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ABSTRACT

Over the four decades following the 1976/77 climate regime shift, the Kuroshio Extension (KE)
in the North Pacific subtropical gyre exhibited quasi-decadal oscillations between stable and
unstable dynamic states. These oscillations were facilitated by a delayed negative feedback
loop involving wind-forced interior ocean adjustment, its modulation on the KE dynamic state,
and the KE’s feedback on atmospheric storm tracks and the wind stress field. However, this
feedback loop ceased functioning after 2018, giving rise to a new dynamic regime. In this new
regime, the Kuroshio south of Japan assumes a persistent large meander (LM) path, while the
stabilized KE jet migrates poleward. This study identifies three key processes responsible for
the emergence of this regime: (1) a shift in the external forcing field, characterized by
intensified wind forcing over the northern subtropical gyre and weakened forcing over the
southern gyre; (2) nonlinear reinforcement between the Kuroshio LM and the poleward-
migrated KE jet; and (3) altered storm track and wind stress responses to the KE’s new stable
dynamic state. The establishment of this regime has played a critical role in the recent upper
ocean warming — manifested as frequent marine heatwaves — along the 35°—45°N band of the
western North Pacific. An upper ocean temperature budget analysis reveals that this cumulative
warming is primarily driven by lateral advection associated with the migrating KE jet, while

the net surface heat flux forcing acts to dampen the advection-induced temperature anomalies.

1. Introduction

The Kuroshio and its downstream extension, the Kuroshio Extension (KE), form the
western boundary current system of the wind-driven North Pacific subtropical gyre (Fig. 1a;
Imawaki et al. 2013; Qiu 2019). Due to the coastal and bathymetric constraints, the upstream
Kuroshio south of Japan tends to follow one of the two distinct paths: a “non-large meander”
path closely hugging the southern Japanese coast, or an offshore detour known as the large
meander (LM) path (see Usui et al. 2013, Qiu and Chen 2021, and Hirata et al. 2025b for
comprehensive reviews). Upon entering the open North Pacific east of approximately 140°E,
the Kuroshio is referred to as the Kuroshio Extension. In this region, free from the topographic
constraints, the KE manifests as an eastward-flowing inertial jet characterized by large-
amplitude meanders and energetic, pinched-off, eddies (e.g., Mizuno and White 1983). As with
other western boundary current systems across the global oceans, the Kuroshio/KE system

exhibits the highest levels of eddy variability in the North Pacific.
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Fig. 1. (a) Mean sea surface height (SSH) map of the North Pacific Ocean for the period 1993 — 2017,
based on Jousset et al. (2022). (b) SSH anomaly map for 2018 — 2024, calculated as deviations from the
1993 — 2017 mean SSH field. (¢) Yearly trajectories of the Kuroshio and KE, plotted every 14-day
intervals from 1993 onward, derived from satellite altimetry observations [for detailed path derivation
methodology, see Qiu and Chen (2005)]. Red labels indicate years during which the KE predominantly

exhibits a stable dynamic state; blue labels denote years with a predominantly unstable KE state.

Historical observations and recent numerical ocean model simulations have shown that the
Kuroshio and KE exhibit fluctuations on interannual to longer timescales, though they typically
vary independently (the linear correlation coefficient between the timeseries shown below in
Figs. 2b and 2d for the period prior to 2017 is R =—0.06). Satellite altimetry data from the past

32 years reveal that the KE has alternated between stable and unstable dynamic states on
3
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decadal timescales, largely in response to surface wind forcing originating from the eastern and
central North Pacific basin (Qiu and Chen 2005, 2010; Taguchi et al. 2007; Cebollas et al.
2009; Sasaki et al. 2013; Pierini 2014; Joh and Di Lorenzo 2019; Nonaka et al. 2020, among
others). During its stable dynamic state (indicated by red years in Fig. 1¢), the KE path between
140°E to 153°E becomes relatively steady, its eastward transport intensifies, its latitudinal
position shifts northward, and the southern recirculation gyre strengthens. In contrast, during
the unstable dynamic state (blue years in Fig. 1c), the KE exhibits increased path variability,

weaker transport, a southward shift, and a diminished recirculation gyre.

Due to their temporal correlations, Qiu et al. (2014) combined the KE path-length, surface
transport, latitudinal position, and recirculation gyre strength timeseries into a single metric,
referred to as the “KE index”, to concisely quantify low-frequency changes in the KE system
(Fig. 2a). In this framework, a positive KE index indicates a stable dynamic state, while a
negative index reflects an unstable one. Statistically, the KE index exhibits a strong positive
correlation with sea surface height (SSH) anomalies within the KE recirculation region, defined
as 31°-36°N and 140°-165°E (cf. Figs. 2a and 2b). It is important to note that the quasi-decadal
oscillations between the KE’s stable and unstable states are not confined to the satellite
altimetry era. Rather, they appear to have begun following the North Pacific climate regime
shift of 1976/77 (Miller et al. 1994; Mantua et al. 1997; Minobe 1997; Mantua and Hare 2002).
Before 1976/77, the KE index was predominantly characterized by shorter-period fluctuations
in the 4—6-year range. As shown in Figs. 2a—2b, a recent transition occurred in late 2016 and
early 2017, when the KE began shifting from a stable to an unstable dynamic state. This
transition, however, was reversed in August 2017, coinciding with the onset of a LM in the
upstream Kuroshio south of Japan (Sugimoto et al. 2020; Qiu et al. 2020; Joh et al. 2022). As
visually evident in Fig. 1c, the KE jet east of Japan has become increasingly stable since 2018,
accompanied by a pronounced northward migration of its latitudinal position. Whereas the KE
jet’s mean latitude prior to 2018 was around 35°N, it has extended as far north as ~40°N in
2023-2024 (Kawakami et al. 2023; Qiu et al. 2023). Simultaneously, the Kuroshio path south
of Japan has settled into a persistent LM configuration. In fact, this ongoing LM event is now

the longest-lasting in the observational record (see Fig. 2d; Qiu et al. 2023; Hirata et al. 2025b).

An inspection of the historical data presented in Figs. 2b and 2d reveals that, while instances
of the Kuroshio LM coinciding with a stable KE dynamic state have occurred in the past, the
recent concurrence of a highly-stable KE and a persistent Kuroshio LM — lasting over a 7-year

period — is unprecedented. In light of this newly-emerged Kuroshio/KE dynamic state,
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Fig. 2. (a) KE index derived from the KE’s path length, surface transport, latitudinal position, and RG
strength (see Qiu and Chen 2005 for methodology). (b) Timeseries of SSH anomalies in the KE
recirculation gyre box (31°-36°N, 140°—165°E), based on DUACS satellite altimetry data for 1993—
2024 and OFES model output for 1950-1992. (¢) SSH anomaly timeseries hindcasted using the linear
baroclinic vorticity [Eq. (1)], forced by ERAS wind stress data. To maintain consistency with panels (a)
and (b), the SSH anomalies are detrended and have a zero mean over the period 1993-2024. (d)
Timeseries of the Kuroshio’s southernmost latitude south of Japan (136°-140°E), as determined by

Japan Meteorological Agency. Shaded periods indicate LM events.

numerous recent studies have examined its impacts on regional physical oceanographic
conditions (e.g., Sugimoto et al., 2020; Oka et al., 2021; Nishikawa et al., 2023), as well as on
fisheries, typhoon tracks, and coastal climate variability (e.g., Sugimoto et al., 2021; Lizarbe
Barreto et al., 2021; Oka et al. 2023; Sasaki and Ito 2024; Chang et al. 2025). In contrast,
investigations into the dynamical processes that govern this newly established Kuroshio/KE

regime remain limited.
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The objectives of the present study are threefold. First, we aim to investigate the
atmospheric forcing conditions that have contributed to the emergence and persistence of the
ongoing new Kuroshio/KE dynamic state. In particular, we emphasize the role of the nonlinear
interaction between the Kuroshio and KE, and propose that these interactions have led to the
establish of a novel dynamic regime. Second, we examine how the overlying atmosphere across
the North Pacific basin responds to this new Kuroshio/KE regime, and how such atmospheric
responses may, in turn, feedback to support and maintain the regime. In recent years, a
pronounced upper ocean warm anomaly, often referred to as a marine heat wave, has been
observed in the western midlatitude North Pacific (e.g., Sato et al. 2024; Kawai et al. 2024;
Sugimoto et al. 2025; Minobe 2025). Given the poleward migration by the KE jet from the
coast of Japan to as far east as 170°W (see Fig. 1b), it is plausible that this broad-scale warming
is dynamically linked to the new Kuroshio/KE regime. At present, a quantitative assessment of
this connection remains lacking. Therefore, the third objective of this study is to clarify the
dynamical and thermodynamical processes responsible for the recent warming observed in the

northwestern Pacific Ocean.

This paper is organized as follows. Section 2 describes the satellite altimetry and
oceanic/atmospheric reanalysis datasets used in this study. In section 3, we examine the
external forcing mechanisms that contribute to the development of the new Kuroshio/KE
regime, with particular emphasis on the role of nonlinear interactions between the Kuroshio
and KE. Section 4 investigates the potential atmospheric response to this new dynamic regime
and explores how such feedbacks may support its persistence. In Section 5, we present results
from an upper ocean temperature budget analysis in the North Pacific, focusing on temperature
anomalies in the western midlatitude region. Section 6 summarizes the key findings of the

study.

2. Observational and reanalysis data

To investigate surface circulation and eddy variability, we utilize gridded sea surface height
(SSH) data from the Data Unification and Altimeter Combination System (DUACS). The
Level-4 DUACS product employs a multi-scale, multivariate optimal interpolation scheme to
merge along-track SSH measurements from all available nadir satellite altimeter missions since
1993. This dataset provides daily temporal resolution and a spatial resolution of 0.125° x

0.125°. The data span the period from January 1993 to December 2024.
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To examine the relationship between oceanic variability and changes in the overlying
atmosphere, we use daily reanalysis data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERAS product (Hersbach et al. 2020). The ERAS dataset
provides global atmospheric fields at a spatial resolution of 0.25° x 0.25° and covers the period
from January 1950 to December 2024. To quantify the amplitude of extratropical storm-track
variability, we follow the method proposed by Nakamura et al. (2004), calculating the synoptic-
scale (2—8 days) meridional transient eddy temperature flux at the 850-hPa level using hourly

ERAS data.

To conduct the upper ocean temperature budget analysis, we use output from the NASA-
JPL Estimating the Circulation and Climate of the Ocean Phase II (ECCO2) state estimate
(Menemenlis et al. 2008). The ECCO2 model has a horizontal resolution of 0.25° x 0.25° and
employs a Green’s function approach to optimize model control parameters such as surface
boundary conditions and background eddy viscosity/diffusivity. Because observational data
are not directly assimilated into the model’s forward run, ECCO2 maintains dynamic and
thermodynamic self-consistency—a condition essential for performing closed heat budget
analyses (Wunsch et al. 2009). For this study, we utilize daily ECCO2 outputs spanning from
January 1992 to December 2024. To supplement the ECCO2 data, we also employ daily
Optimum Interpolation Sea Surface Temperature (OI-SST) data compiled by Huang et al.
(2021). The OI-SST dataset provides global SST fields at a spatial resolution of 0.25° and is
available from September 1981 to December 2024.

3. A new Kuroshio/KE dynamic regime

In the Introduction, we noted that decadal fluctuations in the KE dynamic state are primarily
driven by external wind forcing over the eastern and central North Pacific basin. To investigate
how this forced response has evolved in recent years, we present in Fig. 3b the altimeter-
derived sea surface height (SSH) anomalies along the 31°-36°N latitude band—an area that
governs the KE dynamic state. Prior to 2017, transitions between the stable and unstable KE
dynamic states (Fig. 3a) are clearly linked to the arrival of SSH anomalies originating in the
eastern/central North Pacific and propagating into the KE index region (140°—165°E).
Specifically, during the positive phase of the Pacific Decadal Oscillation (PDO; Mantua et al.
1997), anomalous positive wind stress curl, or equivalently positive Ekman pumping velocity,
in the eastern/central basin enhances Ekman divergence, thereby generating negative SSH

anomalies in the 170°-140°W sector (Figs. 3c—3d). These anomalies propagate westward as
7
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Fig. 3. (a) Time series of the KE index (identical to Fig. 2b). (b) Time-longitude plot of SSH anomalies
averaged over the 31°-36°N band. Dashed lines indicate the KE recirculation segment (140°-165°E).
To emphasize regional variability, the global mean sea level rise trend of 3.3 mm yr'! has been removed.
(c) Same as (b), but for the non-seasonal Ekman pumping velocity anomalies W,, where Wy, = k -

V x (t/pof) [see Eq. (1)]. (d) PDO index.

baroclinic Rossby waves, reaching the KE region after an approximate delay of three years.
Upon arrival, they act to weaken the zonal KE jet, leading to an unstable KE dynamic state
(i.e., a negative KE index). Conversely, when wind stress curl anomalies turn negative during
the negative PDO phase, the resulting westward-propagating positive SSH anomalies reinforce
the KE jet and induce a stable KE dynamic state. Notice that, in addition to the PDO, Tamura
and Tozuka (2023) proposed that the wind forcing relevant to the decadal KE variability could

also arise from atmospheric teleconnections linked to central Pacific El Nifio events.

However, this forced response of the KE to PDO-phased wind forcing appears to have
changed after 2018. As shown in Fig. 3b, although the wind-driven SSH anomalies over the
central/eastern North Pacific during 2014-2018 were negative—consistent with the positive
PDO phase—these anomalies did not propagate westward into the KE region as would be

8
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expected under the delayed Rossby wave mechanism. Instead, the positive SSH anomalies
observed in the western basin during 2018-2022 appear to have originated from local forcing,
specifically from negative wind stress curl anomalies located west of the dateline (Fig. 3c¢).
After 2022, these positive SSH anomalies in the western North Pacific basin persisted and
appear to result from a combination of continued local negative wind stress curl forcing and
incoming positive SSH anomalies from the east, which were generated by the negative PDO-
phased wind forcing over the central/eastern North Pacific. Notice that the importance of
regional wind forcing in modulating KE variability in the North Pacific basin has been

highlighted in a recent study by Fan et al. (2025).

Since the Kuroshio path south of Japan entered a LM state in late 2017, it is dynamically
plausible that the SSH value in the KE index box may have been elevated due to the curvature
of the LM south of Japan. According to Sugimoto and Hanawa (2012), when the Kuroshio
adopts a LM path south of Japan, it tends to enter the interior Pacific Ocean through a deep
channel — approximately 2,500-m deep — along the Izu-Ogasawara Ridge, thereby forcing the
upstream KE jet to follow a stable, northerly path. To assess the relative contributions of
surface wind forcing versus the upstream Kuroshio path, we evaluate the SSH changes in the
KE index box (31°-36°N, 140°-165°E) using the ERAS5 wind stress data based on the
following wind-forced linear vorticity model in the 1'2-layer reduced-gravity upper ocean (e.g.,

Qiu et al. 2014):

o7 m_ _ gy, T
5 Cr5, = ngx(pof), (1)

where n is the SSH anomaly, Cj, is the long baroclinic Rossby wave speed, g is gravitational
acceleration, g’ (= 0.04 m s?) is the reduced gravity, f is the Coriolis parameter, p, is the
reference density, K is the vertical unit vector, and 7 is the wind stress vector. Note that the
term K -V X (t/pyf) on the RHS of Eq. (1) denotes the Ekman pumping velocity (Wek) and the
n evaluated from Eq. (1) reflects only the SSH changes induced by the cumulative wind forcing
east of the KE index box. Figure 2c shows the timeseries of n hindcast by Eq. (1) for the period
1950-2024. The results indicate that the low-frequency SSH variability in the KE index box is
predominantly governed by surface wind forcing across the North Pacific basin. During the
2018-2024 period of our interest, the wind-forced SSH anomalies shown in Fig. 2c explain
75.3% of the variance in the observed SSH anomalies shown Fig. 2b. This proportion is

comparable to the 68.9% variance explained by cross-basin wind forcing during the 1978-2017
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Fig. 4. (a) Sverdrup streamfunction in the North Pacific Ocean based on the 1950-2024 mean surface
wind stress data from ERAS. (b) Anomalous Sverdrup streamfunction for 2018-2024 relative to the
long-term mean in (a). (c) Sverdrup transport anomalies averaged along the northern subtropical gyre
western boundary from 32°N to 45°N. (d) Same as (c), but along the southern subtropical gyre boundary
from 20°N to 32°N. (e) Timeseries of the transport anomaly difference: (c) minus (d).

period, following the 1976/77 climate regime shift. Assuming a linear response of the KE index
to open-ocean wind forcing and other contributing factors, these results suggest that
approximately one-quarter of the KE index variance arises from non-wind-related influences—

such as upstream control by the persistent LM state of the Kuroshio south of Japan.

Given that the Kuroshio and KE are integral components of the wind-driven subtropical
gyre circulation, it is not surprising that variability in wind forcing variability, demonstrated in
Figs. 2b — 2¢ through the SSH-based KE index, plays a major role. A key question, however,
is what role wind forcing has played in sustaining the unprecedented concurrence of the
persistent Kuroshio LM and the highly stable KE dynamic state observed since 2018. As
indicated in Figs. 2b and 2d, such concurrence has not persisted beyond three years in the past
seven decades. To investigate this issue, we analyze the Sverdrup streamfunction (¥s) across

the North Pacific basin:

10
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Ys(x,y,t) = ﬁf; k-Vxt(x',y,t)dx, )

where f is the meridional gradient of the Coriolis parameter, and x5 denotes the eastern
boundary longitude. Figure 4a shows the mean ¥s map in the North Pacific basin, based on the
ERAS wind stress data from 1950 to 2024. The wind-driven subtropical gyre, characterized by
positive ¥ values, spans approximately from 15°N to 45°N. In Fig. 4b, we plot the ¥sanomaly
map in 2018-2024 relative to the long-term mean ¥s field. It reveals a distinct dipole structure:
the southern half of the subtropical gyre (20°-32°N) has weakened, while the northern half
(32°-45°N) has strengthened. Although low-frequency fluctuations in the northern and
southern limbs of the gyres have occurred throughout the past 75 years (see Figs. 4c and 4d),
the concurrent weakening of the southern gyre and strengthening of the northern gyre sustained
over multiple years is highly unusual (Fig. 4e). In fact, the 2018-2024 period stands out as a

unique interval during which this dipole structure persisted continuously for seven years.

Dynamically, a weakened southern subtropical gyre implies a reduced inflow of the
Kuroshio south of Japan, a condition confirmed in a recent study by Minobe (2025).
Theoretical and modeling studies have shown that such a weakened inflow favors the
persistence of a LM path due to its B-induced westward drift (White and McCreary 1976; Usui
et al. 2013). In other words, the weakened wind-driven southern subtropical gyre since 2018
has been conducive to sustain the Kuroshio LM south of Japan. In the northern subtropical
gyre north of 35°N, the east coast of Japan near ~141°E serves as the western boundary in the
North Pacific Ocean (see Fig. 4a). As the Sverdrup transport in the northern subtropical gyre
increases after 2018 (Fig. 4¢), it has worked to facilitate the poleward migration of the KE jet.
Although these wind-forced changes in the Kuroshio and KE are consistent with the observed
variability since 2018, we argue that the nonlinear interaction between the upstream Kuroshio
LM and the poleward-shifted KE jet has also played an important role in maintaining the on-
going dynamic regime. This argument is supported by the fact that the wind forcing alone
explains only 75.3% of the variance in the observed KE index. A persistent LM forces the
upstream KE jet to veer northeastward, helping push the jet toward higher latitudes. As the KE
jet migrates poleward, its associated mesoscale disturbances also shift poleward. This can be
clearly seen in the DUACS SSH data: as illustrated in Fig. 5, the distribution of eddy kinetic
energy (EKE) after 2018 shows a distinct northward shift, with elevated EKE located north of
35°N when compared to the pre-2018 period. Since the decay of LMs is typically triggered by

incoming mesoscale disturbances from the KE region, a poleward-shifted KE implies fewer

11
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Fig. 5. (a) Map of eddy kinetic energy (EKE) in the northwestern Pacific Ocean for the period 1993—
2017, calculated from the DUACS SSH data under the geostrophic approximation. (b) EKE anomaly
map for 2018-2024, shown as deviations from the 1993-2017 climatological mean EKE field in (a).

eddy perturbations reaching the LM latitudes south of 35°N. This reduced disturbance
enhances the LM’s persistence. We therefore conclude that the persistence of the current
Kuroshio/KE dynamic regime since 2018 results from a combination of the dipolar wind-
forcing anomalies over the subtropical gyre and the mutual reinforcement between the

Kuroshio LM and the poleward-shifted KE jet.

4. Midlatitude ocean-atmosphere feedback

The Kuroshio and KE transport substantial amounts of warm tropical water poleward,
providing a major source of heat and moisture for the midlatitude atmosphere (Kelly et al.
2010). Numerous studies have demonstrated that this oceanic heat and moisture supply helps
sustain lower-tropospheric baroclinicity, support storm development, and anchor the basin-
wide storm tracks (e.g., Nakamura et al. 2004; Kwon et al. 2013; Taguchi et al. 2012; Small et
al. 2014; Ma et al. 2016; Gan et al. 2023). To explain the quasi-decadal KE dynamic state
oscillations following the 1976/77 North Pacific climate regime shift, Qiu et al. (2014)
proposed a delayed negative feedback mechanism involving interactions between the KE jet
and overlying storm track variability. As shown in Fig. 6b, regression analysis using ERA-5
reanalysis data from 1977 to 2017—lagged by two months relative to the KE index (Fig. 2b)
—reveals enhanced ocean-to-atmosphere surface turbulent heat fluxes over the downstream
KE region during stable dynamic states. The 2-month lag reflects the time required for the
atmospheric response to midlatitude SST anomalies to reach maximum amplitude (Ferreira and

Frankignoul 2005; Deser et al. 2007). Based on high-resolution atmospheric general circulation
12
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Fig. 6. (a) Regression map of the ERA5 SLP anomaly field against the KE index from 1979 to 2017
(Fig.2b), using a 2-month lag. Black dots indicate areas significant at the 90% confidence level based
on a two-sided Student #-test. (b) Same as (a), but for the surface turbulent heat flux anomaly field
(positive values indicate flux from atmosphere to ocean). (c) Same as (a), but for the 2—8-day band-pass
filtered meridional transient eddy temperature flux anomaly at the 850-hPa level. Thick black line
denotes the time-mean We = 0 contour. (d) Same as (a), but for the Ekman pumping velocity anomaly
field. Dashed box indicates the region within which Ekman pumping influences the SSH-based KE
index. To isolate extratropical responses, Nifio-3.4 signals have been regressed out from all fields in (a)
— (d) prior to the regression analysis. (e) — (h) Same as (a) — (d), but against the KE index during the
2018-2024 period. Due to the poleward migration of the KE jet, the dashed box in (h) is shifted 1°
northward in latitude compared to that in (d).
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model (AGCM) experiments, Smirnov et al. (2015) demonstrated that this anomalous heat flux
forcing can induce deep-reaching ascending motion extending up to the tropopause. With the
upward transfer of heat and moisture being balanced by northward transport of nonlinear
transient eddies, it works to shift storm tracks poleward and generate a downstream positive
sea level pressure (SLP) anomaly across the North Pacific basin (Fig. 6a). This poleward
displacement of extratropical storm tracks is further supported by regression analysis of the
850-hPa transient eddy flux (v'T") field against the KE index with a two-month lag (see Fig.
6¢).

The mean storm tracks approximately follow the zero Ekman pumping velocity (Wek = 0)
line, indicated by the black contour in Fig. 6¢. This line exhibits a southwest-to-northeast tilt
across the North Pacific, shaped by both orographic constraints and diabatic oceanic forcing
(Wilson et al. 2009). During stable KE states, storm tracks migrate northward, giving rise to a
negative Wek anomaly band that straddles the climatological Wek = 0 line (Fig. 6d). South of
this band, Wex anomalies become positive due to the northward displacement of wind systems,
which brings in weaker negative Wek signals from the southern subtropical gyre. Note that the
positive We anomalies in the 31°-36°N band (dashed box in Fig. 6d) of the eastern North
Pacific generate local Ekman flux divergence, resulting in negative SSH anomalies. When
these wind-induced negative SSH signals propagate westward into the KE region after a delay
of ~3 years, they weaken the southern recirculation gyre and shift the KE jet southward,
allowing it to override the shallow Izu Ridge and transition to an unstable dynamic state.
Including both oceanic and atmospheric adjustments, the total time required for this transition
is about five years. Once the KE system enters the unstable state, the reverse atmospheric
responses depicted in Figs. 6a—6d ensue, eventually prompting a shift back to the stable state.
Although the atmospheric response to KE variability is weak compared to internal atmospheric
variability, this KE—storm track interaction establishes a delayed negative feedback loop that

enhances decadal variability in the extratropical North Pacific ocean—atmosphere system.

Based on the ECMWF ERA-Interim reanalysis from 2002 to 2016, Gan et al. (2023)
recently found that decadal SST changes in November over the broad KE region (140°-175°E,
30°—45°N) can induce a basin-wide low SLP anomaly and a southward shift of storm tracks in
January over the North Pacific. Their findings differ from those presented in Figs. 6a and 6c.
These discrepancies may stem from differences in the study periods and/or the choice of metric

— the use of broad-scale SST anomalies in Gan et al. (2023) versus the KE index in our study.
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Additionally, the focus of Gan et al. (2023) on the atmospheric response in January to
November oceanic conditions could contribute to the differing results. As discussed in detail
by Taguchi et al. (2012), atmospheric responses to oceanic anomalies can exhibit strong month-
to-month variability. In this study, we consider atmospheric responses across all seasons, as
ocean—atmosphere interactions occur year-round, and it is the cumulative effect that shapes
low-frequency variability in the coupled system. Note that similar basin-wide high SLP
responses to decadal KE variability, as shown in Fig. 6a, have also been identified in previous
observational and modeling studies, including Frankignoul et al. (2011), Smirnov et al. (2015),

Révelard et al. (2016), and Okajima et al. (2018).

With the KE system entering a highly stable dynamic state and its axis shifting poleward
after 2018, a relevant question arises: Has the KE’s influence upon the overlying atmosphere
changed from that in the pre-2018 era? To explore this, we show in Figs. 6e—6h the SLP, surface
turbulent heat flux, storm track activity, and Ekman pumping velocity anomalies regressed onto
the 2018-2024 KE index with a 2-month lag. Compared to the corresponding regression fields
for 19792017 (Figs. 6a—6d), broad basin-scale similarities remain, but notable differences
emerge. In particular, following the KE’s poleward shift, the associated ocean-to-atmosphere
turbulent heat flux anomalies also migrated poleward, as indicated by the negative anomalies
in Fig. 6f. In fact, a strong spatial correlation exists between Figs. 6b and 5b, highlighting the
close relationship between the KE jet, its associated mesoscale eddies, and their influence on
the turbulent heat flux field. This migration of the oceanic heat source is accompanied by a
corresponding northward shift in storm track activity (Fig. 6g). The structure of the SLP
response also changed: whereas the pre-2018 period featured a quasi-quadrupole pattern (Fig.
6a, with a relatively weak southeast negative lobe), the post-2018 pattern is characterized by a
more uniform, basin-wide high-pressure anomaly (Fig. 6e). This shift in SLP anomalies is
reflected in the Ekman pumping velocity field. The positive Wek anomalies previously seen in
the 31°-36°N band of the eastern North Pacific — critical for the negative delayed feedback
loop that drives pre-2018 decadal KE oscillations — have been largely replaced by negative
anomalies (Fig. 6h). Note that, due to the poleward migration of the KE jet (recall Fig. 5b), the
dashed box in Fig. 6h is shifted 1° northward in latitude relative to that in Fig. 6d to more
accurately capture the interior wind forcing relevant to the newly-established KE dynamic
state. From the perspective of KE—atmosphere coupling, this change in Wek suggests that a
positive feedback mechanism may now be operating, reinforcing the persistence of the stable

KE state. Although we do not pursue this issue further here, it will be important for future
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studies to examine how this altered atmospheric response might contribute to the sustained,

highly stable KE dynamic regime observed after 2018.

S. Upper ocean temperature budget

The dynamic regime change in the Kuroshio/KE has exerted a significant influence on
upper ocean thermal conditions across the midlatitude North Pacific. Figure 7a shows the SST
anomaly map for 2018-2024 relative to the 1993—2017 mean, based on the OI-SST dataset. A
prominent basin-scale warming is evident, centered along the boundary between the
subtropical and subpolar gyres. Although the warming appears continuous across the basin,
closer examination reveals distinct spatial and temporal characteristics between the western
and eastern sectors. As illustrated in the July 2023 SST anomaly map (Fig. 7b), warm SST
anomalies in the western basin are largely confined to the 35°—45°N band, extending from the
Japanese coast to the dateline. This band coincides with regions of elevated SSH and eddy
kinetic energy following the 2018 Kuroshio/KE regime shift (see Figs. 1b and 5b). Notably,
SST anomalies exceeding 4°C are observed along the east coast of Japan, indicating intense
regional warming. The oceanic and atmospheric impacts of this extreme warming have been
examined in several recent studies (Sato et al. 2024; Kawai et al. 2024; Sugimoto et al. 2025;
Hirata et al. 2025a). In contrast, SST anomalies east of the dateline display a broader meridional
structure (Fig. 7b), a pattern also evident in the long-term anomaly map in Fig. 7a. Given the
scope of this study, our analysis will focus on the SST warming in the northwestern Pacific

basin, where the connection to the Kuroshio/KE dynamic regime change is most direct.

The red curve in Fig. 7c shows the SST anomaly timeseries averaged over the 140°E—180°,
35°-45°N region (dashed box in Fig. 7b). While a modest warming tendency of 0.025°C/yr is
evident prior to 2018, the post-2018 period exhibits a tenfold increase in the warming rate,
reaching 0.265°C/yr. To place this regional warming in a broader context, Fig. 7d compares
the SST anomalies in the 140°E—180°, 35°—45°N region with the global mean SST anomaly
timeseries (green line), which serves as a proxy for anthropogenic forcing. The global mean
SST increase is significantly weaker than the regional warming observed in the western North
Pacific, suggesting that the latter is predominantly driven by internal ocean-atmosphere

variability rather than by global anthropogenic forcing.
To assess the vertical reach of this warming signal, we also examine the ECCO2 ocean

state estimate. The ECCO2-derived SST anomalies for the same region are shown by the blue
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(a) OISST Anomalies in 2018-2024 (b) OISST Anomalies in July 2023

;?ﬂ' 3
e 2
1
] ui
Y 0o
B-1
i -2
. ' . 1 -3
20°N ! . i o, ‘ ‘ oo L ‘ _ ‘ ", J 2 A
120°E 160°E 160°W 120°W 120°E 160°E 160°W 120w [Cl
(c) ISST Anlomalieslin 140—|180E, 35—45N ‘
21 | AT 15
S b o | kAT
o A TN T | 200+ 1
B, J w TR ——oissT [
4l ¥ ECCO2 o(5m)| | 05
A L L L R 400
1995 2000 2005 2010 2015 2020 2025 | 0
(d) SST Anomalies =
il il i IR ENRPEEE IR B |
600
21 r -0.5
o1 ,
0] b [ 800- e
U)_1 4 | OISSTin140—180E.35—45N‘ r [
E Global Ocean Mean F -1.5
2 1000 ec)

T T T T T T T
1995 2000 2005 2010 2015 2020 2025 1995 2000 2005 2010 2015 2020 2025

Fig. 7. (a) SST anomalies in the North Pacific Ocean during 20182024, based on the OI-SST product.
(b) Same as (a), but for July 2023. The dashed box denotes the region 140°E—-180°, 35°—45°N. (c) SST
anomaly timeseries averaged within the dashed line in (b), from the OI-SST (red curves) and ECCO2
(blue curves). Thin lines represent monthly anomalies; thick lines indicate low-pass filtered anomalies.
(d) Same as (c), with the green line showing the global mean SST variations, based on NOAA National
Centers for Environmental Information. (e) Temperature anomalies as a function of time and depth,
averaged in the 140°E—180°, 35°—45°N box, based on ECCO2 product. All temperature anomalies here
are relative to the 1993-2017 mean.

curve in Fig. 7c, which agrees closely with the OI-SST time series, confirming the reliability
of ECCO2 for vertical structure analysis. Figure 7e shows temperature anomalies as a function
of time and depth in the same region, based on ECCO2 output. Notably, the warming anomalies
observed in the SST fields (Figs. 7a—7b) are not confined to the surface mixed layer but extend
down to the main thermocline. This vertical penetration of warming (see also Minobe 2025;
Trenberth et al. 2025) suggests that in addition to surface heat fluxes, subsurface oceanic
processes, such as those linked to changes in the KE dynamic state, have contributed

significantly to the anomalous upper-ocean warming in the western North Pacific.

To quantify the relative contributions of dynamic versus thermodynamic processes to

upper-ocean warming, we follow the methodology of Qiu et al. (2017) and perform a
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temperature budget analysis using the ECCO2 ocean state estimate. The governing equation
for the upper-ocean temperature anomalies T', averaged over a layer of depth H, is given by:

O e _ 10 Qnet | (Kn (O p2giry  _ Kz 9T
3 <T'>= =[5, uvTYdz e (1 [0, VRT'dz =250 ). 3)

1.0
where < T' > = = [ u T'dz represents the depth-averaged temperature anomaly, u = (u, v, W)

is the 3D velocity vector, Q. is the net surface heat flux anomaly, C,, is the specific heat of

seawater, and Kj, and K, are the horizontal and vertical eddy diffusivities, respectively. All
anomalies are defined relative to the 1993-2024 mean, the analysis period for this study.
Physically, the first term on the right-hand side of Eq. (3) represents the advective flux
convergence (AFC) contribution, the second term represents the surface heat flux (SHF)
contribution, and the final term accounts for eddy diffusive flux convergence (DFC). Based on
the vertical structure of the temperature anomalies shown in Fig. 7e, we set H = 400m for our

analysis. Tests with other depth values confirm that the qualitative results remain robust.

Figure 8a shows the time-integrated contributions of the individual terms in Eq. (3),
averaged over the 140°—180°E, 35°—45°N region. Owing to the vertical coherence of the
temperature anomalies within the upper 400 m, the timeseries of the box-averaged < T' >
(blue line) closely track the SST anomaly timeseries shown in Fig. 7c. Overall, there exists a
strong negative correlation between the SHF term and the AFC term (red and green lines,
respectively), indicating that surface heat flux forcing tends to oppose the effects of ocean
advection in driving upper-ocean temperature changes. In comparison, the DFC term (gray
line) contributes less to the total temperature tendency. Following the Kuroshio/KE regime
change in 2018, the increase in < T’ > was driven primarily by the AFC term, with a secondary
contribution from the DFC term. In contrast, the SHF term exerted a damping effect, acting to
offset the upper-ocean warming induced by dynamic oceanic processes. Notice that the Qp¢
signal in the SHF term is predominantly controlled by turbulent heat flux anomalies, and shows

little correlation with net shortwave flux (not shown).

That the SHF forcing works to damp the upper ocean temperature anomalies generated by
oceanic processes is confirmed by the local correlation maps between the < T' > timeseries
and the time-integrated SHF and AFC forcings, shown in Figs. 8d and 8e, respectively. Across
much of the western North Pacific basin, these maps reveal that upper ocean temperature
anomalies are primarily driven by oceanic advective and subsequently damped by SHF forcing.

In fact, the spatial pattern in Fig. 8d closely resembles the observed surface eddy kinetic energy
18
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Fig. 8. (a) Time-integrated upper ocean temperature budget terms averaged over the 140°E—180°,
35°-45°N region, based on the ECCO2 ocean state estimate. Blue line denotes the evolution of the
vertically averaged temperature anomaly < T’ >; red, green, and grey lines represent contributions
from the SHF, AFC, DFC terms, respectively. The time mean of each term has been individually
removed. (b) Decomposition of the AFC term (green line in panel a) into horizontal (teal) and vertical
(pink) advective component. (c) Breakdown of the horizontal AF'C component (teal line in panel b) into
contributions across the southern (black), eastern (blue), and northern (red) boundaries of the analysis
box. (d) Spatial map of the correlation coefficient between < T’ > changes and SHF forcing across the
North Pacific. (¢) Same as (d), but for the correlation between < T' > changes and AFC forcing.

distribution (e.g., Fig. 1 in Qiu et al. 2022): regions with elevated eddy activity exhibit strong
negative correlations between < T’ > and SHF forcing. This indicates that SHF forcing tends

to counteract the upper ocean temperature anomalies induced by oceanic eddy variability.

To better understand the nature of the AFC forcing averaged over the 140°-180°E,
35°-45°N region, it is useful to separate its contributions into horizontal and vertical
components. As shown in Fig. 8b, the total AFC term (green line) is largely governed by its
horizontal component (teal line). This indicates that the advective temperature flux
convergence is primarily controlled by variations in horizontal upper-ocean circulation, rather
than by vertical processes such as Ekman pumping. To further isolate the horizontal
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contributions, we decompose the advective fluxes through the southern, eastern, and northern
boundaries of the analysis box (note that the western boundary is effectively closed by the
Japanese landmass). Figure 8c shows that changes in the horizontal AFC forcing are primarily
imposed by heat flux convergence through the southern boundary (black line), partially offset
by heat export through the eastern boundary (blue line). The flux through the northern boundary
(red line) plays only a minor role. Physically, this suggests that the upper ocean temperature
anomalies observed in the 35°-45°N band of the western North Pacific (Fig. 7) are mainly
driven by lateral heat input from the poleward-migrating KE jet across the southern boundary
near 35°N, with a portion of this heat subsequently advected eastward into the central and

eastern North Pacific.

In contrast to the dominant forcing mechanisms identified in the western basin, Figs. 8d
and 8e suggest that the upper ocean temperature anomalies in the eastern North Pacific (recall
the basin-wide SST warming shown in Fig. 7b) are likely governed by a combination of SHF
and AFC forcings. For the AFC component in this region, it is plausible that wind-driven
Ekman transport convergence, rather than geostrophic flow convergence, plays a more
influential role in driving upper ocean warming. This distinction highlights the differing
dynamics and thermodynamics operating across the basin. To further elucidate the processes
underlying the observed warming in the eastern North Pacific, it would be worthwhile for
future studies to carry out an upper ocean temperature budget analysis similar to that presented

in Figs. 7 and 8, with a dedicated focus on the mechanisms active in the eastern basin.

6. Summary

The Kuroshio and Kuroshio Extension (KE) form a nonlinearly interacting western
boundary current system within the wind-driven subtropical gyre of the North Pacific Ocean.
By releasing spatio-temporally varying heat and moisture to the overlying midlatitude
atmosphere, this current system acts as a heat engine that drives low-frequency climate
variability across the North Pacific. Following the 1976/77 North Pacific climate regime shift,
the KE system east of Japan entered a quasi-regular oscillation between stable and unstable
dynamic states. The oscillation had a decadal timescale and was regulated by a delayed
negative feedback loop involving interactions between the KE jet and extratropical storm tracks
spanning the North Pacific basin. During this regime from 1976/77 to early 2017, the upstream

Kuroshio south of Japan underwent five large meander (LM) events but otherwise remained in
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a non-large meander path configuration. Its dynamical linkage to the downstream quasi-

decadal KE variability remained relatively weak throughout this time.

A significant regime shift occurred in the Kuroshio/KE system in late 2017. Since 2018
and persisting through the past seven years, the Kuroshio south of Japan became locked in a
persistent LM state, while the KE transitioned into an exceptionally stable dynamic state. This
newly established Kuroshio/KE configuration is unprecedented in the past 75 years, during
which reliable reanalysis and ocean model simulation data are available. In this study, we have
identified three processes likely responsible for this unique dynamic state. First, the wind
forcing over the subtropical North Pacific has exhibited an unusually persistent dipolar pattern
since 2018, characterized by weakened winds over the southern subtropical gyre (20°-32°N)
and strengthened winds over the northern subtropical gyre (32°—45°N). This anomalous wind
pattern favors a weakened wind-driven Kuroshio transport in the south — conducive to
maintaining the LM path — and a strengthened Sverdrup transport in the north, which shifts the
KE jet poleward. Second, once this new dynamic regime is established, nonlinear interactions
between the Kuroshio and KE systems can help sustain it. Specifically, the presence of the LM
path steers the upstream KE jet northeastward, while the poleward-shifted KE jet reduces the
westward-propagating mesoscale disturbances that typically destabilize the LM, thereby
creating a mutually reinforcing configuration. Third, the atmospheric response to the stable KE
dynamic state after 2018 appears to differ subtly from that of the pre-2018 period. Previously,
a positive wind stress curl anomaly commonly emerged in the 31°-36°N band of the eastern
North Pacific during stable KE phases. After 2018, however, this pattern has been replaced by
a negative wind stress curl anomaly. This anomalous forcing can enhance positive SSH
anomalies via oceanic adjustment processes, reinforcing the existing stable KE configuration

and potentially establishing a positive feedback loop.

An important manifestation of the new Kuroshio/KE dynamic state is the progressive
poleward migration by the KE jet and its associated mesoscale eddy activity. This poleward
shift has had a pronounced impact on the thermal structure of the upper ocean in the western
North Pacific. Since 2018, the upper 400 meters of the ocean in the 35°~45°N band have
undergone steady warming, with the SST increasing at a rate of 0.265°C/yr and the vertically
averaged temperature over the 0—400 m layer warming at 0.086°C/yr. An upper ocean
temperature budget analysis based on the ECCO2 ocean state estimate reveals that this

warming is driven primarily by lateral advective temperature fluxes entering through the
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southern boundary at 35°N, and secondarily by lateral outflow through the eastern boundary
and vertical diffusive processes. In contrast, the net surface heat flux has acted as a damping

mechanism, offsetting part of the warming induced by oceanic advection.

The newly-established Kuroshio/KE dynamic state is an ongoing phenomenon. Many of
the conclusions drawn in this study, particularly regarding the three processes proposed to
sustain the new dynamic regime, are based on available observational evidence of the past
seven years (2018-2024). To advance our understanding, future observational and modeling
studies will be essential to validate and refine these findings, as well as to assess the extent to

which the evolution of the Kuroshio/KE dynamic state can be predicted.
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