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ABSTRACT: The projected changes in the Kuroshio and the associated mechanisms in response to future warming sce-
narios remain unclear. While some studies propose a negative midlatitude wind stress curl (WSC) tendency could expedite
Kuroshio recirculation, others suggest that the isopycnal transport of warmer subtropical mode water (STMW) to the east
of the Kuroshio enhances only the velocity in the upper ocean. In the future projections under the shared socioeconomic
pathways 5-8.5 (SSP5-8.5) within phase 6 of Coupled Model Intercomparison Project (CMIP6) model ensemble, a consis-
tent enhancement of the Kuroshio along the Japanese coast (JP-Kuroshio) is observed. Particularly, the response of the
JP-Kuroshio to WSC changes is more pronounced in high-resolution (HR) models than low-resolution (LR) ones. How-
ever, diverse results emerge in the East China Sea (ECS-Kuroshio). While most CMIP6 HR models indicate a reduction of
Kuroshio within the upper 1000 m in the ECS-Kuroshio, the ensemble of CMIP6 LR models shows an intensification of
Kuroshio within the upper 300 m and a deceleration below, suggesting a consistent baroclinic feature in ECS-Kuroshio.
Additional ocean model sensitivity experiments confirm that the WSC influences the Kuroshio throughout the entire water
column, particularly below 300 m. Within the upper 300 m, the primary driver of Kuroshio changes is the surface warming,
aligning with the STMW mechanism. Moreover, the surface salinity flux may also play an important role in the dynamics
of Kuroshio changes.

KEYWORDS: Boundary currents; Eddies; Climate change; Climate prediction; Climate sensitivity; Climate variability

1. Introduction

Kuroshio, the wind-driven western boundary current
(WBC) in the North Pacific, flows northward from the North
Equatorial Current along the east coast of Taiwan. It separates
eastward from Japan around 35°N and forms the Kuroshio Ex-
tension (KET), where strong mesoscale eddy activities exist
(Tseng et al. 2012). The southern recirculation gyre (SRG),
known as the Kuroshio recirculation, located to the south of
the KET between 31° and 35°N, can be enhanced by potential
vorticity (PV) advection or eddy dynamics, as indicated in pre-
vious studies (e.g., Marshall and Nurser 1986; Jayne et al.
1996; Waterman and Jayne 2011) and is closely associated
with the state of the KET (Qiu and Chen 2005, 2010; Wu et al.
2021; Qiu and Chen 2010; Wu et al. 2021). In addition, the
winter cold air outbreaks from the Asian continents may re-
sult in significant surface heat loss from the warm KET re-
gion. This heat loss induces deep mixing through convective
instability, forming a homogeneous and low stratification
water mass known as subtropical mode water (STMW) (Hanawa
and Talley 2001). The STMW is subducted in the SRG’s vicinity
and transported southeast to the southwest along subsurface iso-
pycnals, driven mainly by the subtropical gyre.

The Kuroshio system plays a key role in the ocean ecosys-
tem, weather, and even climate, primarily due to its significant
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heat transport and air—sea interaction (e.g., Small et al. 2008).
Understanding the future changes under global warming scenar-
ios is essential. Both observation and reanalysis of sea surface
temperature (SST) suggested that the Kuroshio has strength-
ened in the twentieth century, and the KET has shifted pole-
ward due to the change of wind stress curl (WSC) (Wu et al.
2012; Yang et al. 2016). Recently, Sasaki and Umeda (2021)
confirmed that the twentieth-century SST warming tendency
in the East China Sea (ECS) was caused by the accelerated
Kuroshio advection. However, it is challenging to identify
whether the trend is a consequence of anthropogenic forcing
or natural variability due to the lack of long-term observation
(e.g., Seager et al. 2001; Qiu and Chen 2010; Wang et al.
2016; Yang et al. 2016). Additionally, the associated velocity
changes among different reanalysis products show large dis-
crepancies (Yang et al. 2016), complicating the analysis of fu-
ture Kuroshio changes.

Furthermore, there is still disagreement regarding the future
changes of Kuroshio and the dominant mechanisms. Some
studies focusing on the Kuroshio southeast of the Japanese
coast (JP-Kuroshio) have proposed the occurrence of a nega-
tive midlatitude WSC tendency, potentially driven by a positive
El Nifio-Southern Oscillation (ENSO) or positive Arctic Oscil-
lation (AO)-related signal. These changes lead to a northward
migration and strengthening of westerlies, resulting in the ac-
celeration and poleward shift of the KET associated with an
enhanced SRG (Sakamoto et al. 2005; Sato et al. 2006; Cheon
et al. 2012; Yang et al. 2016; Sen Gupta et al. 2021). However,
Yamanaka et al. (2021) showed that these changes are insignifi-
cant when analyzing the Kuroshio net transport along 137°E
where the flow begins to turn eastward. The uncertainty pri-
marily comes from the substantial variance among ensemble
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models. Moreover, according to the Sverdrup theory, Zhang
et al. (2017) argued that the acceleration of the JP-Kuroshio is
influenced not only by the WSC but also by the intensified
ocean stratification through the PV conservation. Besides, the
stratification can also enhance the eddy kinetic energy (EKE)
in the downstream KET, which can speed up the SRG. Re-
cently, Peng et al. (2022) also suggested that the strengthened
stratification enhances the entire upper subtropical gyre in their
idealized experiments.

In contrast to the JP-Kuroshio, the future projected
Kuroshio in the ECS (ECS-Kuroshio) may be overall de-
creased due to the positive subtropical WSC change (Cheon
et al. 2012; Sen Gupta et al. 2021). However, studies have in-
dicated that the speed in the upper layer of Kuroshio may be
increased (Chen et al. 2019; Sen Gupta et al. 2021). Chen et al.
(2019) conducted idealized ocean general circulation model
(OGCM) experiments based on phase 5 of Coupled Model
Intercomparison Project representative concentration path-
way 4.5 scenario. They found that the warmer SST influenced
the STMW temperature through vertical mixing, which was
then transported to the east of Kuroshio along isopycnals. This
process enhanced the upper-layer velocity of Kuroshio by baro-
clinicity, suggesting the dominant role of surface warming on
the future Kuroshio change in the ECS. Chen et al. (2019) and
Peng et al. (2022) further confirmed that the warmer SST could
accelerate the upper layer of the Kuroshio while decelerating it
below the thermocline.

In the northwestern Pacific, the presence of two major
eddy-rich regions east of Taiwan and the KET (driven mainly
by strong velocity shear and surface wind) can also affect the
Kuroshio system significantly (e.g., Small et al. 2008; Kida
et al. 2016; Chow et al. 2017; Chang et al. 2018). However,
most OGCMs today cannot fully resolve these mesoscale ed-
dies due to their limited spatial resolution (~1° X 1°). The
lack of mesoscale eddies may potentially relate to the com-
mon northward overshoot bias of Kuroshio separation lati-
tude in these coarse resolution OGCMs compared with
observation (e.g., Hurlburt et al. 1996; Choi et al. 2002; Qiu
et al. 2015; An et al. 2023), not to mention that the large mean-
der state of Kuroshio along the south Japanese coast cannot be
fully resolved where mesoscale eddies occur extensively (Tseng
et al. 2012). Besides, Ma et al. (2016) proposed that, without the
feedback between ocean mesoscale eddies and atmosphere, the
KET mean flow will be less energetic, unstable, and shifted
northward.

Based on reanalysis products and observation, Hu et al.
(2020) suggested that the intensified wind work, attributed to
increased greenhouse gas emission and the Pacific decadal
oscillation, substantially enhanced the kinetic energy (KE)
anomaly within the upper 2000 m of the ocean from 1990 to
2013, particularly in the tropical region. In addition, satellite-
derived sea levels over the last three decades indicated an in-
crease in EKE within the KET alongside a poleward shift but
characterized by an unclear trend, which might be attributed
to the substantial interannual variability and a cancellation ef-
fect (EKE increases and decreases offset within a fixed KET
domain compared with climatology; Martinez-Moreno et al.
2021). The uncertainties among these studies likely stem from
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the data resolution or dynamics of ocean processes at differ-
ent depths. The limited available observation still makes it in-
conclusive to ascertain the impact of global warming on the
Pacific.

While the impact of global warming on the Kuroshio change
under global warming has been extensively studied, a consensus
regarding its change and underlying causes remains elusive.
Several studies have separately investigated the JP-Kuroshio
and ECS-Kuroshio, focusing on either the upper ocean or the
entire column. Furthermore, these studies use a range of models
and different future warming scenarios, yet the role of eddies
in driving changes in the Kuroshio has not been carefully
examined.

This study aims to investigate changes and the underlying
physical mechanisms of the Kuroshio and KET under future
warming scenarios. Section 2 outlines the methodology.
Section 3 conducts a comparative analysis between low- and
high-resolution CMIP6 models. In section 4, similar to Chen
et al. (2019), an OGCM driven mainly by future surface wind
and SST forcing is performed to assess the underlying dynamics.
Finally, in section 5, we compare differences within each seg-
ment of the Kuroshio and between the simulations of different
models while also addressing the mechanisms of the Kuroshio
system under global warming.

2. Methodology
a. CMIP6

In this study, we use 33 state-of-the-art CMIP6 model re-
sults featuring various spatial resolutions (Table 1). Only the
rlilplfl experiment from each model is used to ensure the
same control simulation across all models. The most extreme
future warming scenario, SSP5-8.5, is chosen for our analysis.
For the ensemble analysis, we categorize the CMIP6 models
into two groups based on spatial resolution of the ocean
model: low resolution (LR, ~1° X 1°) and high resolution
(HR, <0.5° X 0.5°). Thus, the HR models include AWI-CM1-
1-MR, CNRM-CM6-1-HR, GFDL-CM4, HadGEM3-GC31-
MM, and MPI-ESM1-2-HR. The classification depends on
whether the eddies in the models are parameterized or par-
tially resolved (eddy permitting). The eddy-permitting models
are typically characterized by grid sizes ranging between
0.1° and 1°, which can reasonably simulate incomplete eddy
characteristics (Delworth et al. 2012; Kirtman et al. 2012;
Hallberg 2013). We note that the Gent-McWilliams (GM) pa-
rameterization (Gent and Mcwilliams 1990), which is often
used to parameterize mesoscale eddies in coarse resolution
models, is not used in any HR models in this study, except for
MPI-ESM1-2-HR. All data are interpolated to a spatial reso-
lution of 0.25° X 0.25° the highest ocean resolution used in
the CMIP6.

b. Sensitivity experiments

Global Taiwan multiscale community ocean model
(TIMCOM) is an OGCM that includes the Los Alamos
Sea Ice Model, version 4 (CICE4; Hunke et al. 2017), with
1° nominal horizontal resolution and 55 z-coordinate levels
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TABLE 1. Nominal horizontal resolution (Res.) and vertical
levels in the ocean component of CMIP6 models. The use of
GM parameterization is labeled as o (Gent and Mcwilliams
1990). Five HR models are marked with stars.

Q
<

Model name Res. X layers

ACCESS-CM2 1° X 50 o
ACCESS-ESM1-5 1° X 50 o
AWI-CM1-1-MR* 0.25° X 46 X
BCC-CSM2-MR 1° X 40 o
CAMS-CSM1-0 1° X 50 o
CAS-ESM2-0 1° % 30 o
CESM2 1° X 60 o
CESM2-WACCM 1° X 60 o
CIESM 1° X 60 o
CMCC-CM2-SR5 1° X 50 o
CMCC-ESM2 1° X 50 o
CNRM-CM6-1 1° X 75 o
CNRM-CM6-1-HR* 0.25° X 75 X
CNRM-ESM2-1 1° %X 75 o
CanESMS5 1° X 45 o
CanESM5-CanOE 1° X 45 o
EC-Earth3 1° X 75 o
EC-Earth3-CC 1° X 75 o
FGOALS-g3 1° % 30 o
FIO-ESM-2-0 1° X 60 o
GFDL-CM4* 0.25° X 75 X
GISS-E2-1-G 1° X 40 o
HadGEM3-GC31-LL 1° % 75 o
HadGEM3-GC31-MM* 0.25° X 75 X
IPSL-CM6A-LR 1° X 75 o
MIROC6 1° X 63 o
MIROC-ES2L 1° X 63 o
MPI-ESM1-2-HR* 0.4° X 40 o
MPI-ESM1-2-LR 1° X 40 o
MRI-ESM2-0 1° X 61 o
NESM3 1° X 46 o
TaiESM1 1° X 60 o
UKESM-0-LL 1° X 75 o

(Tseng et al. 2022). The horizontal grid is 1.125° zonally and
varies from approximately 0.3° on the equator to about 0.9°
in the high latitude. The vertical grid is linear-exponentially
stretched from 10 m at the surface to 500 m at the seafloor. The
TIMCOM model employs a fourth-order-accurate spatial nu-
merical scheme, combining Arakawa A and C grids. Temporal
integration is achieved through a modified Robert-Asselin—
Williams filtered leapfrog scheme (Williams 2009; Young et al.
2014). The vertical mixing is based on the K-profile parame-
terization (Large et al. 1994) with a critical Richardson num-
ber of 0.3. Mesoscale eddies are parameterized by the Gent—
McWilliams parameterization (Gent and Mcwilliams 1990).
The horizontal diffusivity coefficient is set to 3000 m? s~
within the surface diabatic layer. This diffusivity diminishes
as depth increases, ultimately reaching zero at the seafloor.
More model details are provided in Tseng et al. (2022).
Similar to Chen et al. (2019), the sensitivity experiments are
designed to investigate the individual impact of SST and wind
forcings on the Kuroshio (Fig. 1). The model is initially forced
by climatological Coordinated Ocean-Ice Reference Experi-
ments phase IT (CORE-II) forcing (Large and Yeager 2009) for
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FIG. 1. Schematic of the global ocean model experiment design.

30 years to spin up the circulation. Subsequently, the model
is driven by the annually cycled SST and wind fields derived
from the mean of the first 30 years (2015-44) of the TaiESM1
output within the two future warming scenarios (SSP2-4.5 and
SSP5-8.5). It is important to note that all other forcings remain
consistent with the previous spinup run. These two distinct
runs, denoted as ssp245.ctl and ssp585.ctl, respectively, are des-
ignated as control runs designed to replicate the specific forcings
in each future warming scenario (Fig. 1). Finally, from year 60
to year 200, three sensitivity experiments are proposed: 1) con-
tinuation of the above two control runs; 2) applying only the
SST forcing from the last 30 years (2070-99) of the TaiESM1
future warming scenarios, with all other forcings, including
wind, remaining the same as the control run (SST.run), and
3) applying only the surface wind forcing from the last 30 years
of the TaiESM1 future warming scenarios, with all others, includ-
ing SST, remaining the same as the control run (WIND.run). In
summary, only the net surface heat flux is changed in the
SST.run, while only the momentum flux is changed in the
WIND.run. Although all forcings are applied globally, the analy-
ses in this study focus on the northwestern Pacific. The annually
cycled SST or wind forcing is used in this study to reduce the un-
certainty stemming from atmospheric internal variability (Seager
et al. 2001; Qiu and Chen 2010; Yang et al. 2016). The last
100 years of quasi-steady equilibrium are analyzed.

For the SST forcing scheme, SST is strongly restored toward
the SST field in the TaiESM1 future warming scenario through
the net surface heat flux correction Q, depending mainly on the
difference between prescribed and simulated SST:

aQ

Q= E(SSTTaiESMl = SST,0qe)>
dQ dz
E - CPPE» (1)

where SSTr,esMmi is the annually cycled SST from the TaiESM1
future warming scenario, SSTpoge 1S the TIMCOM simulated
SST, Cp is the seawater heat capacity, and p is the seawater den-
sity. The dQ/dt is a coefficient set to 480 W m~ 2 K2, which is
equivalent to a restoring time scale of 5 days for a 50-m mixed-
layer depth. Note that the salinity remains unconstrained, imply-
ing that changes in evaporation—precipitation (E — P) may occur
due to surface warming.

In the wind forcing run, the 10-m wind is applied based on
the CORE-II formulation. However, CMIP6 standard output
does not provide 10-m zonal and meridional wind components;
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FIG. 2. (a) The 2015-44 ensemble mean of upper 300-m KE for HR models. (b) As in (a), but for 2070-99. (c) The difference between
(b) 2070-99 and (a) 2015-44. (d) As in (c), but for the upper 1000-m difference. The blue lines represent the ensemble mean KET axis de-
fined by the maximum current speed in each longitude. (e)—(h) As in (a)—(d), but for LR models. Crosses indicate areas where the signal-
to-noise ratio is greater than 1 (“signal” is defined as the mean of all CMIP6 models, and “noise” is defined as the deviation of each model
from the mean). Dots indicate areas where over 80% of model members agree on the sign of the differences.

instead, it offers 10-m wind speed. To derive the 10-m wind di-
rection, we use the 6-hourly wind field data at the bottom of the
pressure coordinate.

3. Change of Kuroshio in the CMIP6
a. Kinetic energy and meridional transport

Previous studies have suggested that the response of the
Kuroshio to global warming varies with depth (Chen et al.
2019; Sen Gupta et al. 2021; Peng et al. 2022). To investigate
this, we examine the spatial pattern of KE associated with the
Kuroshio under the SSP5-8.5 future warming scenario at dif-
ferent depths (Fig. 2). We focus on the upper 300 and 1000 m
using the ensemble of CMIP6 models, specifically the mean
states for the initial and final 30 years of the warming projec-
tion, spanning from 2015 to 2099. Thirty-year average is
enough to exclude the impacts of decadal variability, which
represents a significant signal in KET region (Lin et al. 2020;
An et al. 2023). The difference between these two time peri-
ods (the latter subtracted from the former) provides insight
into the response to warming.

The ensemble mean of Kuroshio path in the LR ensemble
(Figs. 2e.f) overshoots northward by approximately 3°. In ad-
dition, the KE of the main current is significantly lower com-
pared to the HR ensemble (as depicted in Figs. 2a,b), and the
KET is too weak to be detected. These discrepancies are com-
mon biases that tend to occur when eddies are not adequately
resolved (e.g., Hurlburt et al. 1996; Choi et al. 2002; Qiu et al.
2015). Furthermore, the ECS-Kuroshio axis shifts further east
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in the LR ensemble compared to the HR ensemble and obser-
vational data. This shift is expected and can be attributed to
the poorly represented topography of the Ryukyu Island
chain in the LR models (Tseng et al. 2016).

Based on the KE change in the HR ensemble (Figs. 2¢,d),
we observe that the JP-Kuroshio and KET experience
enhancements in both upper 300 and 1000 m, while the
ECS-Kuroshio experiences a slight decrease. Notably, the KET
axis shifts poleward by approximately 0.6° (Fig. 2b). On the
other hand, within the LR ensemble, the entire Kuroshio path
shows a marginal increase in the upper 300 m, and the meridio-
nal shift of the KET axis is less pronounced, at approximately
0.2° (Figs. 2f,g). However, in the upper 1000 m, a more distinct
KE decline is observed in the ECS-Kuroshio region, particularly
around the Ryukyu Island chain, while the JP-Kuroshio experi-
ences little change (Fig. 2h). In other words, the KE of the
ECS-Kuroshio increases in the upper 300 m and slightly de-
creases below, suggesting a baroclinic change in the LR ensem-
ble. These differences between the LR and the HR ensembles
indicate that the external atmospheric forcing or the internal
ocean dynamic may differ between the two ensembles under the
future warming scenario.

While the velocity or KE indicates the strength of
Kuroshio, meridional transport better quantifies the poleward
heat transport from low latitudes. Figure 3 compares the up-
per 300-m barotropic streamfunction (BSF) between the LR
and HR ensembles. The mean transport of the ECS-Kuroshio
during 201544 is approximately 20 Sv (1 Sv = 10°m® s 1) in
both LR and HR ensembles (Figs. 3a,e). However, the LR en-
semble shows a weaker zonal gradient compared to the HR
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FIG. 3. As in Fig. 2, but for the BSF.

ensemble, suggesting an underestimated KE (i.e., meridional
velocity) and a broader Kuroshio band. Regarding the mean
transport in the JP-Kuroshio, the corresponding mean trans-
port of the SRG and the KET can reach approximately 35 Sv
in the upper 300 m in the HR ensemble, significantly higher
than the modeled 25 Sv in the LR ensemble. We also note
that the SRG in the LR ensemble is weak and broad south of
Japan while two major anticyclonic gyres are formed in the

(a) Low Resolution (2015-2044)
- y' D

30° A

X
B
S
25° x
*
*
*
*

20° T Y

120° 125° 130° 135°
<
0 10 20 30 40 50
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HR ensemble: one to the south and the other to the east of
Japan, similar to Cheon et al. (2012). These differences are
likely attributed to the impacts of mesoscale eddies (Qiu and
Chen 2010).

Overall, the changes in BSF under the future warming
scenario are closely related to those in KE (Figs. 3c,d,gh).
However, we can observe an anticyclonic circulation change
surrounding the Ryukyu Island chain (Fig. 3g), which is not

(b) Low Resolution Difference

+ \"*4—0@

Y 4D e D € © o - - - o A

* « @ © © © © © ® » o o A
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FIG. 4. (a) The 2015-44 ensemble mean of upper 300-m current velocity vector and KE (shading). (b) The differ-
ence between 2070-99 and 2015-44. PN section is shown as a red solid line, spanning from (29.6°N, 125.5°E) to
(25.3°N, 131°E). The significant test is the same as that in Fig. 2.
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CMIP6 SSP5-8.5 Transport Profile
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FIG. 5. (a) The 2015-44 mean of meridional transport profile across the PN section. (b) As in (a), but for 2070-99. (c) The difference be-
tween (b) 2070-99 and (a) 2015-44. Colored, gray, and black lines indicate HR models, LR models, and all 33 model ensembles, respec-

tively. Yellow shading indicates the interquartile range.

apparent in the change of KE pattern. The current velocity
vectors (Fig. 4) further confirm a more substantial positive
KE change on the west side compared to the negative change
on the east of the Ryukyu Island chain. The asymmetry of the
KE change is likely due to the nonlinear term, with the higher
mean velocity on the west. In other words, the ECS-Kuroshio
not only accelerates along its main axis but also concurrently
narrows, resulting in the pattern change between the KE and
transport tendency.

The meridional transport per unit thickness in the central
East China Sea (PN section), indicated in Fig. 4, shows a clear
vertical change in the ECS-Kuroshio (Fig. 5). As depicted in
Figs. 5a and 5b, the simulated mean transport in the upper layer
shows significant variability among the LR models, with a range
of approximately 0.08 Sv m™~*. The maximum transport is nearly
triple the minimum value, highlighting the challenges associated
with an accurate representation of the ECS-Kuroshio dynamics
within climate models. However, no substantial difference in
transport is observed between the HR and the LR model groups
throughout the entire column, consistent with the findings in
Fig. 3.

In the future 2070-99 warming scenario, the overall trans-
port of the upper 200 m remains nearly constant due to the
anticyclonic change around the Ryukyu Island chain (Fig. 5c),
as discussed in Fig. 4b. However, a decreasing transport trend
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is observed in the deeper layer, consistent with the findings in
Figs. 3d and 3h. The transport change in the upper layer dem-
onstrates a scattered distribution across models. Notably,
among the five HR models, three show changes falling below
the lower quartile. Except for GFDL-CM4 and AWI-CM-1-1-
MR, the HR models lack the baroclinic change shown in the
ensemble and most LR models, indicating that the consistent
baroclinic change is less pronounced in the HR models.

According to the Sverdrup theory, the subtropical gyre
in the northwest Pacific is mainly driven by negative WSC
associated with the Pacific subtropical high. Consequently,
changes in WSC, including the Kuroshio, can directly affect
the gyre speed. We note that the negative WSC weakens
southward of 30°N and strengthens northward, thus forming
a dipole-like pattern change (Fig. Al in the appendix) in the
future warming scenario. This suggests a poleward shift of
midlatitude zero WSC line (i.e., midlatitude westerly wind)
due to potential Hadley cell expansion (e.g., Lu et al. 2007;
Davis and Birner 2022). These WSC changes are more pro-
nounced in the HR ensemble than in the LR ensemble. The
dipole distribution in WSC change aligns with the spatial
pattern observed in the KE and meridional transport, delin-
eating two distinct regions defined earlier: ECS-Kuroshio
and the JP-Kuroshio. However, this pattern is not seen in
the LR ensemble in the upper 300 m.
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FIG. 6. (a) Relationship between the relative meridional transport changes in the upper 300-m JP-Kuroshio and the relative WSC
change. WSC change is defined as the areal mean within the region (140°E-80°W, 31°-42°N). (b) As in (a), but for the upper 1000 m.
(c),(d) As in (a),(b), but for ECS-Kuroshio. WSC change is defined as the areal mean within the region (120°E-80°W, 20°-31°N). Blue,
green, orange, and black markers represent ocean models based on NEMO, MOM, POP, and others, respectively. Red circles indicate
HR models. Red and black lines indicate the regression line of HR and LR models, respectively.

We further address the response of meridional transport
changes in the Kuroshio to WSC using the scatterplots. The
calculation of JP-Kuroshio and ECS-Kuroshio transports
mainly follows the methodology of Sen Gupta et al. (2021)
(WSC regions of JP and ECS are defined in Fig. Al, in the
appendix). First, the Kuroshio mask is defined as grids where
the kinetic energy exceeds 5 J m~> (Fig. A3, in the appendix).
Meridional transport is then calculated for each latitude within
this mask. Finally, a meridional weighted mean is computed for
each latitude range: 20°-31°N for ECS-Kuroshio and 31°-42°N
for JP-Kuroshio. Note that the KET region to the east of 145°E
is excluded. Given the substantial variation in the mean meridio-
nal transport of the Kuroshio across different models (HR en-
semble showing significantly higher intensity than LR ensemble
for JP-Kuroshio), our analysis focuses on relative changes in rela-
tionship to the individual mean transport.
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Relationship between WSC and transport change is statisti-
cally significant in the upper 1000-m ECS-Kuroshio (Fig. 6d).
The relationship between WSC and transport is consistent re-
gardless of the specific ocean models used (ocean models
are grouped into NEMO, MOM, POP, and others as differ-
ent colored markers). Moreover, those HR markers labeled
with red circles, except CNRM-CM6-1-HR, also share nearly
the same regression line with LR, suggesting that the difference
of ECS-Kuroshio change among CMIP6 models, including HR,
may be attributed to variations in atmospheric wind magnitude.

In the JP-Kuroshio, the relationship between WSC and trans-
port change remains significant in both depth ranges (Figs. 6a,b).
Notably, the transport of HR models is more sensitive to WSC
changes than that of LR models in both depths, indicated by
the steeper regression line in HR models. This suggests that
the eddy-resolved dynamics may contribute further to the
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FIG. 7. Scatterplots of WSC change against the meridional shift
of the KET. The meridional shift is defined as the mean location
shift of the KET axis within 142.5°-150°E.

HR models during future warming scenarios. Moreover, the
meridional shift of KET is also significantly proportional to
the WSC changes in HR models as expected (Fig. 7), suggest-
ing the dominant role of WSC change on the poleward shift
of KET (Wu et al. 2012; Yang et al. 2016). Note that the me-
ridional shift of KET in the LR models is not shown because
their KET axis cannot be adequately resolved and defined.
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b. Vertical thermal structure

In the SSP5-8.5 scenario, the SST warming patterns exhibit
subtle differences between the LR and HR models (Fig. A2
in the appendix). Both resolutions show evident impacts of
Arctic amplification, characterized by an intensified SST warm-
ing as one moves poleward. These warming patterns qualita-
tively correspond to the Kuroshio recirculation. However, the
Kuroshio likely transports less warming seawater from the
tropics to the extratropic in the HR model ensemble, resulting
in a pattern of weaker SST change. Chen et al. (2019) argued
that, rather than the primary impact of wind stress, the strength
of the Kuroshio in the upper layer is predominantly affected by
the propagation of warm STMW generated by warm SST
around the KET region. This suggests that the Kuroshio change
can also be attributed to the SST change pattern through the
STMW. In this study, STMW is identified based on the typical
low PV criterion as follows:

PV = (¢ +HiP. ®
poz

Vertical sections at 165°E (P13) and 26.75°N (center of the
ECS-Kuroshio) show the location and characteristics of
STMW (Fig. 8). During 2015-44, STMW primarily occupies
the depth range of approximately 100400 m along the P13
sections, where the slight vertical density gradient enhances
effective mixing of water masses (Figs. 8a,e). In the HR en-
semble, the bottom of STMW is located at greater depth com-
pared to the LR ensemble. However, the PV values are
higher in the HR, suggesting that, while the mixing depth ex-
tends further in the HR, the mixing itself is less uniform

Ryukyu (26.75 °N)

Difference

(c) Difference (d)

FIG. 8. (a) The 201544 ensemble mean of potential density (contour) and PV (shading) for HR models in the meridional section along
P13 (165°E). (b) As in (a), but for 2070-99. (c) The difference between (b) 2070-99 and (a) 2015-44 of potential density (contour) and po-
tential temperature (shading). (d) As in (c), but for the zonal section across the ECS-Kuroshio (26.75°N). (e)-(h) As in (a)—(d), but for
LR models. Dots indicate areas where over 80% of model members agree on the sign of the trends.

Brought to you by NATIONAL TAIWAN UNIV | Authenticated tsengyh@ntu.edu.tw | Downloaded 10/06/25 03:43 PM UTC



15 DECEMBER 2024

compared to the LR. Additionally, given the southward sub-
duction of STMW below the KET (Hanawa and Talley 2001;
Douglass et al. 2013), the northern boundary of STMW is sit-
uated at 35°N in the HR, while it overshoots to 40°N in the
LR. During 2070-99, the bottom of STMW becomes shal-
lower, accompanied by an increase of PV due to enhanced
stratification from surface heating. This increased stratifica-
tion hinders seawater from mixing effectively into deeper lev-
els in both sections (Figs. 8b,f). Similar results are also shown
in Wang et al. (2013).

The density changes under future warming scenarios are
primarily influenced by temperature changes (Figs. 8c.g),
which is also supported by Zhang et al. (2017). Despite the
decrease in STMW transport in 2070-99, the LR ensemble
continues to exhibit a subsurface warm water pattern distrib-
uted along the isopycnal from midlatitude to 20°N in the P13
section. In contrast, the HR ensemble confines the subsurface
warm water to around 30°N. The warm water pattern along
the sections is more likely to correspond to the STMW pat-
tern in LR. The distinct pathways and volume of warm water
between HR and LR may contribute to different mechanisms
for the changes of Kuroshio under future warming scenarios.

Figures 8d and 8h show the warm water transport across
the ECS-Kuroshio at 26.75°N. The LR ensemble shows a
slightly less pronounced warming change at 126°~130°E, possi-
bly attributed to changes in temperature advection. This fea-
ture is also observed in Chen et al. (2019) (their Figs. 9 and
10). In the LR, the warming east of the Kuroshio is more pro-
nounced compared to the HR, as supported by the P13 sec-
tion, where the warm water associated with the STMW is
more prominent in the LR. While these heterogeneous warm-
ing patterns suggest an enhanced thermal wind relationship
(e.g., Fig. S1 in the online supplemental material), further
examination is required to understand the underlying causes
for the differences between LR and HR.

4. TIMCOM sensitivity experiments
a. Kinetic energy and meridional transport

To identify the primary driver of the Kuroshio changes in
future warming scenarios, we examine the impacts of wind
and SST changes under SSP2-4.5 and SSP5-8.5 scenarios. In
SSP2-4.5, the KE is enhanced along the entire path of Kuroshio
due to the SST change (SST.run) in Fig. 9a. More intense SST
warming is observed between 145° and 165°E than along the
east coast of Japan (not shown). As a result, the KET region
tends to shift equatorward due to the thermal wind balance.

On the contrary, the wind change simulation (WIND.run)
under the SSP2-4.5 scenario (Fig. 9c) shows a dual-response
pattern in the upper 300-m KE: a decrease to the south of
Japan, approximately below 32°N, and an increase to the north
of 32°N. This dipole-like change possibly results from the Had-
ley cell expansion in the projected future warming scenario
(e.g., Lu et al. 2007; Davis and Birner 2022). The zero WSC
line shifts poleward, resulting in a dipole-like WSC change pat-
tern observed across all CMIP6 models (but magnitude varies
among models), including TaiESM1 (Fig. Al in the appendix).
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(a) TaiESM1 SSP2-4.5

(b) TaiESM1 SSP5-8.5
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FIG. 9. The upper 300-m mean KE difference between (a)
SSP245.sst and SSP245.ctl for SST change experiment (SST.run).
(b) As in (a), but for the SSP5-8.5 scenario. (c),(d) As in (a),(b),
but for wind change experiment (WIND.run). Blue and red lines
represent the mean KET axis in the control run and SST.run
(WIND.run).

While the magnitude of the KE change is more significant in the
southern region than in the northern part, the distinct KE pat-
terns suggest a northward shift of the Kuroshio along the coast
of southern Japan, with an insignificant shift in the Kuroshio
axis, including the KET. In short, our sensitivity studies under
the SSP2-4.5 scenario indicate that the response to surface warm-
ing outweighs that to wind stress changes, emphasizing the domi-
nant role of surface warming along the entire Kuroshio path.
These findings align with previous studies of Chen et al. (2019)
and Peng et al. (2022).

Similar change patterns can be found under the SSP5-8.5
scenario compared to the SSP2-4.5 scenario (Figs. 9b.d).
These patterns indicate a more reduced magnitude change
along the south coast of Japan in the WIND.run and a more
substantial change in the SST.run under the SSP5-8.5 sce-
nario. The magnitude of the response in the SST.run remains
slightly greater along the south coast of Japan and the ECS
compared to the WIND.run. This highlights the prevailing in-
fluence of surface warming in both future warming scenarios.

Figure 10a shows the mean meridional transport profiles
around the Ryukyu Island chain across the PN section. The
ECS-Kuroshio is predominantly concentrated above 1000 m
and nearly diminishes below this depth. The depth of no motion
between each experiment is nearly consistent. Moreover, the
enlarged figure highlights distinct transport profiles in the upper
300 m for each experiment, suggesting that the current shear in
the upper ocean is influenced by specific forcings. These results
are consistent with Chen et al. (2019) and Peng et al. (2022).

The transport difference in the ECS-Kuroshio between
each sensitivity test and control run is shown in Fig. 10b. In
the upper 300 m, the response to the surface warming is
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control, SST, and wind runs, respectively. The solid (dashed) lines correspond to the SSP5-8.5 (SSP2-4.5) scenario.
(b) Differences between the SST.run/WIND.run and control runs in each future warming scenario. Each color shad-

ing indicates the interquartile range of each annual mean.

particularly more significant than that to the wind change,
with the most significant change occurring at around 50 m in
both future warming scenarios. However, below 300 m, the
impact of surface warming decreases rapidly, and the influ-
ence of wind becomes more pronounced than that of SST.
The results suggest that surface warming dominates the ECS-
Kuroshio change in the upper 300 m in both scenarios, while
wind dominates below 300 m.

We note that the response in both WIND.run and SST.run ex-
hibits certain variations across the SSP2-4.5 and SSP5-8.5 scenar-
ios. Particularly, the variation spread is significantly larger in the
SST.run than the WIND.run (interquartile range of each annual
mean is shaded), regardless of the future warming scenarios.
This is primarily attributed to substantial decadal internal vari-
ability in SST.run. Furthermore, the transport response in the
SSP245.sst run exceeds that of the SSP585.sst above 200 m, sug-
gesting stronger stratification in the SSP245.sst, contrary to our
intuitive expectations. This may arise from the absence of con-
straints on the salinity flux, leading to increased stratification or
evaporation, resulting in higher salinity that compensates for the
density changes (not shown). Consequently, the density change
impacts the transport response due to thermal wind balance.

b. Vertical thermal structure

Similar to section 3b, we further examined the vertical sec-
tions along 165°E (P13) to investigate the changes of the
warming water and STMW in the SST.run. In the control run
of both future warming scenarios (Figs. 11a,e), where the SST
is nudged to the mean of the first 30 years of the scenario, the
stratification is strong, resulting in a bottom layer of STMW
less than 300 m, already shallower than current observations
(Wang et al. 2013; Douglass et al. 2013; Tsubouchi et al. 2016;
Wu et al. 2021). Compared to the responses of each control
run, both SST.run experiments (Figs. 11b,f) show a thinner
STMW with an increased PV. This suggests that the charac-
teristics of the STMW become less pronounced, similar to the
findings in CMIP6 (Figs. 8b,f). Besides, under the more severe
scenario (Figs. 11f,g), the PV of the STMW exhibits a more

notable increase in the SST.run. This is attributed to the in-
tensified surface heat flux, which enhances stratification in the

ocean and hinders the generation of STMW by suppressing
vertical mixing.

Despite the reduced thickness of the STMW in the SST.run,

we can still observe warm water patterns along 23.6-25.6 kg m >
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FIG. 11. The mean potential density (contour) and PV (shading) in (a) SSP245.ctl and (b) SSP245.sst in the meridional section along
P13 (165°E). (c) The difference between (b) SSP245.sst and (a) SSP245.ctl. (d) As in (c), but for the zonal section across the ECS-

Kuroshio (26.75°N). (e)—(h) As in (a)—(d), but for SSP5-8.5 scenario.

isopycnal, representing the primary distribution region of the
STMW (Figs. 11c,g). However, this warm water distribution in
both future warming scenarios differs from those in the CMIP6
LR ensemble in the tropical region (south of 20°N, Fig. 8g),
suggesting that factors other than SST warming also contrib-
ute to the warm water distribution in the more complicated
coupled model simulation.

Figures 11d and 11h illustrate the baroclinic changes ob-
served in the ECS-Kuroshio. Consistent with the findings of
CMIP6 (Figs. 8d,h), the distribution of warm water changes in
the SST.run primarily occurs to the east of the Kuroshio in
both future warming scenarios, particularly in the upper 300 m.
This depth is consistent with the warming-induced changes in
meridional transport, as shown in Fig. 10b. Besides, we have
confirmed that the level of no motion remains nearly unchanged
across all experiments (Fig. 10a). Therefore, based on thermal
wind relation, an increase in the zonal density gradient enhances
the northward geostrophic current. Although the magnitude
of ocean warming significantly differs under different scenarios,
the overall pattern of density change remains similar, indicating
a comparable zonal density gradient. Consequently, the differ-
ences in Kuroshio changes between SSP585.sst and SSP245.sst
are minimal. This similarity in density change can be attributed
to the absence of constraints on the salinity flux, which has been
mentioned in section 4a. Note that the SSP245.sst run exhibits
stronger stratification than the SSP585.sst run at around 300 m
depth, as illustrated in Fig. 10b.

To trace the transport of STMW along isopycnals, potential
temperature and PV are interpolated to isopycnal levels at
0.1 kg m~? interval from the z-coordinate depths. Given the
density changes associated with ocean warming, distinct iso-
pycnal levels are selected between SSP245.sst (SSPS585.sst)
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and SSP245.ctl (SSP585.ctl), as per Wang et al. (2013). Based
on the temperature change profile in Figs. 11c and 11g, the
density change near the STMW location is approximately
—0.1 kg m~? in both SSP2-4.5 and SSP5-8.5 scenarios. There-
fore, in the SST.run, the isopycnal is chosen to be 0.1 kg m >
lighter than the control case in each respective set of isopycnal.
In the control runs (contour in Fig. 12), the low PV indicates
the location and pathway of STMW. The STMW subducts near
the outcrop region of the KET and subsequently advects south-
east to southwest along isopycnals (Hanawa and Talley 2001;
Xie et al. 2011). The pattern of warm water corresponds to the
low PV region across various isopycnals and future warming
scenarios, showing that the warm water originated from the sea
surface indeed transports along with the STMW. Additionally,
in shallower layers with densities of 24.8/24.7 kg m ™3, STMW
propagates more directly southward (Figs. 12b,d). Hence, the
STMW in these shallower layers is situated closer to the east of
Kuroshio, facilitating more effective tilting of isopycnals across
the Kuroshio and enhancing meridional velocity shown earlier.
In conclusion, our sensitivity experiments demonstrate that
surface heating plays a pivotal role in enhancing the Kuroshio
within the upper 300 m. STMW subducts along with the warm
water in the KET region, moving toward the east of the
Kuroshio. This results in a more tilted isopycnal across the
Kuroshio and an augmented northward velocity according
to the thermal wind balance. Below 300 m depth, the signal of
warm STMW diminishes, and changes in wind patterns become
the predominant factor in the Kuroshio’s decline. This clarifies
the baroclinic change observed in the ECS-Kuroshio in the LR
ensemble of CMIP6. Furthermore, our analysis highlights the
salinity compensation induced by surface heating is also crucial
to the transport change through density structure, suggesting
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scenarios.

that the surface salinity flux may also play a role in ocean circu-
lation under future warming scenarios.

5. Conclusions and discussion

The future changes of WBCs are influenced by many differ-
ent mechanisms. Some WBCs changes are linked to interbasin
exchanges, e.g., Gulf Steam (Weijer et al. 2020) and Indonesian
Throughflow (Sen Gupta et al. 2016). Some others result from
wind stress curl change, e.g., low-latitude WBC (Sen Gupta et al.
2012). However, compared with other WBCs, the projected
Kuroshio change is more complicated due to different warming
rates of surrounding water masses, leading to a distinctive baro-
clinic change not observed in other WBCs (Sen Gupta et al.
2021). Moreover, most OGCMs today cannot adequately re-
solve the mesoscale eddies due to their coarse spatial resolution.
This is a major deficiency for simulating the Kuroshio, as meso-
scale eddies play crucial roles in the KET, the path along the
south Japanese coast, strength along the east of Taiwan, energy
exchange, and so on (e.g., Hurlburt et al. 1996; Tseng et al.
2012; Chang et al. 2018). This study aims to closely investigate
the underlying mechanisms that drive the changes of Kuroshio
during future warming scenarios. The Kuroshio changes within
the CMIP6 SSP5-8.5 scenario depend on latitudes, depths, and
model resolutions, as summarized in Table 2.

In the LR ensemble, the spatial pattern of KE and trans-
port changes in the ECS-Kuroshio within the CMIP6 ensem-
ble can be attributed to an enhanced anticyclonic upper ocean
circulation around the Ryukyu Island chain (Fig. 4). This
leads to an increase in the central axis of the Kuroshio’s KE
while the overall transport across the circulation remains un-
changed. Furthermore, the KE of ECS-Kuroshio exhibits an in-
crease in the upper 300 m but a decrease in the upper 1000 m
within the CMIP6 ensemble. Our sensitivity experiments clarify
that the baroclinic change is primarily influenced by the warm
STMW (Fig. 12). In the projected future warming scenario, the
surface warming subducts with the STMW through mixing and
transport, facilitated by the wind-driven subtropical gyre. The
warm STMW contributes to elevated ocean temperature east of
the Kuroshio, resulting in an increased isopycnal slope across
the Kuroshio to enhance the Kuroshio. This intensification is
more pronounced in the upper 300 m and surpasses the reduc-
tion caused by wind effects in both the SSP2-4.5 and SSP5-8.5
scenarios. Below 300 m, the influence of the warm STMW di-
minishes, and the Kuroshio changes are dominated by the im-
pact of wind change.

However, both Chen et al. (2019) and Peng et al. (2022) ar-
gued that SST is the dominant factor throughout the entire
water column, including the decrease of Kuroshio velocity be-
tween 400 and 1200 m depth. This difference could potentially

TABLE 2. Summary of different parts of Kuroshio change in CMIP6 ensembles.

LR

HR

Upper 300 m
JP-Kuroshio
ECS-Kuroshio

Enhanced

KE: Enhanced

Sv: No changed

Upper 1000 m
JP-Kuroshio
ECS-Kuroshio

Enhanced
Reduced

Enhanced dramatically, poleward
Reduced

Enhanced dramatically, poleward
Reduced
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be attributed to the different numerical configurations. It is
noteworthy that the Kuroshio changes are sensitive to the sur-
face salinity flux in our sensitivity experiments. The impacts of
salinity flux due to surface heating on the Kuroshio have not
been addressed in the CMIP6 study. Further investigation of
the salinity flux is required but beyond the scope of this study.

Within the JP-Kuroshio of CMIP6 ensemble, the expansion
of the Hadley cell is the dominant driver for the changes of
Kuroshio, observed within the upper 1000 m in both HR and
LR ensembles and the upper 300 m in the HR ensemble. This
expansion induces a poleward shift of the zero line for the
WSC, leading to a reduction of negative WSC to the south of
30°N and an increased negative WSC to its north. As a result,
the JP-Kuroshio experiences enhancement while the ECS-
Kuroshio undergoes weakening according to the Sverdrup
theory. The Sverdrup relation (Fig. 6) further emphasizes that
the magnitude of the Kuroshio changes correlates well with the
magnitude of WSC change across various ocean models. We
note that only the HR ensemble has simulated a significant
poleward shift of the KET in response to the Hadley cell expan-
sion, possibly indicating the inadequate simulation of KET in
the LR models. This wind-driven mechanism has been well rec-
ognized in the literature, such as Sakamoto et al. (2005) and
Cheon et al. (2012).

However, our sensitivity experiments using a LR model indi-
cate that the increase of KE within the upper 300 m, induced by
surface warming, is not only limited to the ECS-Kuroshio but
also along the south Japanese coast. This is also consistent with
Chen et al. (2019) and Peng et al. (2022). The underlying physi-
cal process is likely linked to the warm STMW transported to
the east of ECS-Kuroshio, as discussed earlier, or it may be in-
fluenced by strengthened ocean stratification, resulting in accel-
erated velocity through PV conservation (Zhang et al. 2017). It
is noteworthy that the Sverdrup relation (Fig. 6) suggests that
the JP-Kuroshio change is more sensitive to the WSC change in
the HR ensemble. Furthermore, the vertical profiles (Fig. 8)
show that the warm water, along with STMW, is not as prom-
inent in the HR ensemble, which may potentially impact the
physical mechanism addressed here. Therefore, further in-
vestigation is essential to determine the role of STMW or
other mechanisms in strengthening the Kuroshio in the HR
ensemble.
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APPENDIX

Supplementary Differences and Mask Definition for the
Response of Meridional Transport Changes

Figures Al and A2 are the extra figures showing the en-
semble differences between 2070-99 and 2015-44. Figure A3
shows the mask definition of Kuroshio based on the KE.

(a) High Resolution (b) Low Resolution

R A

N per m3 le-8

FIG. Al. The ensemble difference of wind stress vector and
WSC (shading) between 2070-99 and 201544 for (a) HR and
(b) LR models. Dots indicates areas where over 80% of model
members agree on the sign of the trends. Gray and Red lines indi-
cate the mean zero WSC line in 201544 and 2070-99, respectively.
Green boxes indicate the locations of JP and ECS for Figs. 6 and 7.
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FIG. A2. The ensemble difference of SST between 2070-99 and
2015-44 for (a) HR and (b) LR models.
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