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Abstract The East China Sea Kuroshio (ECS-Kuroshio) and the Ryukyu Current are the major poleward
heat carriers in the North Pacific. Anomalous changes of ECS-Kuroshio and Ryukyu Current could exert
substantial influence on the climate in mid-latitude regions. However, owing to limited observations and coarse
resolution of climate models, how they might change under anthropogenic warming remains unknown. Here,
we find an accelerating ECS-Kuroshio (1.5 Sv) and a decelerating (—2.2 Sv) Ryukyu Current using in-situ
observation during 1958-2022, equivalent to 7% strengthening and 20% weakening in the 65 years. The trend is
also simulated by four high-resolution climate models, with multi-model ensemble-mean acceleration
(deceleration) of the ECS-Kuroshio (Ryukyu Current) of 1.2 + 0.6 Sv (—=6.2 £ 2.5 Sv) over 1950-2050. The
weakening subtropical wind field reduces their summed transport o. Enhanced stratification, which induces
uplift of current system and weaker topography-flow interaction, leads to the intensifying ECS-Kuroshio and
disappearing Ryukyu Current.

Plain Language Summary The East China Sea Kuroshio (ECS-Kuroshio) and the Ryukyu Current
are the major components of western boundary current (WBC) system in the North Pacific. They transport large
amount of heat poleward, maintaining the mid-latitude region warm and habitable. In this study, we find that in
both observation and high-resolution numerical models, the ECS-Kuroshio is intensifying and the Ryukyu
Current is rapidly declining. Particularly, in climate models, the Ryukyu Current is predicted to experience a
45% weakening during 1950-2050. Weakening wind field in the North Pacific tends to reduce the total transport
of WBC system. The rapid weakening of the Ryukyu Current is credit to the enhanced stratification under global
warming, which induces uplift of the Kuroshio east of Taiwan. Hence, less water will be blocked by bottom
topography (Ilan Ridge) and bifurcates into the Ryukyu Current. Our finding highlights the needs for
comprehensive studies on the local and climate effects of the evolution of the WBC system in the North Pacific.

1. Introduction

The Kuroshio stands as the primary ocean current along the western boundary of the North Pacific Ocean,
facilitating the efficient exchange of mass and energy between tropical and mid-latitude regions (D. Hu
et al., 2015; Imawaki et al., 2013; Qiu et al., 1991; F. Wang et al., 2023). Northeast of Taiwan, the Kuroshio
Current interacts with the Ilan Ridge (24.5°N, 122°-124°E; averaging a depth of 600 m) and bifurcates into two
branches (Thoppil et al., 2016; M. Wang et al., 2019; Figure 1a). The major branch flows over the Ilan Ridge into
the East China Sea (ECS) and forms the ECS-Kuroshio. It meanders along the continental slopes of the ECS with
a volume transport of around 24 Sv (1 Sv = 10° m/s; Andres, Wimbush, et al., 2008; Liu et al., 2021). The other
branch, the subsurface Ryukyu Current, travels along the eastern coast of the Ryukyu Islands with a transport
ranging from 10 to 16 Sv (Ichikawa et al., 2004; You & Yoon, 2004; Zhao et al., 2020) and eventually merges
with the ECS-Kuroshio at the Tokara Strait.

The anomalous changes in the ECS-Kuroshio and Ryukyu Current system (KRS) have a significant impact on
mid-latitude regions. The intensification of the KRS enhances poleward heat transport (J. Cai et al., 2023; Omrani
et al., 2019) and contributes to warming in the Kuroshio Extension region (Wu et al., 2012). The anomalously
high sea surface temperature (SST) may increase the likelihood of marine heatwave formation (Holbrook
et al., 2019), hinder the oceans' capacity to absorb anthropogenic carbon dioxide from the atmosphere (Bauer
et al., 2013; W. J. Cai et al., 2006; DeVries, 2022), and promote the generation of more vigorous atmospheric
storms (Hoskins & Valdes, 1990; Seo et al., 2023). Conversely, a weakening KRS could result in reduced heat
transport, potentially alleviating downstream heat accumulation and reduce the risk of associated disasters.
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Figure 1. Observed intensifying ECS-Kuroshio and rapid-weakening Ryukyu Current. (a) Topography of East China Sea and Ryukyu Island Chain. Solid lines with red
dots denote the locations of sections. (b) Transport in the upper-2,000 m across PN (red dots) and RN (blue dots) sections. Thick red (blue) line denotes linear fit of
transport, while corresponding shading shows the 95% predict interval. Both trends are significant at 95% confidence level by Student's #-test. (c) Linear trend of
geostrophic velocity (m/s/century) across PN and RN sections during 1958-2022. Positive (negative) values indicate acceleration (deceleration) of the current. The
black dots represent the trends that are significant above the 95% confidence level by Student's #-test. The solid black contours are the time-mean geostrophic velocity.

In response to a warming climate, the western boundary current (WBC) system in the North Pacific has been
observed to shift poleward (Yang et al., 2020), resulting in enhanced warming in the extension region (Wu
et al., 2012). However, the debate continues regarding how the intensity of ECS-Kuroshio and the Ryukyu
Current might change (J. Cai et al., 2023; Chen et al., 2019; Liu et al., 2021; Sen Gupta et al., 2021; Toda &
Watanabe, 2020; Y. L. Wang & Wu, 2018; Wei et al., 2013; Wu et al., 2012; Yang et al., 2016). Existing ob-
servations on KRS mainly focused on ECS-Kuroshio (Andres, Wimbush, et al., 2008; Liu et al., 2021), while
observations of the Ryukyu Current are still limited because of its subsurface feature. This has led to a gap
between changes in WBC transport and the evolution of the wind field in the North Pacific over recent decades
(Liu et al., 2022; Y. Zhang et al., 2020). Suffering from the coarse resolution, climate models also cannot fully
reproduce the features of KRS (J. Cai et al., 2023; Sen Gupta et al., 2021). Consequently, understanding how the
characteristics of the KRS might change, which is crucial for comprehending alterations in adjacent marginal
seas/coastal areas and downstream mid-latitude regions, remains unknown. Here we show a weakening KRS with
intensifying ECS-Kuroshio and rapid-weakening Ryukyu Current in observations, which is projected to persist in
the future based on available high-resolution climate models.

2. Data and Methods
2.1. Data

To the northeast of Taiwan, the Kuroshio Current interacts with the Ilan Ridge and bifurcates into ECS-Kuroshio
and Ryukyu Current (Figure la). To consolidate the evolution of these two currents, we initially utilize
geostrophic velocity derived from the shipboard observations provided by Japan Meteorological Agency (JMA;
Text S1 in Supporting Information S1). The product offers over 4 x 10° points of ocean temperature and salinity
on isobaric surface with in 25°-30°N,125°—130°E, covering PN (straight line connecting 29°N, 126°E and 27°N,
128.5°E) and RN (straight line connecting 26.8°N, 128.3°E and 26.2°N, 129.2°E) sections (Figure 1a).
Commencing from 1958 and continuing to 2022, the data provide a valuable opportunity to study the long-term
trend of KRS.

Apart from observational data, we also explore the velocity trends of the KRS from 1950 to 2050 using four
available high-resolution climate models (HR models; see Table S1; refer to Text S2 in Supporting Informa-
tion S1). These models boast a spatial resolution of 0.1°, enabling them to incorporate complex topography and
accurately simulate the narrow WBC. Among the four HR models, three are obtained from the High-Resolution
Model Intercomparison Project (HighResMIP; Haarsma et al., 2016), which are run under historical forcing from
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1950 to 2014 and socioeconomic pathway 585 (SSP585) forcing from 2015 to 2050. Additionally, a high-
resolution simulation based on the Community Earth System Model version 1.3 by the International Labora-
tory for High-Resolution Earth System Prediction (CESM-iHESP; Chang et al., 2020) is utilized, which uses
historical forcing from 1950 to 2005 and representative concentration pathway 8.5 (RCP8.5) forcing from 2006 to
2050. In addition, we also performed model validation on these high-resolution models and found they reasonably
simulates the intensity of ECS-Kuroshio, the Ryukyu Current as well as mesoscale activities. Please refer to Text
S3 in Supporting Information S1 for more information.

2.2. Methods

To estimate geostrophic velocity, the in-situ temperature and salinity is first converted into potential density using
seawater package. Then the upper-2,000 m PN section is gridded in the along-section and vertical directions with
a horizontal (vertical) resolution of 14 km (20 m), respectively. Similarly, the resolution of grid for RN section is
12 km (20 m) in horizontal (vertical) direction. To ensure that each point on the spatial grids has enough ob-
servations, we divide the period of 1958-2022 into 13 periods. Thus, the temporal resolution of observation data
is set to be 5 years. The potential density at each point of PN (RN) section is calculated as the average of all
observations on the same depth level and period with horizontal distance to grid less than 14 km (12 km). Finally,
thermal wind relation is applied to potential density to obtain the vertical gradient of horizontal geostrophic
velocity. For more details of the data processing, please refer to Text S1 and Figure S1 in Supporting
Information S1.

3. Enhanced ECS-Kuroshio and Disappearing Ryukyu Current Under Global
Warming

Over the past 65 years, the transports of ECS-Kuroshio and the Ryukyu Current depict opposite trends. The ECS-
Kuroshio transport across PN section increases from 22 Sv (1958-1962) to 23.5 Sv (2018-2022), indicating a 7%
intensification. In contrast, the Ryukyu Current across RN section weakens by 20% with a linearly fitted reduction
of 2.2 Sv over the past 65 years (Figure 1b), resulting in a 0.7-Sv-shrinking of KRS transport. The acceleration of
the ECS-Kuroshio and deceleration of the Ryukyu Current are also evident in the vertical structure (Figure 1c).
The Ryukyu Current exhibits deceleration from surface to 1,500 m, with a subsurface minimum value of
—0.04 m/s/century near the core (300-400 m). In comparison, the ECS-Kuroshio shows an intensifying and uplift
trend, with positive velocity trends (maximum reaches 0.07 m/s/century) on the surface and negative velocity
trends (maximum reaches —0.03 m/s/century) below 400 m. Next, we will show that such trends are also robust in
a century-long timescale in HR models.

Before using the HR models to explore the trends and the underlying mechanisms of the KRS, it is necessary to
validate the robustness of the models. Further investigation shows that the HR models largely reproduces the
observed KRS characteristics, including the ECS-Kuroshio with transport of 25 Sv across PN section and the
12 Sv Ryukyu Current with core locating at 500 m across RN section (Figures 2a and 2c), consisting well with
observations and reanalysis data (Table S2 in Supporting Information S1). In addition to PN and RN, two
additional sections, PCM1 and RCM1, are also involved to describe the upstream KRS (Johns et al., 2001; Zhao
et al., 2020; location of the sections are shown in Figure 1a). It is found that the ECS-Kuroshio exhibits a 21 Sv
transport across PCM1 section and the Ryukyu Current displays a 6 Sv transport across RCM1 section, both are
consistent with observation/reanalysis values. Furthermore, the depth of the Ryukyu Current is roughly 500 m
across both RCM1 and RN sections in the HR models, demonstrating similar values to observations and per-
forming better than the reanalysis data. Moreover, we have also evaluated the models with horizontal resolutions
ranging 0.25°-1° in simulating KRS but found their failure in capturing the main current characteristics (Table S3
and Figure S2 in Supporting Information S1). Therefore, only HR models with horizontal resolutions of 0.1° are
used in this study.

We compute the linear trend of velocity and transport across four sections (Figures 2a—2d; locations of PN, RN,
PCM1 and RCM1 are shown in Figure 1a) in HR model simulations over the period of 1950-2050. The trends
show weakening of Ryukyu Current and strengthening of ECS-Kuroshio in both the upstream and downstream
(Figures 2a—2d). Although the strength may vary with models, the projected intensification of ECS-Kuroshio and
decelerating Ryukyu Current are simulated in all models (Figures 2e and 2f). The magnitude of transport trends
varies with locations. The changing rates of ECS-Kuroshio transport are 0.6 + 0.5 Sv/century (0.6 denotes four-
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Figure 2. Simulated trend of ECS-Kuroshio and Ryukyu Current under global warming. (a) Timeseries of volume transport in upper 2,000 m across PN (red dots) and
RN (blue dots) sections. Thick red (blue) line denotes linear fit of PN (RN) transport, while corresponding shading shows the 95% predict interval. Both trends are
significant at 95% confidence level by Student's #-test. (c) Linear trend of velocity (m/s/century) across PN and RN sections during 1950-2050 in high resolution
models. The black dots represent the trends that are statistically significant above the 95% confidence level by Student's z-test. The solid black contours are the time-
mean velocity. (e) Volume transport trend of PN (red bars) and RN (blue bars) in individual models, corresponding error-bars display 95% confidence level by Student's
t-test. Dashed lines and error-bars denote the ensemble mean trend at PN (red) and RN (blue) section and associated model spread defined as standard deviation. Panels
(b, d, and f) are similar with panels (a, ¢, and e) but for PCM1 and RCM1.

model ensemble mean and £0.5 indicate inter-model spread) at PCM1 and 1.2 £ 0.6 Sv/century at PN, while the
weakening rate of Ryukyu Current reaches —2.6 + 0.3 Sv/century at RCM1 and —6.2 + 2.5 Sv/century at RN. In
both 24° and 28°N, KRS depicts a weakening trend which is dominated by the reduction of Ryukyu Current.
Particularly, the Ryukyu Current is projected to be weakened by 34% at RCM1 and 45% at RN section till the
middle of this century. Moreover, the changing rate of transports along 28°N is 2.5 times larger than that along
24°N. For the vertical structure, the uplift of ECS-Kuroshio and shrinking of Ryukyu Current between 0 and
1,500 m in observation (Figure 1c) are also revealed in model simulations (Figure 2c). The ECS-Kuroshio depicts
a surface intensification in both PN and PCM1, while the Ryukyu Current decelerates from surface to bottom,
with a max weakening rate near the current core.

4. Weaker Surface Wind and Enhanced Stratification in the North Pacific

Based on both observations and HR models, a scenario of a disappearing Ryukyu Current, which predominantly
influences the transport change of the KRS, alongside an intensifying and uplifting ECS-Kuroshio, is suggested
under global warming. Two potential processes that may drive the changes are subtropical wind field (Sen Gupta
et al., 2021; Stommel, 1948; Sverdrup, 1947) and oceanic stratification (Pedlosky, 2013; Peng et al., 2022). The
former directly affects the total volume transport of WBCs whereas the latter shapes their vertical structure. For
instance, major WBCs' transport is associated with corresponding trends of basin-scale wind stress curl (J. Cai
et al., 2023; Sen Gupta et al., 2021). Additionally, the enhanced vertical stratification intensifies the upper
subtropical gyre, leading to a strengthening of WBCs in a warming climate (S. Hu et al., 2020; Peng et al., 2022).
To explore the role of wind and stratification under global warming, we proceed to assess their changes in the
climate models.
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According to the wind-driven circulation theory, the energetic WBC is generated to dissipate the negative
vorticity inserted by negative wind stress curl over subtropical ocean (Figure 3a; Pedlosky, 2013; Stommel, 1948;
Sverdrup, 1947). In response to a warming climate, subtropical trade winds and westerlies are suggested to be
weakened (Lu et al., 2007; Y. L. Wang & Wu, 2018; Y. Zhang et al., 2020), resulting from the decreasing
meridional temperature gradient ascribed to the amplified Arctic warming (He et al., 2015; Xia et al., 2020).
Therefore, the negative wind stress curl over the North Pacific depicts a positive trend under anthropogenic
warming (Figure 3b; Text S4 in Supporting Information S1; Li et al., 2019; X. Zhang et al., 2014). Quantitatively,
the strength of the zonal mean wind stress curl in 24°N (28°N) decreases by 7% (12%) from that of the climatology
mean.

The vertical extent of ocean circulation system is regulated by ocean stratification (Guo et al., 2022), primarily
determined by ocean temperature and salinity (Figures 3c—3e). Under global warming, the SST in North Pacific
Ocean experiences a significant warming (X. M. Hu et al., 2021). In particular, the mean SST near the Ryukyu
Island (23°N-33°N, 120°E—133°E) is suggested to increase by 2°C under climate change (Figure 3c). This
temperature increase is restrained in the upper ocean and exhibits a decline with increasing depth, resulting in a
stronger stratification of the ocean (Figure 3e; Capotondi et al., 2012). In addition to temperature, the subtropical
North Pacific also experiences a basin-wide freshening with —0.05 psu/century due to increased precipitation
(Sathyanarayanan et al., 2021) An enhanced freshening is observed in the vicinity of surface ECS with —0.2 psu/
century (Figure 3d). However, this change in salinity has a secondary impact on oceanic stratification (Figure 3e).
The spatial and vertical mean oceanic stratification near the Ryukyu Island (23°-33°N, 120°-133°E) is dominated
by temperature changes and is projected to increase by 0.2 X 107° s in upper 500 m, indicating a 17.2%
intensification compared to the climatology mean. Affected by the stratification change, a more surface-
intensified circulation is expected (Peng et al., 2022; Yamaguchi & Suga, 2019).

5. Response of KRS to Wind and Stratification Changes

According to Sverdrup theory, the volume transport of KRS is regulated by wind stress curl at the same latitude.
Quantitatively, the strength of wind stress curl across 24°N decreases by 7% during 1950-2050, corresponding
well with the —1.9 Sv change of volume transport of the KRS at the same latitude (Figure 4b). At 28°N, wind
stress depicts a larger weakening rate of 12% (equal to a 4.8 Sv shrinking of current transport), which is also
reflected on the more rapid volume transport decrease (—5.0 Sv; Figure 4a). As such, the total transport of KRS is
regulated by weakening subtropical wind stress and is predicted to be continue in the near future. However, the
opposite trends of the ECS-Kuroshio and Ryukyu Current cannot be explained simply by change of wind field.

A stronger stratification traps more energy in the upper ocean (Sun et al., 2013) inducing an up-lifted core of
circulation system (Peng et al., 2022; Yamaguchi & Suga, 2019). In HR models, ECS-Kuroshio across PN
(PCM1) section depicts a 0.02 (0.03) m/s/century intensifying rate at surface and a —0.01 (—0.01) m/s/century
subsurface weakening rate (Figures 4c and 4d, red line). Despite the Ryukyu Current is projected to weaken from
bottom to surface (Figures 4c and 4d, blue line), it is notable that the surface weakening rate is smaller than that
around 500 m depth, which also indicates a moderate velocity center uplift. In addition to trapping energy in the
upper layer directly, the stratification could also affect the flow-topography interaction in the Ilan Ridge, which is
important in the generation of Ryukyu Current (Thoppil et al., 2016; M. Wang et al., 2019). A shallower Kuroshio
east of Taiwan Island could decouple with bottom topography and less volume transport will be distributed into
Ryukyu Current. Dynamically, the intensity of topography-flow interaction can be inferred by the bottom vertical
velocity, which exhibits a dipole pattern across Ilan Ridge (Figure 4e; Text S5 in Supporting Information S1). The
positive bottom vertical velocity indicates an up-hill movement, which compresses water column vertically and
forms a clockwise bottom pressure torque, enabling the poleward current to turn east and originate the Ryukyu
Current (Thoppil et al., 2016; M. Wang et al., 2019). Under global warming, the upward vertical velocity keeps
weakening. Its trend depicts an opposite pattern compared to the climatology mean, indicating a weaker flow-
topography interaction (Figure 4f). Correspondingly, the bottom horizontal velocity also depicts a weakening
pattern, suggesting the Ryukyu Current is weakened from its origination point. In consequence, the Kuroshio
tends to overlaps the Ilan Ridge rather than turns eastward, leading to the decline of the Ryukyu Current (Figure
S5 in Supporting Information S1 and Figure 4f arrows).

To address the relation between “uplifting of Kuroshio” and the vertical structure of ECS-Kuroshio and Ryukyu
Current, we add a section connecting 121.5°E, 23.3°N and 123.2°E, 22.8°N to describe the Kuroshio before
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Figure 3. Changes in surface wind and stratification under global warming. (a and b) Time-mean wind stress curl during the historical period (a) and its change under
global warming (b) in the North Pacific, based on the ensemble mean of 4 climate models. The black dots in b represent the values that are statistically significant above
the 95% confidence level. (c and d) Changes of temperature and salinity during 1950-2050. (e) Black line and shading shows the change and 95% confidence interval of
square of buoyancy frequency (N%). Blue and red lines (shadings) are N* change induced by salinity and temperature.
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Figure 4. Model predicted KRS changes and bottom vertical velocity under global warming. (a) Changes in Sverdrup transport at 28°N (orange dots) and transport
(above 2,000 m) across PN and RN sections (green dots), corresponding thick lines and shadings denote the linear fit value and the 95% predict interval. (b) Same as a
but for PCM1 and RCM1 sections. (¢) Red, blue and green lines indicate averaged velocity trend (m/s/century) at RN, PN sections and RN, PN as a whole.
Corresponding shadings represent the 95% confidence intervals by Students' #-test. (d) Same as ¢ but for RCM1 and PCM1 sections. (e) Climatology bottom vertical
velocity (m/s; shading), thin dashed lines denote the bottom topography, while the arrows denote the bottom horizontal velocity. (f) Model simulated trend of bottom
vertical velocity (m/s/century). The black dots in f represent the values that are significant above the 95% confidence level. The arrows denote the bottom horizontal
velocity trend.

YANG ET AL. 7 of 10

85UB01 7 SUOLILLIOD BAI810 8|qedl|dde auy Aq pausenob ae sejole YO ‘88N JO Sa|n. 1oy A%eiq1T 8Ul|UO AB]1M UO (SUOIPUOD-PUE-SWR)ALID A8 |IM"AseIq 1[Bu [U0//StY) SUORIPUOD pue swiie | 8Ly 88S *[202/90/8T] U0 A%eiqiauliuo A8|IM eulyD JO A1SRRAIUN Uesd0 AQ ¥¥690T TOEZ02/620T OT/I0p/L0d A8 | imAReiqipuljuo'sgndnBey/sdiy wouy pspeojumoa ‘2T 20z ‘L008776T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL106944

reaching the Ilan ridge. The stratification change (Figures S6a—S6c in Supporting Information S1) depicts large
resemblance with that shown in Figures 3c—3e, indicating an enhanced stratification across the section. Moreover,
we define the depth above which 80% of the total volume transport is achieved as the depth of Kuroshio. During
1950-2050, the depth of Kuroshio has a climatology value of 402 m and depicts a negative trend, decreasing from
450 to 350 m during the century, indicating the uplift of the Kuroshio happens east of Taiwan Island in HR
models. Furthermore, the decreased depth consists well with the vertical structure in the trend of Ryukyu Current,
whose weakening center locates between 300 and 600 m depth. Besides, Kuroshio depth is positively related to
RN flux with a correlation coefficient of 0.64 (P-value <0.01; Figure S6d in Supporting Information S1), sug-
gesting the uplift of Kuroshio favors a reduced Ryukyu Current. We also find the Kuroshio depth is negatively
related to the PN volume transport with a correlation coefficient of —0.60 (P-value <0.01; Figure S6e in Sup-
porting Information S1), further validating the uplifted Kuroshio is the main reason for the unbalanced distri-
bution between Ryukyu Current and ECS-Kuroshio.

To further substantiate the importance of stratification and associated flow-topography interaction in affecting the
origination and evolution of Ryukyu Current under global warming, two sets of idealized high-resolution ex-
periments are designed based on the Massachusetts Institute of Technology general circulation model (MITgcm;
Marshall et al., 1997; Text S6 in Supporting Information S1). The first set includes CTRL run and NOILAN run,
both of them are forced with stratification before warming (temperature and salinity in climate models during
1950-1970; Figure S7a in Supporting Information S1). The topography in CTRL run is based on the reality in
western Pacific with idealized Ryukyu Islands and Ilan Range (Figure S8a in Supporting Information S1), while
the Ilan Range in NOILAN run is removed (Figure S8b in Supporting Information S1). In the second set of
experiments (CTRL_WARMING run and NOILAN_WARMING run), model configurations are exactly same
with CTRL run and NOILAN run, except for stratification is switched to the basin-wide averaged model
simulated temperature and salinity during 2030-2050 (Figure S7b in Supporting Information S1), representing
the scenario after warming. As such, we can estimate the role of enhanced stratification and associated flow-
topography interaction in regulating the currents. In CTRL run (Figure S8c in Supporting Information S1), the
ECS-Kuroshio flows along the continental slope with a maximum around 1.0 m/s, and the Ryukyu Current has a
subsurface core with a maximum speed less than 0.2 m/s, in accord with in-situ observations (Imawaki
et al., 2013). In the NOILAN run, the Ryukyu Current is weaker (Figure S8d in Supporting Information S1),
suggesting that flow-topography interaction is important in the generation of Ryukyu Current. When the global
warming signal associated with temperature change is added (Figures S8e and S8f in Supporting Information S1),
the ECS-Kuroshio depicts a surface intensification in both CTRL_WARMING and NOILAN_WARMING run.
The Ryukyu Current in CTRL_WARMING weakens by around 25% and is larger than that in NOI-
LAN_WARMING (about 10%), indicating that the weaker flow-topography interaction enhances the unbalanced
transport distribution between ECS-Kuroshio and Ryukyu Current.

This study emphasizes the impact of flow-topography interaction on the evolution of the Ryukyu Current under
global warming. In addition, previous studies also suggest other mechanisms, including anticyclonic mesoscale
variabilities (Liu et al., 2022; Nagai, 2023) and recirculation (Andres, Park, et al., 2008), in regulating the Ryukyu
Current. However, a reduction of anticyclonic eddy activity between 24° and 26°N is inferred from sea level
height trend (Figure S9 in Supporting Information S1) and an enhanced recirculation (Figure S10 in Supporting
Information S1) during 1950-2050 is found based on high-resolution climate models, indicating they are not the
causes for change of Ryukyu Current in the century-long timescale.

6. Discussion and Implication

Our finding of a weakening KRS with an intensifying ECS-Kuroshio and a disappearing Ryukyu Current under
greenhouse warming is underpinned by weakened wind stress and intensified ocean stratification. The evolution
of wind field leads to the reduction of the total transport of KRS. In comparison, the intensified ocean stratifi-
cation induces uplift of currents and weaker flow-topography interaction, leading to the opposite change of ECS-
Kuroshio and Ryukyu Current. This phenomenon is consistently simulated by all HR climate models, and the
underlying mechanism is confirmed in idealized simulations.

Our discovery carries profound implications. Weakening of the KRS leads to a weaker poleward heat transport
(Figures S11a and S11b; Text S7 in Supporting Information S1), which may mitigate the heat accumulation in the
Kuroshio Extension region (Wu et al., 2012). However, climate models with coarse resolutions predict an
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increasing heat transport (Figures S11c—S11f in Supporting Information S1), leaving large bias in assessing
thermal evolution of downstream Kuroshio and correlated atmospheric evolutions (J. Cai et al., 2023; Yang
et al., 2020). Therefore, our result highlights the needs for a comprehensive validation of the associated impacts
and high-resolution monitoring systems in this region. In addition to the intensification, the ECS-Kuroshio is also
found to experience a shoreward shift in the past decades (Guo et al., 2024). Actually, if we regard the KRS as a
whole, the intensifying ECS-Kuroshio and disappearing Ryukyu Current also indicate a shoreward movement of
this current system. As a result, more water from the tropical region will intrude into the ECS and trigger more
marine heatwaves in the near future (Lee et al., 2023).
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The shipboard observation data used in this study can be acquired from J. Cai (2024). The source code of
MITGCM model is obtained from Jean-Michel et al. (2023). The high-resolution models from HighresMIP are
available from Roberts (2018), Bao and He (2019) and Hurrel et al. (2020). The CESM model source code and
associated instructions are provided by Laoshan Laboratory and can be downloaded from RUO (2020).
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