 2006), and hydrographic structure (Hsin et al 2013,Wu2013) of theNorthwest PacificOcean and
marginal seas and potentially affects the global climate (Kwon et al 2010).

Notable and complex changes in theKChave beenwitnessed in the ECS during the past decades (Andres et al
2009, Soeyanto et al 2014,Wu et al 2019,Qiao et al 2022). There has been an overall increasing trend of theKC
volume transport at the PollutionNagasaki (PN) section (from30°N, 124.5°E to 27.5°N, 128.25°E) since 1955

OPEN ACCESS

RECEIVED

11December 2024

REVISED

31 January 2025

ACCEPTED FOR PUBLICATION

28 February 2025

PUBLISHED

12March 2025

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2025TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2515-7620/adbba1
https://orcid.org/0000-0002-7239-5756
https://orcid.org/0000-0002-7239-5756
https://orcid.org/0009-0006-9486-6420
https://orcid.org/0009-0006-9486-6420
https://orcid.org/0000-0002-9809-3561
https://orcid.org/0000-0002-9809-3561
mailto:tangxiaohui@qdio.ac.cn
mailto:tangxiaohui@qdio.ac.cn
mailto:tangxiaohui@qdio.ac.cn
https://doi.org/10.1088/2515-7620/adbba1
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7620/adbba1&domain=pdf&date_stamp=2025-03-12
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7620/adbba1&domain=pdf&date_stamp=2025-03-12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


(Wei et al 2013, Zhu et al 2015), which is superimposed by prominent decadal variability. For example, theKC
weakened during 1993–2013 andmeanwhile caused increasedwarm-water intrusion into the ECS shelf
(Hsin et al 2013,Wu 2013). Changes in theKC strength are primarily controlled by the basin-scale surface wind
field over theNorth Pacific (Wang et al 2016). In the late-1990s, the PacificDecadalOscillation (PDO) shifted
from the positive to the negative phase, leading to enhancedWalker Circulation in the tropical Pacific (Kosaka
andXie 2013, Trenberth et al 2014, England et al 2014) andweakenedwesterlies (Mantua andHare 2002). In
addition, typhoons andmesoscale eddies generated in theNorthwest PacificOcean also potentiallymodulate the
KC strength in the ECS (Yan et al 2019, Zhang et al 2021). TheKC in the ECS has shown a striking surface
warming trend, which intensified thewarming of the ECS shelf through heat advection (Oey et al 2013, Sasaki
andUmeda 2021, Yu et al 2012).Wu et al (2012) revealed that the accelerated surfacewarming is associatedwith
the polewardmigration of theKC in conjunctionwith surface wind changes.

Compared to surface temperature, changes in subsurface temperatures of theKuroshio aremuch less
visited. TheKuroshio in the ECS carries different watermasses in different layers, including thewarm, low-
salinity surfacewater above 100m, the high-salinityNorth Pacific TropicalWater (NPTW) between 100–300m,
and the cold, low-salinityNorth Pacific IntermediateWater (NPIW) at 400–800m (Qu et al 1997, Li and
Wang 2012a). Controlled by different processes, these watersmay exhibit differential property changes, exerting
complex impacts on the ECS. Based on empirical orthogonal function (EOF)decomposition analysis, Pei et al
(2017) demonstrated thatwarming trend at the PN section decreases steadily with depth and even shifts to a
cooling trend in the intermediate layer. Stronger warming of surface water than subsurface watersmay lead to
enhanced ocean stratification. This inhibits vertical exchanges of carbon, dissolved oxygen, and nutrients (Li
et al 2020) and thereby increases the severity of hypoxia and acidification in the ECS coastal waters (Li et al 2014,
Chi et al 2017). A decline in phytoplankton biomass has been observed in the ECS since 2000, linked to enhanced
ocean stratification due to surfacewarming (Wang et al 2023). Therefore, to better understand the long-term
change of theKC and its impact on the ECS, it is necessary to explore the vertical structure of thewarmingKC.

In this study, we investigate thewarming structure of the ECSKuroshio and the underlying processes.
Analysis of repeated in situmeasurement data at the PN and gridded observational data reveals strong upper-
layer warming andweaker lower-layer cooling in the ECSKuroshio. Through thermodynamic diagnosis and
oceanmodel sensitivity experiments, we further elucidate differentmechanisms governing the two layers. Our
results successfully attribute regional changes in the ECS to basin-scale dynamic and thermodynamic processes
over theNorth Pacific, providing implications for the prediction of environmental changes inmarginal seas in a
warming climate.

2.Data andmethods

2.1.Observational data
To characterize temperature changes in the ECSKuroshio, we utilize repeated in situmeasurements of
1970–2020 along the PN section (Oka andKawabe 1998) provided by the JapanMeteorological Agency (JMA).
The PN section is a standard section that crosses themain axis of theKuroshio in themiddle of the ECS,
extending from the northwest corner near the Yangtze River estuary to the southeastern Ryukyu Islands in a
northwest-southeast direction.We collected temperature profiles at the 16 hydrographic stations in the
southeastern part of the PN section (figure 1(a)), from29°N, 126°E in thewest to 27.5°N, 128.25°E in the east,
that have been regularly surveyed till present (the same stations as inWei et al 2013). Temperaturewasmeasured
withNansen bottle at standard depths before 1986, andwith conductivity-temperature-depth (CTD) since
1987. The data analyzed here, 2972 profiles in all, aremostly collected during 1972–2008, with relatively uniform
distribution across different seasons (e.g., December, January, and February are adopted as boreal winter). After
a quality control removing profiles with evident errors, we constructed seasonal temperature series by averaging
all available profiles at each station for each season, each year. Then, seasonal fields were averaged into annual-
meanfields for our analysis. The temperature change shown infigure 1(c) is calculated as the difference between
the average annual-mean field of 1990–2020 and that of 1970–1990. The statistical significance of the change is
determined through a two-sided student’s t-test.

To explore large-scale oceanic changes linked to changes observed in theKuroshio, we analyze the Institute
of Atmospheric Physics (IAP) oceanic analysis data of 1970–2020 (Cheng et al 2017, 2024). This dataset provides
0.5° × 0.5°, standard-levelmonthly temperature and salinity fields of the 0–2000 mglobal ocean.We also
analyze the 0.25°× 0.25° Ssalto/Duacs satellite sea surface height (SSH) data of 1993–2020 distributed by the
CopernicusMarine and EnvironmentMonitoring Service (CMEMS) and 10-mwinds from thefifth generation
EuropeanCentre forMedium-RangeWeather Forecasts reanalysis (ERA5) of 1970–2020 (Hersbach et al 2023).
The 5´ (1/12°) terrain data fromEarth’s Topography andBathymetry (ETOPO5)was also used (National
Geophysical Data Center, NESDIS, NOAA,U.S. Department of Commerce 1986). The PacificDecadal
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Oscillation (PDO) Index is based onNOAA’s extended reconstruction of SSTs (Zhang et al 1997,
Huang et al 2017).

2.2.Diagnosis of causing factors
Causing factors for ocean subsurface temperature changes seen at depth levels can be diagnosed by calculating
‘heaving’ and ‘spicing’ (Bindoff andMcDougall 1994,Huang 2020). In the subsurface ocean, waters are assumed
tomove along isopycnal surfaces. Therefore, analyzing changes of isopycnal surfaces provides insights into key
processes causing subsurface ocean temperature changes. Specifically, the ‘heaving’ is associatedwith vertical
displacements of isopycnal surfaces arising from adiabatic convergent/divergentmotions induced bywind
forcing and ocean internal instabilities and diabatic heating of seawater (Häkkinen et al 2016, Lu et al 2024). The
‘spicing’manifests compensated temperature and salinity changes along isopycnal surfaces, representing the

Figure 1. (a)Topography of the northwest pacific ocean (NWPO) and adjacent seas based on the ETOPO5data. Thewhite contours
denote the annual-mean climatological sea surface height (m) of 1993–2020, derived fromCMEMSdata. The thick black line remarks
the PN section for theKuroshio in the ECS, and the black rectangles denote the onshore and offshore boxes, respectively. (b)Annual
data profile number of repeated hydrological observation at the PN section from JMA.Data collected in different seasons (e.g., DJF:
December, January, and February) are plotted in different colors. (c), (d)Temperature change (color shading) and climatological
temperature (black contours) of 1970–2020 at the PN section, based on JMAdata in (c) and theChinese Academy of Sciences/
Institute of Atmospheric Physics (IAP) ocean analysis (d). The change is calculated as the difference between the 1990–2020 and the
1970–1990 periods. The stippling in (c) and (d) indicates significant changes at the 90%confidence level, based on a student’s t-test.
Profiles of (e) annual-mean climatological temperature and (f) temperature change at depth averaged over the onshore (red) and
offshore (blue) boxes, derived from the IAP data. The shading indicates the one standard deviation range of temperatures at different
grid points for (e) and the 90% confidence interval of the change in (f).
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modification of water-mass properties (Bindoff andMcDougall 1994). The temperature change of spicing is
induced by lateral advection along isopycnal surfaces. Practically, the ocean subsurface temperature (or salinity)
change at depth levelsΔT|z can be explained by either spicing or heaving (Durack andWijffels 2010,Häkkinen
et al 2016),
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where ∆ |T s represents the temperature change on isopycnal (with a potential density of s) surfaces interpolated
onto depth levels, which quantifies the spicing. The second termon the right represents the temperature changes
caused by vertical displacement of isopycnal surfaces, as a representation of heaving, where ̅
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is the diapycnal

temperature gradient in climatology andΔs|z is the potential density change seen at depth levels.

2.3. LICOM3 simulations
In this study, we use the Laboratory of Atmospheric Sciences andGeophysical FluidDynamics (LASG)/IAP
ClimateOceanModel (LICOM)Version-3 (Lin et al 2020) to simulate and understand the ocean temperature
change (Gao et al 2023, Lu et al 2024). The LICOMsimulation adopts a tripolar grid of global domainwith
horizontal resolutions of 1° × 1°. 3-hourly surface atmospheric fields of ERA5 are adopted as the surface
forcing of LICOM.A spin-up run of 500 years wasfirst conducted, forced by repeated ERA5 3-hourly
atmospheric fields of 1941–1950. Restarted from the already spun-up solution, themodel was integrated from
1941 to 2020 under realistic hourly ERA5fields to form the control run (CTR). CTR contains full processes
controlling ocean temperature change and is compared against observational data to validate themodel
performance. The LICOMdata consists of 30 vertical layers, with depths ranging from5 to 5243m.

In parallel withCTR, three ‘single-forcing’ experiments were performed to explore the causes of ocean
temperature changes. Thewind run (WND) keeps only the changes in surface winds, with other forcing fields
(radiations, precipitation, air temperature, and air humidity)fixed to the 1941–1950 cycles as in the spin-up run.
This experiment contains forcing effects of both dynamical processes controlled bywind stress change and latent
and sensible heatfluxes controlled bywind speed. Similarly, the precipitation run (PRCP) retains changes in
precipitation rate and fixes all other forcing fields to 1941–1950 cycles. As such, ocean temperature changes in
PRCP arise fromprecipitation-driven salinity changes that alter ocean stratification (Liu et al 2021) and
properties of subductedwatermasses (Bindoff andMcDougall 1994). In the heatflux run (HTFL), bothwind
and precipitation arefixed to 1941–1950 cycles, while other forcing fields are the same as inCTR. As such,HTFL
simulates ocean temperature changes driven by time-varying shortwave and longwave radiations, air
temperature affecting sensible heatflux, and air humidity affecting latent heatflux.

3. Results

3.1.Warming structure of the ECSKuroshio
Wefirst look at the observedwarming structure of the ECSKuroshio since 1970, derived fromhistorical
observational data of JMA at the PN section (figure 1(c)).Wefind that significantwarming signatures aremainly
trapped above 400m, showing rapid surface warming trends in the ECS shelf west of 127°E. Themaximum
warming since 1970 exceeds 0.8 °C. Below 400m, there areweaker warming and even cooling trends east of
127°E. There, thewarming rate ranges from∼−0.2 to∼ 0.6 °Cand is insignificant inmost areas of 400–800m.
At the continental slope between 126.5°E and 127°E, there is a sharp inclination of climatological isotherms,
reflecting the baroclinic structure of the geostrophic KC. The strongest cooling signal appears near the
continental slope and is significant at the 90% confidence level at∼ 500m. These structures suggest that the
cooling signalmay be carried by theKC to the bottomof the ECS shelf through cross-shelf intrusion (Zhou et al
2015, Zhang et al 2017), potentially impacting the ECS.

To gain insights into large-scale processes, we adopt IAP data for further analysis. Here, we first interpolated
IAP data onto the PN section (figure 1(d)). Like JMAdata, the IAP data shows surface-intensified upper-layer
warming and an overall cooling trend below 400m.Compared to JMAdata, the upper-layer warming in IAP
data ismuchmore uniform, lacking surface intensification. Also, the IAP data fails to capture the strong cooling
near the bottomof the continental slope. This ismainly due to the construction approach of the 0.5° IAP dataset,
the interpolation and gap-filling lead to smoothfields in IAP data and a failure to resolve regional characteristics
over complex topography. Althoughwith shortcomings in resolving detailed features, IAP data provides reliable
insights into large-scale characteristics of thewarming structure of the ECSKuroshio.

We further analyze the average temperatures of the onshore and offshore boxes of the PN section
(figure 1(a)). In climatology, the offshore side of theKC is warmer than the onshore side by 3 °C–4 °C
(figure 1(e)) in the upper 200m, a characteristic reflecting the thermal wind relationship of the geostrophic KC.
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The temperature changes of the surface layer within 70m from1970–1990 to 1990–2020 are 0.65± 0.16 °Cand
0.47± 0.14 °C in the onshore and offshore boxes, respectively. Thewarming rate decreases with depth, reducing
to 0.19± 0.08 °C and 0.18± 0.11 °Cat 200m in the inshore and offshore boxes, respectively. Below 400m, there
is a cooling trend emerging in the offshore box, reaching up to−0.1± 0.08 °C at 800m (figure 1(f)).

Next, we examine the temporal evolution of temperature anomaly profiles of the onshore and offshore boxes
(figures 2(a) and (d)). In both boxes, the upper layer of 0–350m shows an abrupt shift from cold towarm
anomalies in the late 1990s. Superimposed upon an overall warming trend, there are strong interannual and
decadalfluctuations. The offshore box shows a cooling trend in the subsurface layer, which is particularly
prominent below 500m.To gain insights into the causes of the KC’s warming structure, we perform the
diagnosis heaving and spicing (section 2.2) (figures 2(b)–(f)). The diagnosis using IAP data suggests that
although both heaving and spicing exhibit warming trends in the upper layer, the contribution of heaving is
greater than that of spicing. Furthermore, the temperature shift in the late 1990smainly occurs in heaving. In
contrast, thewarming trend in spicing is weaker, subjected to strong interannual variability, andmainly
confined to the near-surface layer of< 25.0 kgm−3 in potential density. The subsurface cooling trend primarily
occurs in spicing, showing up below 300m, and is particularly prominent in the 25.5–27.0 kgm−3 layer.

Thewarming structures we found above can be briefly depicted by the time series of temperature anomaly of
the onshore and offshore boxes at different layers (figure 3). The apparent ascending tendency of the
temperature anomalies at 0–300m in both boxes (figures 3(a) and (b)) and their weak correlations to the PDO
(−0.1242 and−0.0605) suggest that the upper-layer warming trends of the ECSKuroshio are likely driven by
anthropogenic climate change rather than natural climate fluctuations. Nevertheless, it does not necessarily
mean that the abrupt shift from cold towarm anomalies around 1997 (seen infigures 3(a)–(d)) are not
influenced by natural variabilities. On the other hand, the temperature variability at 300–800mof the offshore
box shows considerable interdecadal fluctuations superimposed on a cooling trend (figure 3(c)). Itsmoderate
correlationwith the PDO (0.2612) ismainly reflected in the interdecadal variability of subsurface heaving
(figure 2(e)), yet cannot explain the cooling trend in spicing (figure 2(f)). Therefore, the underlyingmechanism
causing the upper-layer temperature shift around 1997 and the subsurface cooling trend need to be further
investigated in perspective of large-scale oceanic processes.

3.2. Processes associatedwith heaving
Analysis of observational data presented above reveals an upper-layer warming and a subsurface cooling of the
ECSKuroshio, residingmainly in heaving and spicing, respectively. In this subsection, we explore processes
underlying the rapid warming of the upper 350m, such as diabatic heating through surface heat uptake and heat
redistribution induced by changes in surface winds (Garuba andKlinger 2016,Duan et al 2023, Ren et al 2024).
Thewind stress curl (WSC), calculated asWSC= ∂τy /∂x - ∂τx /∂y, where τx and τy are zonal andmeridional
wind stress, respectively, represents the forcing effect by surfacewinds on the upper ocean (Qiu and Lukas 1996).

Figure 2.Temperature anomalies of heaving and spicing. (a), (d), Total temperature anomalies averaged over the onshore (a) and
offshore (d) boxes. (b)–(f), Temperature anomalies averaged over the onshore (b), (c) and offshore (e), (f) boxes in the heaving (b), (e)
and spicing (c), (f), where the black contours denote the climatological isopycnal surfaces of 23.0–27.0 kgm−3 with a 0.5 kgm−3

interval. Here, anomalies are calculated relative to the 1970–2020 baseline.
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In climatology, the subtropical North Pacific is controlled by basin-wide anticyclonic winds, characterized by
negativeWSCs (figure S1a). During 1970–2020, there are trends of anticyclonic winds and negativeWSCs in the
northeast subtropical Pacific of 170°–120°W (figure S1b). NegativeWSCs can cause upper-layer convergence of
warmwater in theNorthernHemisphere, which is conducive to thewarming of the upper ocean.However, in
the central subtropical North Pacific of 150°E–170°W, there are trends of positiveWSCs that can cause upper
ocean cooling.

To better understand the response of the upper ocean to surfacewind changes, we produce time-
longitudinal plots of the 0–350m average temperature anomalies andWSC anomalies in the 25°–30°Nband
where the ECSKuroshio is located (figure 4). Thewarming near thewestern boundary, especially the abrupt
warming in themid-1990s, can be tracked to regions east of 170°W (figure 4(a)). The negativeWSC trends
between 170°–120°Wseen infigure S1b likely stem from the positiveWSC anomalies of 1977–1997 and the
negativeWSC anomalies of 1998–2014 (figure 4(b)). These changes arise from the shift of PDO from the positive
to negative phase during 1997–1998 (figure 4(c)). After 1997, negativeWSC anomalies drovewestward-
propagating downwelling Rossbywaves, resulting in upper-layer warming in the central andwestern Pacific
(figure 4(a)). In fact, thewarming signatures diminish as approaching thewestern boundary, owing to the
damping effect of local positiveWSC anomalies. Despite this, downwelling Rossbywaves ultimately enhanced
the upper-layer warming of the ECSKuroshio. In contrast, the eastern basin between 170°–120°Wexperienced
cooling, caused by upwelling Rossbywaves originating frompositiveWSC anomalies near the eastern boundary.

This analysis presented above points to the essence of wind-driven oceanic processes in thewarming. To
confirm this, we conducted experiments using LICOM (section 2.3). The simulated upper-layer temperature
changes inCTR are consistent with IAP data in the time-longitude plot (figure S2a). Changes in sea surface
height (SSH) (figure S2b) resemble those in ocean temperature in spatial and temporal characteristics, showing
westward propagating anomalies that conform to behaviors of baroclinic long Rossbywaves. Some anomalies do
not show evident westward propagating characteristics or are not continuous, suggesting that local wind forcing
in thewestern Pacificmay also play a role in causing the observed changes. Further, SSH anomalies in theWND
experiment, driven only by surface wind changes (figure S2c), are highly consistent with those inCTR.

LICOMCTR agrees with observation (IAP) in representing temperature changes in the upper 350m
induced by heaving (figure 5(a) andfigure S3). CTRbroadly captures the observedwarming features north of

Figure 3.Time series of temperature anomalies of 1970–2020 averaged in: (a) the onshore box (0–300m), (b) the offshore box
(0–300m), and (c) the offshore box (300–800m).
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Figure 4.Time-longitude plots of (a) the average temperature anomaly (°C) of the upper 350mand (b)wind stress curl (WSC)
anomaly (10−8Nm−3) along the 25°N–30°Nband. Both (a) and (b) are low-passed filteredwith a 6-yearHanningwindow. (c)The
monthly (bars) and 6-year low-passed (black dashed line)PDO index, are derived fromERSST. The red line represents the average
WSC, in the region of 155°W–135°W, 25°N–30°N,with a 6-year low-pass filter applied. Both the PDO index andWSC are
normalized.

Figure 5.The 0–350m temperature change of 1970–2020 in heaving, derived fromCTR (a), HTFL (b),WMD (c) andPRCP
(d) simulations of LICOM. Stippling indicates significant changes at the 90% confidence level. The area-average change is calculated
for the subtropical NWPO region of 130°E–155°E, 25°N–32°N (black rectangle).
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25°Nandwest of 180° in theNorth Pacific.Most of thewarming signatures across the subtropical North Pacific
are significant at the 90% confidence level. However, CTR fails to reproduce the cooling signals in theKuroshio
Extension region east of Japan, likely owing to its coarse resolution. Similarly, it is difficult to accurately capture
the complex topography and flow structure of the ECSKuroshio. Temperature changes in the ECSKuroshio are
consistent with, and physically linked to, large-scale changes of the subtropical northwestern PacificOcean
(NWPO, 130°E-155°E, 25°N-32°N), since changes in this region converge into theKuroshio through the gyre.
Therefore, the following analysis using LICOMexperiments will focus on theNWPO region, rather than the
ECSKuroshio, to achieve insights into the large-scale oceanic processes that potentially contribute to the
warming structure of the ECSKuroshio.

To separately evaluate the contributions of winds, heatflux, and freshwater flux to upper-layer warming, we
analyzed the upper 350m temperature changes of heaving from the LICOMsingle-forcing experiments
(figure 5). The results suggest that the prevailing upper-layer warming in theNWPO (figure 5(a)) is jointly driven
by surface heating andwind forcing (figures 5(b) and (c)), and in comparison, changes in precipitation rate have
amuch smaller contribution (figure 5(d)). TheHTFL experiment suggests that surface heatflux causes
widespreadwarming across theNorth Pacific, with significantly stronger warming in the subtropical region
(15°–35°N) than the tropical region south of 15°N (figure 5(b)). This warming pattern shaped by surface heat
uptake is consistent with the heat storage under anthropogenic greenhousewarming projected by climate
models (Cheng et al 2022, Duan et al 2023). Yet, this pattern is insufficient to explain the strongwarming in
observation orCTR. TheWNDexperiment shows that changes in surfacewinds led to a redistribution of warm
water across theNorth Pacific. One of the regions of warmwater convergence is located between 25°Nand 32°N
in thewestern Pacific, aligningwith the latitude bandwhere a negative wind stress curl (WSC) trend appears
(figures 4 and S1). A similar pattern is observed between 10°Nand 15°N,where a negativeWSC trend is also
present in the east. Changes in precipitation affect ocean temperaturesmainly by altering the ocean stratification
(figure not shown) and therebymodulating heat uptake (Liu et al 2021). In theNPWOregion, contributions of
WND,HTFL, and PRCP to the total warming inCTR are 34%, 49%, and 11%, respectively. The contribution
percentages are calculated by the ratio of the temperature changes in theNPWOregion for theHTFL, PRCP, and
WNDexperiments, respectively, to that of theCTR experiment. These results based on LICOMexperiments
confirm the essential role of surfacewind changes (partly arising fromPDOphase shifts), in addition to surface
heating, in causing the upper-layer warming of theNWPO through driving convergence of warmwater.

3.3. Processes associatedwith spicing
In this subsection, we explore processes underlying the subsurface cooling trend that occurs as the spicing. In the
NPTW layer of 23.5–24.5 kgm−3 (Li et al 2012b), both IAP andCTR showweaker warming trends in theNWPO
(figures 6(a) and (b)). These trends reflect thewarming and salinity increase (figures S4a and S4b) of theNPTW
in this region. CTR captures the spatial pattern of density-compensated temperature and salinity changes of the
NPTW,whichmanifests as spicing in the ECSKuroshio region. Along isopycnal surfaces of 26.0–26.7 kgm−3,
there are significant cooling trends overmost parts of the subtropical North Pacific basin, primarily occurring
between 400 and 600m (figure 6(c)). These trendsmainly reflect the cooling and freshening (figure S4c) trends
of theNPIW (Wong et al 1999,Durack andWijffels 2010) that is originated from the subpolarNorth Pacific.
Temperature and salinity changes in the 26.0–26.7 kgm−3 layer generally alignwith observations (figures 6(d)
and S4d), although slightly stronger warming is simulated in the eastern Pacific (figure 6(d)). The cooling in the
26.0–26.7 kgm−3 layer enters the ECSKuroshio via themean circulation as passive tracers, as seen in
observation (figures 1 and 2). The consistency between IAP andCTR lends us the confidence to use LICOM
single-forcing experiments to seek candidate drivers for subsurface cooling.

We further examine changes in the PRCP,WND, andHTFL experiments of LICOM. In theNPTW layer of
23.5–24.5 kgm−3, warming near the ECSKuroshio is only seen inHTFL (figures 7(a)–(e). This highlights the
dominance of surface heating in causing thewarming of theNPTW in thewestern Pacific. By contrast, both
WNDandPRCPproduce cooling trends in theNWPOregion.Here, we need to remember that changes of
spicing aremuchweaker than that of heaving in this layer and are subjected to substantial noises from
interannual variability (figure 2). Therefore, specific processes throughwhich heatfluxes, winds, and rainfall
cause changes in the 23.5–24.5 kgm−3 layer is not discussed here.

We then focus on the 26.0–26.7 kgm−3 isopycnal layer inwhich the subsurface cooling occurs. Along-
isopycnal cooling trends are all seen in PRCP,WND, andHTFL (figures 7(b)–(f)). A quantitative comparison of
these experiments suggests that precipitation change explains 75%of the cooling in theNWPO inCTR. This is
in linewith existing studies that stressed freshwater fluxes in causing the freshening of theNPIW (Wong et al
1999,Durack andWijffels 2010,Nan et al 2015). Increased precipitation first caused a salinity decrease in
outcrop zones in the northwestern subpolar Pacific (figures 7(b) and S5, Lu et al 2024). Then, these changes
spread as density-compensated cooling and freshening signals along the isopycnal surfaces within theNorth
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Pacific circulation gyres. This process contributes to subsurface cooling in the ECSKuroshio. Based on various
observational data, Nan et al (2015) showed that the freshening trend in theNPIWcan spread into theKuroshio
through themean circulation gyre. In comparisonwith PRCP, the contributions ofWNDandHTFL areminor.
InHTFL, surface heating causes surface warming (figure S5) and density decrease in theNorth Pacific. This leads
to polewardmigration of the outcrop zones ofNPIW in the subpolarNorth Pacific, allowing colder and fresher
water to subduct into theNPIW (Durack andWijffels 2010, Lu et al 2024).

In summary, the temperature change associatedwith spicing reflects large-scale property changes of water
masses in theNorth Pacific, driven by buoyancy fluxes in the source regions of thesewaters andmanifesting as
density-compensated temperature and salinity changes. The subsurface cooling seen in the ECSKuroshio
mainly arises from the cooling and freshening trends of theNPIW, primarily induced by freshwater uptake and
warming-causedmigration of its source region under anthropogenic greenhouse warming.

4. Remarks

During the past decades, the KChas experienced notable warming trends in its waters. ThewarmingKCbrings
stress and challenges to ecosystems of the ECS and other surrounding regions. Our study, based on historical
hydrographic observation data and oceanmodel experiments, explores the long-term variation of ECSKuroshio
surface temperature in the ECS from1970 to 2020, revealing the vertical structure of the ECSKuroshio and its
formationmechanisms.Wefind that the ECSKuroshio has significantly warmed in the upper 350m layer and

Figure 6.Along-isopycnal temperature changes of 1970–2020. Average temperature changes of the 23.5–24.5 kgm−3 (a), (b) and
26.0–26.7 kgm−3 (c), (d) layers, derived from IAP (a), (c) and LICOMCTR (b), (d). Stippling indicates significant differences at the
90% confidence level. Black contours denote the average depth of the layer in climatology.
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slightly cooled in the subsurface layer of 350–800m. Through a diagnosis of heaving and spicing and sensitivity
experiments with oceanmodels, wefind differentmechanisms governing the upper-layer warming and
subsurface cooling. Specifically, the upper-layer warming of theKC is caused by both surfacewind changes
associatedwith phase shift of the PacificDecadalOscillation (PDO) and surface heating by air-sea heat fluxes.
Alternatively, the subsurface cooling, as amanifestation of property changes of theNorth Pacific Intermediate
Water (NPIW), ismainly dictated by buoyancy fluxes in the subpolar northwestern Pacific. This studyfills a
knowledge gap in understanding thewarming structure of the ECSKuroshio. By linking regional thermal
changes in the ECS to large-scale oceanic dynamics and climate changes, these results provide new insights into
the response of western boundary currents and continental shelves to anthropogenic climate change.

By revealing thewarming structure of theKC and confirming the enhancement of thermal stratification, our
work also provides useful implications for understanding biogeochemical and ecosystem changes in the ECS.
Studies based on in situ observations (Zhang et al 2017), numericalmodels (Zhou et al 2015), and
biogeochemical tracers (Pei et al 2017) suggested that theKuroshiowater invade the ECS shelf across the central
ECS continental slope in various years. Changes in thermocline and intermediate waters of the KCmay
influence the bottomwater on the ECS-YS shelf through heat andmaterial exchanges, perturbing the heat
budget and biogeochemical cycles of the shelf (Liu et al 2021), which is the focus of our on-going research. Also,
future effort should be devoted to investigate changes in variouswatermasses of theNorth Pacific, the drivers,
and their environmental impacts on themarginal seas surrounding theKC.

Figure 7.Along-isopycnal temperature changes of 1970–2020 in the 23.5–24.5 kgm−3 (a), (c,) (e) and 26.0–26.7 kgm−3 (b), (d), (f)
layers, derived fromPRCP (a), (b),WND (c), (d), HTFL (e), (f) simulations of LICOM in spicing. Dots remark the late-winter (March)
outcropping regions of the layer.
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