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Abstract The Kuroshio south of Japan is known to vacillate between a straight and a large meander (LM)
path. Since 1950, eight LM events have been observed with different durations. The most recent/on-going LM
started in August 2017 and has become the longest event in record. By analyzing eddy-resolving sea surface
height data and by adopting a wind-forced linear vorticity model, we demonstrate that the on-going LM is
maintained by an exceptionally stable dynamic state of the Kuroshio Extension (KE) forced by wind stresses
across the Pacific basin. The highly-stable KE system not only minimizes westward eddy perturbations from
disrupting the upstream Kuroshio path, its strengthened southern recirculation gyre further helps to anchor the
Kuroshio across the Izu Ridge. By contrasting the on-going event to the 2004—2005 event, we argue that the
LM duration is more sensitive to the wind-forced KE dynamic state than the eastward Kuroshio transport south
of Japan.

Plain Language Summary Occurrence of large meanders (LMs) by the Kuroshio south of Japan is
a unique characteristic among the 5 western boundary currents in the wind-driven subtropical ocean gyres. The
LM occurrence and durations have both been observed to be irregular and chaotic. While processes initiating a
LM event have been widely examined, the factors controlling the LM duration remain less explored. Two LM
events with drastically different durations took place after the global eddy-resolving sea surface height data
from satellite altimeters became available. In contrast to the 2004-2005 LM event with a duration of 14 months,
the on-going LM started in August 2017 and, by persisting for >67 months, has become the longest among the
eight recorded events since 1950. This study investigated the processes responsible for the differing durations of
these two LM events. It is found that the wind-forced stability of the Kuroshio Extension system east of the Izu
Ridge plays a critical role in setting the LM's durations. This investigation is important because the Kuroshio
LM impacts not only on fisheries south of Japan, but also synoptic weathers, such as typhoon paths, and climate
in coastal areas facing the North Pacific Ocean.

1. Introduction

The Kuroshio is the western boundary current in the wind-driven North Pacific subtropical gyre (Imawaki
et al., 2013; Kida et al., 2015; Qiu, 2019). While its upstream path is effectively constrained by coastal bounda-
ries and the steep East China Sea continental slope, the Kuroshio path becomes less topographically restrained
after it exits the Tokora Strait near 130°E (Figure 1a). In the deep Philippine Sea south of Japan, the Kuroshio
path is known to exhibit bimodal fluctuations on interannual and longer timescales. During its “straight-path”
years, as in 2010-14 shown in Figure 1b, the Kuroshio follows closely the southern coast of Japan and during
the “large meander” (LM) years, as in 2018-2022 in Figure 1b, the Kuroshio takes an offshore detouring path
with its southernmost latitude reaching 30°N. After crossing the meriodionally-aligned Izu Ridge along ~140°E,
the Kuroshio detaches from the coast and flows eastward as an inertial jet with prominent northern and southern
recirculation gyres (Jayne et al., 2009; Nakano et al., 2008; Qiu et al., 2008). East of the Izu Ridge, the Kuroshio
is renamed as the Kuroshio Extension (KE).

One proxy that captures faithfully the bimodal Kuroshio path changes south of Japan is the sea level differ-
ence measured at the Kushimoto (133.77°E, 33.48°N) and Uragami (135.90°E, 35.56°N) tide gauge stations
(Kawabe, 1980, 1995; see Figure 1b for their locations). When the Kuroshio is in a straight-path (LM) state, its
in-shore (off-shore) path causes the Kushimoto-Uragami sea level difference to increase (drop). Other observed
quantities, such as the mean Kuroshio distance from the coast, have also been used in the past to quantify the
Kuroshio path changes (for an updated review, readers are referred to Qiu & Chen, 2021). Since 1950, eight
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Figure 1. (a) Mean sea surface height distribution (cm) in the western North Pacific by Jousset et al. (2022). Colors

show the bathymetry from Smith and Sandwell (1994). S box denotes the area where Sverdrup transport is evaluated and
dashed RG box indicates the KE recirculation gyre region. (b) Monthly Kuroshio/KE paths during the straight-path years
(2010-2014, black lines) versus large-meander years (2018-2022, red lines). Green shade denotes areas shallower than
500 m. K and U denote tide gauge station Kushimoto and Uragami, respectively. (c) Time series of sea level difference of
Kushimoto-Uragami. Black line denotes the time series after 5-month running mean. Shaded windows denote the Kuroshio
large meander periods.

Kuroshio LM events have occurred with both of their occurrence and durations appearing random and irregular
(Figure 1c). The bimodal Kuroshio path variability exerts a significant impact not only on regional physical
oceanic processes (Nishikawa et al., 2023; Oka et al., 2021; Qiu et al., 2020; Sugimoto et al., 2020), but also
on fisheries, typhoon paths and coastal climate (Chang et al., 2019; Lizarbe Barreto et al., 2021; Nakamura
et al., 2012; Sugimoto et al., 2021).

Research on dynamics underlying the bimodal Kuroshio path variability has a long history. Comprehensive reviews
on the past theoretical, modeling and data analysis studies can be found in Tsujino et al. (2013), Usui (2019), and
Qiu and Chen (2021). Two aspects of the chaotic Kuroshio path variability are of particular interest: one is the
LM initiations and the other, its durations. With regard to the LM initiations, many existing studies have found
that high mesoscale eddy activity along the Subtropical Countercurrent (STCC) band of 18°-28°N in the western
North Pacific Ocean plays critical and inducive roles. Specifically, increased mesoscale eddy variability favors
the generation of cyclonic-anticyclonic eddy pairs: the cyclonic eddy often triggers small-amplitude cyclonic
meander of the Kuroshio path southeast of Kyushu and the succeeding anticyclonic eddy facilitates the stalling/
growth of cyclonic-eddy triggered meandering path. For seven out of the eight LM events identified in Figure 1c,
it is found that they were preceded by heightened mesoscale eddy activity due to interannually increased Ekman
flux convergence along the STCC band (Qiu & Chen, 2021).

Compared to the initiation of a LM event, our understanding about the processes dictating the duration of a LM
event remains less well established. Several past studies have argued that the magnitude of the eastward Kuroshio
transport south of Japan acts as an important factor. Based on sensitivity experiments using a data-assimilated
model, Usui et al. (2013) found that a reduced Kuroshio transport can result in a longer LM duration due to
stationary Rossby lee waves with a shorter zonal wavelength being more easily maintained south of Japan. With
the accumulation of high-precision satellite altimeter measurements of the past three decades and our overall
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better understanding about the low-frequency Kuroshio/KE variability, we are now in a favorable position to
re-examine the issue relating to the LM duration changes. Fortuitously, two LM events with drastically different
durations occurred in the satellite altimetry era. The 2004/05 LM event, as seen in Figure lc, lasted for only
14 months from July 2004 to August 2005. In contrast, the most recent/on-going LM started in August 2017 and,
by persisting for >67 months, has become the longest event in observational record since 1950.

By analyzing the eddy-resolving altimetry data and by adopting the wind-forced linear vorticity model, we explore
in this study processes that contribute to the contrasting durations of the 2004-2005 versus 2017-present LM
events. Due to the planetary f effect, mesoscale oceanic perturbations propagate westward (Chelton et al., 2011).
With the Kuroshio south of Japan located to the west of the KE, our particular attention is paid to how the
wind-forced KE dynamic state changes can affect the LM duration through the planetary f effect and interaction
with the Izu Ridge. In addition to the KE impact from east of the Izu Ridge, relevance of changes in eastward
Kuroshio transport west of the Izu Ridge on the LM duration will also be discussed.

2. Observational Data Sets

To examine the Kuroshio/KE variability in connection to the LM events, we use the global sea surface height
(SSH) data set processed by Ssalto/Duacs and distributed by the Copernicus Marine and Environment Monitor-
ing Service. This data set merges along-track SSH measurements from all satellite altimeter missions and has a
1-day temporal and a 1/4° spatial resolution. The data period analyzed in this study extends from January 1993
to December 2022.

To relate the oceanic SSH and Sverdrup transport variability to that of the atmospheric forcing, we utilize the
monthly surface wind stress data from the European Centre for Medium—Range Weather Forecasts (ECMWF)
ERA-5 reanalysis product. The ECMWF ERA-5 data have the same spatial resolution of 0.25° as the
altimeter-derived SSH data and are available from January 1950 to September 2022.

3. Results
3.1. Kuroshio Extension Variability

Following our previous study (Qiu & Chen, 2005), we adopt four dynamic quantities to quantify the low-frequency
variability of the KE system east of the Izu Ridge. Figure 2a shows the KE pathlength integrated from 141°E to
153°E based on the SSH data from 1993 to 2022 (see Figure 1b for representative paths). A short (long) path-
length indicates a stable (unstable) KE dynamic state. Figures 2b and 2c show the surface eastward transport and
latitudinal position of the KE averaged from 141°E to 165°E, respectively, and Figure 2d shows the intensity
of KE's southern recirculation gyre inferred from the area where absolute SSH value exceeds 2.0 m (see Qiu &
Chen, 2005 for details). In its unstable state as denoted by black bars in Figures 2a-2d, the KE jet tends to have
a reduced eastward transport, a southerly latitudinal position, and a weakened southern recirculation gyre. The
reverse is true when the KE switches to a stable state. Because these quantities are temporally correlated, they
can be combined (by reversing the sign of pathlength and averaging the four time series normalized by their
respective standard deviations) to form a KE index to succinctly represent the dynamic state of the observed KE
system (Figure 2e). Thus formulated, a positive KE index signifies a stable dynamic state and a negative index,
an unstable dynamic state. Consistent with the findings in Qiu et al. (2014), this KE index is correlated favorably
with the anomalous SSH signals in the KE southern recirculation gyre box of 31°-36°N, 140°-165°E (compare
Figure 2e with Figure 2f; the two time series have a linear correlation coefficient » = 0.91). In other words,
exploring the low-frequency KE variability becomes equivalent to quantifying the SSH changes in the RG box
shown in Figure 1a.

As noted by many previous studies, the KE system in the past four decades have fluctuated between a stable
and an unstable dynamic state on the quasi-decadal timescales (Joh & Di Lorenzo, 2019; Qiu & Chen, 2005;
Sasaki et al., 2013; Taguchi et al., 2007). The transition between the two dynamic states has been shown to be
induced by arrivals of SSH anomalies in the KE recirculation gyre that have been generated in the eastern Pacific
(170°W-140°W) due to Pacific decadal oscillation (PDO)-related wind forcing. For example, with a delay of
~3 years, the KE system in late 2016 and early 2017 transitioned to an unstable state (Figure 3a) due to the
incoming negative SSH anomalies from the eastern North Pacific caused by the positive PDO wind forcing after
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(a) Upstream KE Path Length (141°-153°E)
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Figure 2. Time series of (a) KE pathlength integrated from 141° to 153°E, (b) sea surface height (SSH) difference across
the KE jet from 141° to 165°E, (c) latitudinal KE position from 141° to 165°E, (d) intensity of the KE recirculation gyre,
and (e) synthesized KE index. Black bars denote the periods when the KE is in unstable state. Thick black line in () shows
the low-passed KE index by a Gaussian filter with a 4-month decay scale. Time series of (f) SSH anomalies in the RG box,
(g) SSH anomalies in the RG box hindcasted by the linear vorticity model, and (h) Sverdrup transport anomalies in the S box
south of Japan.

2014 (Figures 3b and 3c). This unstable state, however, is disrupted due to the LM occurrence in August 2017
that has forced the KE path to shift poleward instead of equatorward (see Figure 2c after 2017; Qiu et al., 2020).
Following this reversal from an unstable to a stable state of the KE system, the SSH anomalies in the RG box
continue to rise, reaching a positive value that exceeds the two preceding stable periods of the KE in 2001-2005
and 2010-2015.

It is important to emphasize that this unprecedented stabilization of the KE system after 2018 are not solely
an outcome of the on-going Kuroshio LM event. As shown in Figure 3b, a significant portion of the observed
positive SSH anomalies in the western RG segment that contributed to the stabilized KE dynamic state after
2018 are observed to have originated in the eastern North Pacific. To quantify this contribution, we evaluate the
SSH changes in the KE recirculation gyre box using the ERAS wind stress data based on the wind-forced linear

vorticity model (Qiu et al., 2014):
on on g T
ot Rox g v pof M

where 7 is the wind-induced SSH anomaly, Cg the long baroclinic Rossby wave speed (Chelton et al., 2008), g the
gravity constant, g' (=0.04 m/s?) the reduced gravity, f the Coriolis parameter, p, (=1,023 kg/m?) the reference
density, and t the monthly wind stress vector. Compared to the observed ~10 cm SSH anomalies in 2018-22
shown in Figures 2f and 2g reveals that nearly half (~5 cm) of these positive SSH anomalies are produced by the
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Figure 3. (a) KE index time series (same as Figure 2e). (b) Time-longitude plot of sea surface height anomalies along the
31°-36°N band. Dashed lines denote the RG-box segment. To focus on the regional variability, the 3.3 mm/year global-mean
sea level rise trend is removed. (c) PDO index.

surface wind stress forcing across the North Pacific basin and are independent of the Kuroshio LM event south
of Japan. In other words, the highly-stable KE state observed in the past 5 years is a combined response to the
occurrence of the Kuroshio LM west of the Izu Ridge and the forcing by the interior wind stresses across the
eastern North Pacific.

In contrast to the latest LM event, the short-lived 2004-2005 LM started when the KE system was in a stable
dynamic state. As indicated in Figure 2e, the LM disappeared in mid 2005 after the KE index switched from
positive to negative. Similar to the 2017-present LM event, Figures 2g, 3b, and 3c reveal that the KE dynamic
state and its transition are largely controlled by the westward-propagating SSH anomalies generated by the
PDO-related surface wind forcing in the eastern North Pacific.

3.2. Impacts on LM Duration

What are the impacts of the differing KE dynamic states on the LM duration? To address this question, we plot
in Figure 4 the yearly eddy kinetic energy anomaly distributions in the Kuroshio/KE regions. Here, eddy kinetic
energy is calculated geostrophically from the SSH data and its anomaly is defined relative to the mean eddy
kinetic energy level of 1993-2022. For the 2004-05 LM event, it can be seen that the eddy kinetic energy level is
anomalously high in 2005 and onward in the KE region south of ~35°N. In contrast, the eddy kinetic energy level
is anomalously low in the southern KE region in 2018-2222 following the LM occurrence in 2017. Dynamically,
these changes in the eddy kinetic energy field are not surprising as they are another manifestation (in addition to
those shown in Figures 2a-2d) between the stable versus unstable state of the KE system.

Figure 5a shows that a deep channel with depths >1,500 m exists near 34°N across the Izu Ridge. When it
assumes a LM path, the Kuroshio tends to exit through this deep channel to the open Pacific Ocean (see, e.g.,
top panel in Figure 5b). South of 34°N, the Izu Ridge shoals between 32.5° and 34°N and when the Kuroshio
overrides this shallower ridge segment, its path west of the Izu Ridge is often perturbed due to the planetary
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Figure 4. Yearly eddy kinetic energy anomaly distributions in the Kuroshio/KE region. Here, anomalies are defined as
deviations from the 1993-2022 mean eddy kinetic energy value.
effect. When the eddy kinetic energy level increased in the KE region south of 35°N after 2005 (Figure 4, left
column), westward-propagating mesoscale perturbations originated in the downstream KE region were able to
force the Kuroshio path laterally onto the shallower segment of the Izu Ridge (to be detailed in next section). This
destabilizes the meandering path of the Kuroshio south of Japan, making the 2004—2005 LM a short-live event.
Following the LM initiation in August 2017, on the other hand, the eddy kinetic energy level in the KE region
south of 35°N is subdued (Figure 4, right column) and this reduces disturbances to the Kuroshio path over the
Izu Ridge (recall red pathlines in Figure 1b). It is this difference in the wind-forced dynamic state of the KE that,
we believe, contributed to the starkly different durations between the Kuroshio LM events in 2004-2005 versus
2017-present.
4. Discussion and Summary
Persistence of a LM event requires the Kuroshio over the Izu Ridge to pass through the deep channel near 34°N
(Figure 1b). By analyzing the eddy-resolving SSH data and by adopting the wind-forced linear vorticity model,
we have identified the KE dynamic state forced by wind stresses across the Pacific basin to be a determinant
factor. By strengthening the southern recirculation gyre and by shifting its axis northward, a stable KE dynamic
QIUET AL. 60f9
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Figure 5. (a) Detailed bathymetry around the Izu Ridge. Thick contours denote 1,000 m & 3,000 m isobaths. (b)

Biweekly Kuroshio/KE paths during 2004/07-2005/06 (top), 2005/07-2006/06 (mid), and 2006/07-2007/06 (bottom). (c)
Time-longitude plot of sea surface height anomalies along 33.0°-34.5°N across the Izu Ridge. The analyzed area is indicated
by dashed boxes in (b).

state, for example, corresponds to anomalously low eddy kinetic energy level and favors to anchor the Kuroshio
to pass through the deep channel over the Izu Ridge.

As noted in the Introduction, the magnitude of the eastward Kuroshio transport has been argued by past studies
based on stationary Rossby lee waves to be an important contributor to the length of a LM event. To examine the
relationship between the eastward Kuroshio transport variations and the duration of the recent two LM events,
we follow Usui et al. (2013) and calculate the Sverdrup transport anomaly time series based on the ERAS wind
stress data averaged in 132°-138°E, 28°-32°N (the S box in Figure la). By regarding the Kuroshio to be a
compensating flow to the wind-driven interior circulation, this Sverdrup transport value serves as a proxy for
the eastward Kuroshio transport south of Japan. As shown in Figure 2h, while the Sverdrup transport was close
to its time-mean value (44.5 Sv) during the 20042005 LM period, it is reduced by 4 ~ 5 Sv, or about 10%
of the time-mean value, after the 2017 LM occurrence. This transport difference is consistent with the Usui
et al.'s (2013) findings that the LM duration tends to lengthen when the eastward Kuroshio transport south of
Japan is reduced.

It is worth emphasizing that the reduced Sverdrup transport shown in Figure 2h and the wind-forced stable state
of the KE shown in Figure 2g after 2018 are not a coincident. The dominant surface wind stress forcing and the
Sverdrup transport in the midlatitude North Pacific basin are related to the PDO phases. During the negative PDO
phase, for example, negative and positive wind stress curl anomalies tend to appear north and south of ~32°N in
the central-eastern North Pacific basin (see Figure 2 in Qiu, 2003). Such a meridionally-dipolar wind stress curl
forcing would lead to a stable dynamic state of the KE system to the north of 32°N and, at the same time, reduce
the Sverdrup transport in the 28°-32°N band south of Japan. With the PDO phase switching from positive to
negative in recent years after 2018 (Figure 3c), this is indeed what happened.
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Given that the Sverdrup transport in the upstream Kuroshio south of Japan and the wind-forced KE dynamic
state can both affect the duration for a LM event, a question arising naturally is which of these two processes
play a more important role. Some hints to the answer of this question can be gained by taking a close look at the
decaying process of the 2004-2005 LM event over the Izu Ridge. Note that if the LM duration is controlled by
the upstream Kuroshio transport changes, we can expect the Kuroshio path variability to start south of Japan and
be advected eastward to over the Izu Ridge. On the other hand, if the LM duration is dictated by the KE dynamic
state changes, the Kuroshio path variability should first emerge in the downstream KE region and then propa-
gate westward via the planetary p effect. Examination of the SSH anomaly signals along the 33.0°-34.5°N band
(Figure 5c) reveals that the LM demise in August 2005 corresponds to the appearance of negative SSH anomalies,
or a southward migration by the Kuroshio path, over the Izu Ridge. These negative SSH anomalies emerged first
in the 144°-148°E segment in early 2005 as a result of the positive-phased PDO wind forcing that brought in the
wind-forced negative SSH anomalies into the KE region (Figures 3b and 3c). After propagating westward, these
anomalies perturbed the Kuroshio path southward over the Izu Ridge and destabilized the meandering Kuroshio
path south of Japan (see mid & lower panels in Figure 5b). Notice that throughout 2005, no SSH anomalies over
the Izu Ridge could be seen to have initiated from the upstream Kuroshio region west of 140°E in Figure 5c.

Due to the limitation of the available eddy-resolving SSH data, we have in this study focused on the roles played
by the KE dynamic state and mesoscale eddies upon the durations of the recent two LM events. It will be of
interest for future studies to quantify the contributions to the durations of other LM events from changes in the
upstream Kuroshio transport versus the KE dynamic state based on eddy-resolving OGCM simulations and/or
data-assimilated products. In light of the decay processes of the 2004—2005 LM presented in Figure 5, it will also
be of interest to see if the on-going LM event would demise similarly when the wind-forced KE dynamic state
switches from the current stable state to a future unstable state.

Data Availability Statement

All data used in this study are publicly accessible. The PDO time series is available at https://www.ncei.noaa.gov/
access/monitoring/pdo/, the merged satellite altimeter data are available at https://doi.org/10.48670/moi-00148,
and the ECMWF ERA-5 reanalysis data are accessible from https://doi.org/10.24381/cds.f17050d7.
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