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ABSTRACT: Decadal modulations of the Kuroshio Extension (KE) system between a stable and an unstable dynamic

state in the western North Pacific have prevailed in the past three decades. This dominance of decadal variations is con-

trolled by the negative feedback loop involving the wind-forced KE variability and its feedback onto the overlying extra-

tropical storm tracks and the basin-scale surface wind field. The wind-forced decadal KE modulations were disrupted in

August 2017 due to the development of the Kuroshio large meander south of Japan. By forcing the inflow KE paths

northward and by avoiding overriding the shallow Izu Ridge, the Kuroshio large meander was able to compel the KE to

change rapidly from the wind-forced, pre-existing, unstable state to a stable state. Following the large meander occurrence

in late 2017, the stabilized KE change is found to affect the overlying storm tracks and the basin-scale wind field the same

way as those generated by the wind-forced KE change prior to 2017. Given the consistent atmospheric response to both the

large-meander-induced and wind-forced KE variability, we expect that the KE dynamic state will resume its decadal

modulation after the phase reset relating to the 2017 large meander event.

KEYWORDS: Atmosphere-ocean interaction; Boundary currents; Climate prediction; Decadal variability; Mesoscale

processes; Oceanic variability

1. Introduction

The Kuroshio has its origin in the northern branch of the

North Equatorial Current (NEC) that flows westward and bi-

furcates off the Philippine coast near 128N (Fig. 1). As it flows

poleward, the Kuroshio gains progressively its volume trans-

port and becomes a well-defined western boundary current

(WBC) with a transport of ;15 Sv (1 Sv [ 106m3 s21) when

reaching the Luzon Strait (Lien et al. 2014). After passing by

Taiwan, the Kuroshio enters the semi-enclosed East China Sea

wherein its path is dynamically constrained by the steep con-

tinental slope. The Kuroshio enters the deep Shikoku basin

through the Tokara Strait near 1308E and, due to the devel-

opment of an offshore recirculation gyre, its eastward volume

transport can reach up to 60 Sv (e.g., Imawaki et al. 2013). The

Kuroshio exits the Shikoku basin by overriding the shallow Izu

Ridge along 1408E and it is renamed the Kuroshio Extension

(KE) after it enters the open North Pacific. With the en-

hancement from both the southern and northern recirculation

gyres, the volume transport of the eastward-flowing KE has

been observed to exceed 100 Sv (Wijffels et al. 1998; Qiu et al.

2008; Jayne et al. 2009).

Large-amplitude variability in the Kuroshio/KE system can

be separated into three segments, each with distinct regional

characteristics. The first segment lies in the latitudinal band

east of Luzon and Taiwan between 188 and 258N. As indicated

in Fig. 1, this band has a high mesoscale eddy variability that

extends eastward to the Hawaiian Islands across the western

North Pacific Ocean. Mesoscale eddies along the 188–258N
band have been observed to propagate westward with a typical

period of O(100) days and a phase speed of about 0.1m s21,

and they are generated by baroclinic instability induced by the

zonal velocity shear between the eastward-flowing Subtropical

Countercurrent (STCC) in the surface layer and the westward-

flowing NEC in the subsurface layer in the western North

Pacific (Qiu 1999; Kobashi and Kawamura 2002; Cheng et al.

2017). After impinging upon the western boundary, the STCC

mesoscale eddies have been detected to exert significant

changes in the Kuroshio path and transport inside the East

China Sea, as well as the Ryukyu Current that flows northward

to the east of the Ryukyu Islands (e.g., Zhang et al. 2001; Gilson

and Roemmich 2002; Ichikawa et al. 2004; Andres et al. 2008).

The second segment of enhanced Kuroshio variability ap-

pears in the deep Shikoku basin south of Japan. Constrained by

the inflow via the narrow Tokara Strait and the need to over-

ride the meridionally oriented Izu Ridge along 1408E, the
Kuroshio in the Shikoku basin is known for its bimodal path

fluctuations between a nearshore straight path and an offshore

meandering path (Kawabe 1995). During both of these two

paths (commonly known as the ‘‘straight path’’ and ‘‘large

meander path’’), the Kuroshio exits the Shikoku basin via a

relatively deep channel centered around 348N along the

shoaling Izu Ridge. In addition to these two preferred paths,

the Kuroshio south of Japan can also exhibit a third path that

loops southward over the shoaling Izu Ridge. The Kuroshio

path fluctuations south of Japan are highly irregular and cha-

otic; the occurrence of the Kuroshio large meander (LM)

shows no dominant periodicities, nor a preferred duration [for

recent reviews, seeQiu andMiao (2000) andUsui et al. (2013)].

As will be explored in section 3 of this study, the dynamical

causes underlying the bimodal Kuroshio path fluctuations in

the Shikoku basin continues to be a topic of active research.Corresponding author: Bo Qiu, bo@soest.hawaii.edu
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Free from the constraint of coastal boundaries, the KE east

of Japan constitutes the third high eddy variability segment.

With the enhancement of its volume transport and horizontal

shear, the KE has long been observed to be an eastward-

flowing inertial jet accompanied by large-amplitude meanders

and energetic pinched-off eddies (e.g.,Mizuno andWhite 1983;

Yasuda et al. 1992). One salient feature emerging from recent

satellite and eddy-resolving ocean general circulation model

simulations is that the KE exhibits well-defined decadal mod-

ulations between a stable and an unstable dynamic state (Qiu

and Chen 2005, 2010; Taguchi et al. 2007; Ceballos et al. 2009;

Sugimoto and Hanawa 2009; Sasaki et al. 2013; Pierini 2014;

Bishop et al. 2015). For example, Fig. 2 shows that the KE

paths were relatively stable in 1993–94, 2002–05, 2010–15, and

2018–19, based on merged satellite altimeter observations. In

contrast, spatially convoluted paths prevailed during 1995–

2001, 2006–09, and 2016–17. This decadal modulation of the

KE system has persisted after the 1976–77 ‘‘climate shift’’ in

the North Pacific (Qiu et al. 2014) and the basinwide wind

stress curl variability associated with the Pacific decadal os-

cillations (PDOs; Mantua et al. 1997), or the North Pacific gyre

oscillations (NPGOs; Di Lorenzo et al. 2008), has been iden-

tified as the external forcing that controls the phase change

between the stable/unstable dynamic states.

Given their distinct characteristics, the oceanic circulation

variability in these three segments of the North Pacific wind-

drivenWBC system has largely been explored separately in the

past studies. The objective of our present study is to use the

occurrence of the Kuroshio large meander in late 2017 to

demonstrate that the variability in the aforementioned three

segments are dynamically interconnected. To better under-

stand the roles of the KE variability upon the overlying at-

mosphere, we argue that it is, in fact, critical to clarify the

interactions among the mesoscale eddies from the STCC band,

the Kuroshio path fluctuations south of Japan, and the down-

stream KE variability in the open Pacific Ocean.

This paper is organized as follows. After describing the ob-

servational datasets in section 2, we examine in section 3 the

KE dynamic state variability and its influence upon the over-

lying atmosphere. The negative feedback loop that enhances

the decadal fluctuations in the extratropical ocean–atmosphere

system of the North Pacific is reviewed. In section 4, the bi-

modal Kuroshio path fluctuations in the Shikoku basin are

examined with a focus on the ongoing Kuroshio LM event that

started in August 2017. In section 5, we address how the LM-

induced KE dynamic state change affects the oceanic and

overlying atmospheric circulation, and point to the reset of the

negative feedback loop in the extratropical North Pacific ocean–

atmosphere system by the 2017 LM occurrence. Discussion is

provided in section 6 and section 7 summarizes the findings from

the present study.

2. Observational datasets

To examine the surface oceanic circulation changes, we use

the global sea surface height (SSH) dataset processed by

Ssalto/Duacs and distributed by the Copernicus Marine and

Environment Monitoring Service (CMEMS) (https://marine.

copernicus.eu/). This dataset merges along-track SSH mea-

surements from all satellite altimeter missions after October

1992 and has a 7-day temporal resolution and a 1/48 spatial
resolution. The data period analyzed in this study extends from

January 1993 to December 2019.

To explore the subsurface circulation changes surrounding

the KE jet, we utilize the conductivity–temperature–depth

(CTD) surveys conducted by Japan Meteorological Agency

(JMA) southeast of Japan on 28 February–11 March 2017

versus 2–12 March 2018. The CTD data have a vertical reso-

lution of 1 dbar in the 2000-m upper ocean and can be accessed

from https://www.data.jma.go.jp/gmd/kaiyou/db/vessel_obs/data-

report/html/ship/ship.php.

To relate the oceanic variability to those at the air–sea in-

terface and in the overlying atmosphere, we adopt the daily

data from the European Centre for Medium–Range Weather

Forecasts (ECMWF) ERA5 reanalysis product (https://cds.

climate.copernicus.eu/). The ECMWF ERA-5 data have a

spatial resolution of 0.258 and are available from January 1979

to present. To infer the location/baroclinicity of extratropical

storm tracks, we follow Hoskins and Valdes (1990) and cal-

culate the maximum Eady growth rate, sBI 5 0.31fN21›U/›z,

in the lower troposphere. Specifically, the vertical zonal wind

shear ›U/›z and the static stability parameter N are evaluated

using the ERA5 data between 700- and 850-hPa levels. To

quantify the amplitude of extratropical storm-track activities, we

follow Nakamura et al. (2002) and calculate the synoptic-scale

(2–8 days) meridional transient eddy temperature fluxes hy0T0i
from the hourly 850-hPa level ERA5 data.

3. KE dynamic state and its prediction/verification

There are several metrics to quantify the decadal variability

of the KE system depicted visually in Fig. 2. Figure 3a, for

FIG. 1. Root-mean-square sea surface height variability in the

western North Pacific based on high-pass filtered satellite altimeter

data from January 1992 to February 2020. The high-pass filter has a

half-power at 180 days. Regions where the rms variability exceeds

12 cm are indicated by black contours with an interval of 2 cm.

White contours denote the mean SSH field by Rio et al. (2011).

10814 JOURNAL OF CL IMATE VOLUME 33

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/24/10813/5019114/jclid200237.pdf by U
niversity of H

aw
aii at M

anoa, Library user on 30 N
ovem

ber 2020

https://marine.copernicus.eu/
https://marine.copernicus.eu/
https://www.data.jma.go.jp/gmd/kaiyou/db/vessel_obs/data-report/html/ship/ship.php
https://www.data.jma.go.jp/gmd/kaiyou/db/vessel_obs/data-report/html/ship/ship.php
https://cds.climate.copernicus.eu/
https://cds.climate.copernicus.eu/


example, shows the KE path length integrated from 1418 to
1538E. A short (long) path length here corresponds to a stable

(unstable) KE dynamic state. Similarly, Figs. 3b and 3c show

the surface eastward transport and latitudinal position of

the KE averaged from 1418 to 1658E, and Fig. 3d shows the

strength of the KE’s southern recirculation gyre based on the

satellite altimeter SSH data of the past 27 years. In its stable

dynamic state, the KE jet tends to have an intensified eastward

transport, a northward latitudinal position, and an enhanced

southern recirculation gyre. The reverse is true when the KE

jet switches to an unstable dynamic state. Given the close

connections among the dynamic properties shown in Fig. 3,

Qiu et al. (2014) combined these four time series (by reversing

the sign of KE path length and averaging the four time series

normalized by their respective standard deviations) and in-

troduced the ‘‘KE index’’ to concisely represent the low-

frequency changes of the KE system. As shown in Fig. 4a, a

positive (negative) KE index is defined to represent a stable

FIG. 2. Yearly paths of the Kuroshio and KE plotted every 14 days since 1993 based on satellite altimetry observations [for detailed path

derivation, see Qiu and Chen (2005)]. Red (blue) labels denote years in which the KE is largely in a stable (unstable) dynamic state.
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(unstable) KE dynamic state. Statistically, the KE index is

correlated favorably with the SSH anomaly signals averaged in

the southern recirculation gyre region of 318–368N, 1408–1658E
(Fig. 4b). This favorable correlation makes dynamical sense

because a stable KE state is accompanied by an intensified

southern recirculation gyre, hence a positive regional SSH

anomaly.

Like all other extratropical WBCs, the Kuroshio/KE

transport a significant amount of warmer tropical water pole-

ward, providing a source of heat and moisture for the midlat-

itude atmosphere (Kelly et al. 2010). This source of oceanic

heat/moisture has been demonstrated by many recent studies

to help maintain the lower tropospheric baroclinicity and an-

chor the extratropical storm tracks (Nakamura et al. 2004;

Minobe et al. 2008; Kwon et al. 2010; Booth et al. 2012; Small

et al. 2014; Masunaga et al. 2016; Ma et al. 2016; Bishop et al.

2017; Parfitt and Seo 2018). Many data analysis studies in the

past decades have examined the impact of the SST changes in

the KE region on the atmospheric circulation across the mid-

latitudeNorth Pacific basin (Frankignoul and Sennechael 2007;

Qiu et al. 2007, 2017; Frankignoul et al. 2011; Taguchi et al.

2012; Smirnov et al. 2015; Ma et al. 2015; O’Reilly and Czaja

2014; Révelard et al. 2016). A consistent feature resulting from

these analyses is that when the KE dynamic state is stable,

increased surface turbulent (i.e., sensible 1 latent) heat fluxes

tend to emit from ocean to atmosphere along the poleward-

shifted KE path (Fig. 5a; defined positive from ocean to at-

mosphere). This enhanced turbulent heat flux forcing results in

northward migration/amplification of the extratropical storm

tracks as can be inferred from the lower-tropospheric Eady

growth rate and transient eddy hy0T0i distributions shown in

Figs. 5b and 5c. In connection with the meridional migration of

storm tracks, the Ekman pumping velocity (wEk) field tends to

similarly shift northward across the North Pacific basin (Fig. 5d).

Notice that the time-mean storm tracks follow roughly the

wEk 5 0 line denoted by the thick black contour in Fig. 5. This

line is tilted southwest–northeast across the North Pacific basin

due to the combined orographic constraint and diabatic oce-

anic forcing (Wilson et al. 2009). When the storm tracks mi-

grate northward during the KE’s stable state, a negative wEk

anomaly band appears that straddles the time-mean wEk 5 0

line (Fig. 5d). South of this band, the wEk anomalies turn

positive because the northward migration of the wind system

brings in weaker, subtropical-origin, negative wEk signals from

the south. As a consequence, the anomalous wEk in the 318–
368N band of the eastern North Pacific becomes positive. For

the lower atmosphere, this positive wEk anomaly brings about

enhanced regional rainfall over the eastern North Pacific (Ma

et al. 2015). For the upper ocean, this leads to regional Ekman

flux divergence and negative SSH anomalies in the eastern

North Pacific Ocean. When these wind-forced negative SSH

signals propagate westward into the KE region with a delay of

FIG. 3. Time series of (a) upstream KE path length integrated

from 1418 to 1538E, (b) SSH difference across the KE jet averaged

from1418 to 1658E, (c) latitudinal position of theKE averaged from

1418 to 1658E, and (d) intensity of the KE recirculation gyre. Thick

black lines denote the periods when the KE is in an unstable dy-

namic state. For more details about the time series, see Qiu and

Chen (2005).

FIG. 4. (a) Time series of the KE index synthesized from the KE

dynamical properties shown in Figs. 3a–d. (b) Time series of SSH

anomalies averaged in theKE southern recirculation region of 318–
368N, 1408–1658E. (c) As in (b), but for the SSH anomalies of 2013–

19 (the green line) predicted based on the observed SSH data of

2012. See Qiu et al. (2014) for derivations of the SSH anomaly time

series and its prediction. (d) Time series of the negative PDO index

(available from http://research.jisao.washington.edu/data_sets/pdo).

Anomalies in (b)–(d) are relative to their respective 1989–2019

means and thick black lines in (a), (b), and (d) denote the time series

after a low-pass filter that has a half-power at 6 months.
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3–4 years, they work to weaken the southern recirculation gyre,

shifting the KE jet southward to override the shallow Izu

Ridge, and transforming theKE system to an unstable dynamic

state (e.g., Qiu and Chen 2005; Taguchi et al. 2007). Once the

KE system switches to its unstable state, the reverse of the

atmospheric responses depicted in Fig. 5 takes place and a

dynamic state transition to a stable state occurs following a

delayed oceanic adjustment. Although the KE-induced basin-

scale atmosphere response is weak in comparison with the in-

ternal atmospheric fluctuations (typically at 10%–15% level

for the interannual and decadal signals), this ocean-to-

atmosphere feedback loop provides a negative feedback

mechanism that was argued by many recent studies to explain

the enhanced decadal variability observed in the extra-

tropical North Pacific ocean and atmosphere (Qiu et al. 2014;

Smirnov et al. 2015; Na et al. 2018).

It is relevant to mention that many of the studies cited above

have related the KE’s dynamic state variability to the basin-

wide wind forcing associated with the PDOs. As shown in

Fig. 4d, there is a good correspondence between the negative

PDO index and the KE index, or the recirculation gyre SSH

signals, with the former leading the latter by 3 years and a

correlation coefficient r5 0.52. A similar good correspondence

also exists between the KE index and the NPGO index put

forth by Di Lorenzo et al. (2008). Physically, this is not sur-

prising because the KE dynamic state change is caused by the

low-frequency surface wind stress fluctuations in the North

Pacific basin that are encapsulated by leading climate indices,

such as the PDO and the NPGO.

The aforementioned negative feedback loop provides not

only a mechanism for explaining the enhanced decadal vari-

ability, but also a framework for predicting the KE dynamic state.

FIG. 5. (a) Regression coefficient between the surface turbulent heat flux anomaly field and the KE index of Jan

1979–Jul 2017 with the former lagging the latter by 2 months. (b) As in (a), but for the maximum Eady growth rate

anomaly field at the 700–850-hPa level. (c) As in (a), but for the 2–8-day band-passed meridional transient eddy

temperature flux anomaly field at the 850-hPa level. (d) As in (a), but for the wEk anomaly field. In all figures, the

thick black contour denotes the time-meanwEk5 0 line and stippled areas indicate where the statistical significance

exceeds the 90% confidence level based on Monte Carlo simulations [for detailed methodology, see Qiu et al.

(2007)]. Dashed box in (d) indicates the 318–368N band where the Ekman pumping forcing impacts the KE dy-

namic state.
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Relying on the slow oceanic baroclinic adjustment that carries

the wind-forced SSH signals into the KE region and the basin-

scale storm tracks and Ekman pumping field response to the

changing KE dynamic state, we have attempted to forecast the

SSH signals in the KE’s recirculation region or, equivalently,

the KE index for the 2013–22 period based on the observed

SSHfield of 2012 [see green line in Fig. 4c; replotted fromFig. 8

in Qiu et al. (2014)]. Compared to the observed SSH time se-

ries shown in Fig. 4b, it is interesting to note that the prediction

did a good job in forecasting the positive-to-negative SSH

change of the KE dynamic state in early 2017. The prediction,

however, failed to forecast the abrupt reversal of the SSH

signals to positive (i.e., stabilizing of the KE dynamic state) in

late 2017.

4. The 2017 Kuroshio large meander event

What caused the ‘‘failure’’ of the predicted KE dynamic

state in late 2017 based on the negative feedback loop be-

tween the KE and atmosphere storm track interactions? The

answer is the occurrence of the Kuroshio LM that started in

August 2017 in the upstream Shikoku basin. Figure 6a shows

the monthly time series of the southernmost latitude of the

Kuroshio south of Japan compiled by Japan Meteo-

rological Agency based on combined 200-m water tem-

perature measurements and satellite observations (https://www.

data.jma.go.jp/gmd/kaiyou/data/shindan/b_2/kuroshio_stream/

kuroshio_stream.html). Shaded periods with latitude, 31.88N
denote the LM state of theKuroshio designated by JMA.Aswe

noted in introduction, the LM occurrences and durations are

highly irregular. During the satellite altimeter era after 1992,

one LM event took place in mid-2004 and lasted for 14 months.

Following this short-lived event and a dormant period of 12

years, an intense and more persistent LM event initiated in

August 2017 (Qiu 2019; Sugimoto et al. 2020) and the event is

still ongoing at the writing of this article.

Due to the lack of persistent LM occurrence in the past three

decades, the KE dynamic state, as shown in Fig. 4, has been

dominated by the decadal variability whose time scale is dic-

tated by the negative feedback loop between the KE and

overlying atmospheric storm track interactions. Indeed, this

wind-forced KE variability was operative in the beginning of

2017 when the KE switched from a stable dynamic state to a

negative one following the PDO phase change in early 2014

(Fig. 4d). After its dynamic state entered the unstable phase,

Fig. 6b reveals that the Kuroshio path along 1408E shifted

southward over the shoaling Izu Ridge, resulting in fluctuating

KE paths southeast of Japan (Qiu and Chen 2005, their sec-

tion 5). Subsequent to the LM occurrence in August 2017,

however, the offshore detouringKuroshio becomes confined to

the west of the Izu Ridge and its outflow is restricted to enter

the open Pacific through a narrow but deep (depth . 1100m)

FIG. 6. (a) Time series of the monthly southernmost latitude of the Kuroshio south of Japan compiled by the

Japan Meteorological Agency. Solid thick line shows the low-pass filtered time series after a 13-month running-

mean average. Shaded periods with latitude, 31.88N denote the large meander state of the Kuroshio. (b) Weekly

Kuroshio/KE paths off Japan during January–July 2017. Black dots denote CTD stations by JMA cruise KS1702.

(c) As in (b), but during September 2017–March 2018 and JMA cruise RF1802. Green (gray) shade denotes areas

shallower than 500 (1500) m.
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channel between the mainland Japan and offshore Izu Ridge

(see Fig. 6c; Kawabe 1985). Forced by these changes in the

upstream Kuroshio, the KE jet in the 1408–1538E segment

becomes stabilized, leading to the reversal of the KE index in

2018–19 as indicated in Figs. 4a and 4b.

Given the capability of the Kuroshio path south of Japan in

reversing the KE dynamic state, a question arising naturally is

what led to the occurrence of the 2017 LM event. To address

this question, it is instructive to examine the evolution of the

SSH anomaly field prior to the occurrence of the LM event. As

depicted in Fig. 7, the LM is well developed by September 2017

and its presence corresponds geostrophically to the negative

SSH anomaly (indicated by dashed line in the figure) located to

the south of Japan. Tracing it backward in time, it is discernible

that this negative SSH anomaly initiated in the upstream

Kuroshio southeast of Kyushu during April–May 2017 and it

can be further traced back to around 1458–1508E in the 288–
308N band as a sequence of cyclonic mesoscale eddies in

October 2016. These cyclonic eddies propagated westward at a

speed of 0.11m s21 during November 2016–March 2017 and

consolidated into a single negative SSH anomaly off Kyushu in

April 2017.

The negative SSH anomaly appearing in the upstream

Kuroshio southeast of Kyushu in April–May 2017 is known as

the ‘‘trigger’’ meander in existing literature and its importance

as a precursor to the LM occurrence has been recognized in

FIG. 7. Monthly maps of SSH anomalies fromOctober 2016 to September 2017 in the western North Pacific Ocean. To avoid large-scale

steric height changes due to seasonal heating/cooling, the area mean SSH anomaly value of each month is removed. Dashed lines denote

the evolution of the trigger meander that appeared southeast of Kyushu in April 2017 and solid lines, the positive SSH anomalies that

replaced the trigger meander off Kyushu in August 2017. The green box in the first (last) panel denotes the area used to construct the SSH

anomaly time series shown in Figs. 8b and 8a.
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many previous studies (e.g., Solomon 1978; Mitsudera et al.

2001; Ebuchi and Hanawa 2003; Miyazawa et al. 2004; Usui

et al. 2008). In Fig. 8a, we plot the time series of the negative

SSH anomalies averaged southeast of Kyushu within a 48width
from 298 to 328N (the green box in last panel of Fig. 7) based on

the altimeter SSH data. The negative SSH anomaly triggering the

2017 LM event corresponds to that appearing in early 2017. From

this time series negative SSHanomalies, or triggermeanders, have

appeared quite frequently off Kyushu during the past three de-

cades. While a necessary condition, the trigger meander is clearly

not a sufficient condition that will lead to a LM occurrence.

A careful inspection of the sequential SSH anomaly maps of

Fig. 7 reveals another factor that has contributed to the 2017

LM event. Following the trigger meander in May 2017, Fig. 7

reveals that the area off Kyushu is replaced by an intense

positive SSH anomaly in July and August. This positive SSH

anomaly appears to have two sources: one originated from the

STCC band of 248–278N in October 2016 and moved subse-

quently northward to the east of the Ryukyu Islands, and the

other started around 1538E in the 278–308N band in October

2016 and moved westward to merge with the STCC-originated

anomaly off Kyushu in August 2017 (see the solid lines in

Fig. 7). An important role played by this intense positive SSH

anomaly is that it is able to thrust the preceding negative SSH

anomaly, or the trigger meander, eastward, leading it to de-

velop into a LM south of Japan.

FIG. 8. (a) Time series of SSH anomalies averaged at southeast of Kyushu within a 48width
from 298 to 328N. Only negative anomalies denoting the Kuroshio trigger meanders are

shown. (b) Time series of SSH anomalies averaged in the 48 band east of the Ryukyu Islands

from 248 to 298N. (c) Product of the SSH anomalies shown in (a) and (b) with a lag of 4

months. Only negative anomalies denoting trigger meanders followed by positive SSH

anomalies east the Ryukyu Islands are shown. The black line denotes the Kuroshio’s

southernmost latitude south of Japan.
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To examine if such positive SSH anomalies have succeeded

other trigger meanders that appeared off Kyushu in the past,

we construct in Fig. 8b the time series of the SSH anomalies

averaged in the 48-width band east of the Ryukyu Islands from

248 to 298N (the green box in first panel of Fig. 7). As shown in

Fig. 1, this band has an elevated SSH variance that connects the

eddy-rich STCC to the Kuroshio southeast of Kyushu. The

eddy variability in this band has positive and negative SSH

anomalies with a time scale of typical oceanic mesoscales. To

identify the events where a trigger meander southeast of Kyushu

is followed by a positive SSH anomaly from east of the Ryukyu

Islands, we multiply the SSH anomalies shown Fig. 8a to those of

Fig. 8b with a lag of 4 months. Thus constructed, a negative

product indicates an event inwhich a pre-existing triggermeander

off Kyushu is succeeded by a positive SSH anomaly, with the

magnitude of the product indicating their combined intensities.

Figure 8c shows the time series of the above-mentioned negative

product. Large negative products are now infrequent, and they

appeared in late 1998, late 2002, late 2003–early 2004, late 2006,

late 2007, and early 2017, respectively. When compared to the

time series of theKuroshio’s southernmost latitude south of Japan

(black curve in Fig. 8c), it is of interest to note that the large

negative products of late 2002 and late 2003–early 2004 preceded

the 2004–05 LM event, and the early 2017 large negative product

preceded the 2017–present LM event. Although not categorized

by JMA as LM events, the late 1998 large negative product pre-

ceded the offshoremeandering of theKuroshio in 1999–2000, and

the large negative products of late 2006 and late 2007 preceded the

offshore meandering of the Kuroshio in 2008–09.

We have from the above analyses identified the combined

emergence of trigger meander and subsequent positive SSH

anomalies southeast of Kyushu as a prerequisite for the LM

development south of Japan. It is worth emphasizing that the

importance of anticyclonic perturbations in facilitating trigger

meanders off Kyushu to develop into a LM has been empha-

sized by a number of previous studies (Akitomo and Kurogi

2001; Kobashi and Hanawa 2004; Miyazawa et al. 2008; Usui

et al. 2013; Tsujino et al. 2013). The origins of the anticyclonic

perturbations proposed by these studies are, however, differ-

ent from those identified in our analyses. All these previous

studies have considered the anticyclonic perturbations of positive

SSH anomalies to originate along the STCC band and be carried

northward by the Kuroshio along the steep continental slope in the

East China Sea. In light of the SSH anomaly maps shown in Fig. 7,

we contend that the anticyclonic/positive SSH anomalies from the

STCC band have more capacity and a direct route east of the

Ryukyu Islands, rather than by deforming the slope-constrained

Kuroshio in the East China Sea, to affect the trigger meander that

develops off Kyushu. This contention of ours is also supported by

the satellite altimeter data (Fig. 1) revealing that an elevated SSH

anomaly band exists to the east of theRyukyu Islands that connects

the eddy-rich STCC to the time-varying Kuroshio south of Japan.

5. Impact on oceanic and atmospheric conditions

In the preceding section, we have quantified the impact of

the 2017 LM event on the KE dynamic state based on

altimeter-measured SSH information. To assess further theKE

change below the sea surface, we examine the in situ CTD data

collected by JMA in the upstream KE region before and after

the 2017 LM occurrence. Figure 9 compares the temperature, sa-

linity, and cross-track geostrophic velocity profiles from the JMA’s

KS1702 cruise ofMarch 2017 versus those from the RF1802 cruise

of March 2018 (see Figs. 6b,c for locations of the CTD stations).

From the T/S profiles, it is discernible that the KE front with

the sharp T/S gradients in the 1000-m upper ocean shifted from

33.58N in March 2017 to 34.58N in March 2018. Accompanied

by this northward shift is an increase in the KE’s transport and

intensity: the maximum eastward geostrophic velocity and

transport of the KE jet referenced to 2000 dbar were 0.70m s21

and 70.2 Sv, respectively, from the 2017 cruise (Fig. 9c) and

these values increased to 0.88m s21 and 76.3 Sv during the 2018

cruise (Fig. 9f).

Another noticeable difference between the two cruises is

that the condition surrounding the KE jet was more variable in

2017 than in 2018. For example, Fig. 9a indicates the presence

of an intense cold-core eddy centered around 30.58N in 2017.

This cold-core eddy has a geostrophic transport of 50 Sv, close

to 70% of the KE’s eastward transport value. Next to the coast of

Japan, there appears a shallow branch of warmer/saltier subtropical-

origin water in Figs. 9a and 9b. A look at the sequential SSH maps

(not shown) indicates that it was a remnant of the KE jet before its

main body shifted southward in early 2017. Accompanying this

southward shift of the KE jet, a fresh, subarctic-origin water

masswith salinity, 34.0 psu is seen to intrude to the north of the

KE jet near 348N (Fig. 9b). In contrast to the 2017 result, oceanic

condition surrounding the KE jet was devoid of mesoscale

perturbations in 2018. The above results from the subsurface

CTD measurements regarding the LM-induced changes in the

KE’s position, intensity, and surrounding conditions, are all

consistent with those of the preceding sections based on the al-

timeter SSH measurements.

To evaluate if the 2017 LM-induced KE change exerted a

similar impact upon the overlying atmosphere as that of the

wind-forced dynamic state change in the past three decades, we

plot in Fig. 10a the surface turbulent heat flux anomaly field

averaged in the two years of September 2017–August 2019

after the 2017 LM occurrence (this 2-yr window is selected

because it is sufficiently long and contains two full seasonal

cycles after the 2017 LM that are currently available to us). In

conjunction with the northward shift and intensification of the

KE jet, the surface turbulent heat fluxes exhibit positive

anomalies (i.e., more heat supply from ocean to atmosphere) in

the broad region east of Japan. This surface turbulent heat flux

anomaly pattern is similar to that in Fig. 5a, showing the sur-

face turbulent heat flux anomalies regressed to the KE index in

January 1979–July 2017 before the 2017 LM. In Figs. 10b and

10c, we plot the storm track anomalies inferred from the lower

tropospheric Eady growth rate and 850-hPa synoptic-scale

transient eddy hy0T0i anomalies, in the two years after the

2017 LM occurrence. Consistent with the turbulent heat flux

anomaly pattern shown in Fig. 10a, there exist an enhancement

and a northward migration of the storm track activities in the

recent two years. A comparison with Figs. 5b and 5c indicates

that a very similar storm track response to the KE change was

detected in the 1979–2017 period prior to the 2017 LM event.
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Given the good agreement between the surface turbulent heat

flux and storm track activity anomalies, it is of no surprise to find

that a favorable correspondence also exists between the KE-

inducedwEk anomalies before and after the 2017LMoccurrence

(cf. Figs. 10d and 5d). In short, the above comparisons indicate

that the LM-induced KE variability after 2017 has exerted an

impact upon the overlying atmospheric circulation similar to

that by the wind-forced KE variability of the past three decades.

6. Discussion

Although the focus of our present study is on the recent

interruption of the wind-forced decadal KE variability by the

2017 LM event, it is helpful to relate the KE dynamic state, the

Kuroshio LM, and the basin-scale atmospheric variability

from a longer time scale perspectives.

a. Oceanic reach of the decadal KE variability

In section 3, we combined four properties of the KE and

defined the KE index to concisely describe the variations of the

KE dynamic state. Although all these four properties are based

on characteristics of the observed KE jet/recirculation gyre

west of 1658E, it does not imply that the oceanic influence of

the decadal KE variability is confined regionally to the west of

1658E. Figure 11a shows the altimeter-measured SSH anomaly

distribution regressed to the KE index during the 1993–2019

period.With the anomalous SSH signals being a good proxy for

the upper heat content anomalies (Kelly et al. 2010), it is clear

from Fig. 11a that the positive heat content anomalies during

the stable state of KE extend both eastward beyond 1658E
and northeastward into the Oyashio Extension and subarctic

frontal regions. This is so because as the KE flows eastward, it

sheds mesoscale eddies and broadens its entity via northward

bifurcations (Kida et al. 2015). In fact, our recent study reveals

that the decadal Oyashio Extension variability along ;408N
and 1538–1738E is by and large dictated by the KE variability

through northward shed eddies and bifurcated branches (Qiu

et al. 2017; their Fig. 3). It is of interest to note that the spatial

pattern of the turbulent heat flux anomalies regressed to the

KE index (Fig. 5a) bears a close resemblance to that of Fig. 11a,

FIG. 9. Cross section profiles of (a) temperature, (b) salinity, and (c) geostrophic flows (referenced to 2000 dbar) from the JMA cruise

KS1702 of 28 Feb–11 Mar 2017. (d)–(f) As in (a)–(c), but from the JMA cruise RF1802 of 2–12 Mar 2018.
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lending credence to the idea that it is the KE-originated vari-

ability that is responsible for the diabatic heating anomalies

presented in Fig. 5a.

b. Kuroshio LM and the PDO forcing

That the Kuroshio LM paths are able to steer the low-level

cyclone tracks away from the southern coast of Japan has been

previously observed byNakamura et al. (2012). To clarify if the

Kuroshio LMs affect the atmospheric circulation across the

broader Pacific basin, we define the Kuroshio path index as

anomalies of the Kuroshio southernmost latitude away from

the coast of Japan (Fig. 12a). Thus defined, a positive anomaly

indicates a LM state of theKuroshio south of Japan. Figure 11b

shows the turbulent heat flux anomalies regressed to the

Kuroshio path index with a 2-month lag during the 1979–2019

period. Consistent with the findings by Nakamura et al. (2012),

the diabatic heating effects of the LM events are confined to

the regions surrounding Japan and there appears to be no

systematic influence on the extratropical storm tracks across

the North Pacific basin (figures not shown). This result indi-

cates that although a LM event can alter the extratropical

storm tracks by modifying the KE dynamic state as we found in

section 5, changes by the Kuroshio paths alone may not be

sufficient to induce the storm track variability across the North

Pacific basin.

We have emphasized in section 4 the roles played by me-

soscale eddies along the 188–258N STCC band for the LM de-

velopment. Previous studies have shown that the eddy activity

level in the STCC band is modulated by the PDO-related wind

forcing (Yoshida et al. 2011; Qiu and Chen 2013). Specifically,

when the PDO is in positive phase, enhanced westerlies and

trade winds over the western North Pacific generate a greater

Ekman temperature flux convergence along the STCC band,

causing a stronger upper ocean meridional temperature gra-

dient and strengthening the vertically sheared STCC/NEC

system. This enhanced current shear results in a stronger

FIG. 10. Distributions of anomalous (a) surface turbulent heat flux, (b) maximum Eady growth rate at the 700–

850-hPa level, (c) 2–8-day band-passed meridional transient eddy temperature heat flux at the 850-hPa level, and

(d) Ekman pumping velocity fields averaged in the recent Kuroshio large meander period of September 2017–

August 2019.With the mean SSH anomalies during this period equal to 0.05m (see Fig. 4b), the color scale for each

quantity can be converted to that shown in Fig. 5 by multiplying by 20. For example, a 10Wm22 anomaly in

(a) corresponds to a 200Wm22 m21 regression anomaly depicted in Fig. 5a.
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baroclinic instability and elevates the level of regional eddy

activities. A comparison between the Kuroshio path index and

the PDO time series in Figs. 12a and 12b reveals that with the

exception of the 1975 LM event, all other Kuroshio LM events

were preceded by positive PDO phases. A lagged correlation

analysis reveals that the Kuroshio path anomalies have a

maximum correlation, r 5 0.27, with the PDO index at a 32-

month lag. Although not a high coefficient, this positive cor-

relation is consistent with the notion that a positively phased

PDO forcing is able to enhance themesoscale eddy activities in

the STCC band, conducive for the formation of the Kuroshio

LMs. The 32-month lag likely reflects the time required for 1)

the baroclinic instability along the STCC to fully grow, 2) the

instability-generated eddies to propagate westward across the

STCC and poleward along the Ryukyu Island, and 3) the de-

velopment from a trigger meander off Kyushu to the LM south

of Japan.

c. Imprint on PDO versus PMM by the KE variability

Throughout this study, we have emphasized the negative

feedback mechanism that involves the KE dynamic state, the

meridional migration of extratropical storm tracks/gyre-scale

Ekman pumping field, and the excitation of upper ocean bar-

oclinic Rossby waves whose westward propagation alters the

pre-existing KE dynamic state. Instead of invoking the storm

track migration, Joh and Di Lorenzo (2019) have found re-

cently that the decadally varying KE can induce an eastern

Pacific wind stress curl response that projects on atmospheric

forcing of the Pacific meridional mode (PMM; Chiang and

Vimont 2004). Specifically, when it is in a stable state, the KE-

induced positive wEk anomaly shown in Fig. 5d in the 258–358N
band of the eastern North Pacific projects to the positive

PMM forcing pattern (Fig. 13a). This PMM forcing can acti-

vate the central tropical Pacific El Niño–Southern Oscillation

(CP-ENSO), which in turn can strengthen a positive PDO (or

negative NPGO) forcing, generating the negative SSH anom-

alies in the eastern North Pacific and altering the KE to an

unstable state after these wind-forced SSH anomalies reach the

KE region.

It is important to note that both our study and that of Joh and

Di Lorenzo (2019) advocate the negative feedback mechanism

that favors the decadal climate variability involving the KE

system. The difference lies in whether the KE-induced positive

wEk anomalies in the eastern North Pacific are a response

confined to the midlatitude atmosphere via migration of storm

tracks, or a response involving the tropical PMM/CP-ENSO

variability. Figure 13b shows the spatial pattern of the wEk

anomaly regressed to the PDO index. Similar to the PMM-

regressed pattern shown in Fig. 13a, the PDO-regressed pat-

tern shows a positive wEk anomaly in the eastern North Pacific

that coincides with the positive wEk anomaly identified in

Fig. 5d. In other words, like their projection on PMM, the KE-

induced wEk anomalies project similarly on the PDO wind

forcing pattern. The reason behind this similarity is because the

PDO and PMM indices, as shown in Figs. 12b and 12c, share

similar time-varying signals especially on the decadal time

scale of our interest (see also Stuecker 2018). Given these re-

sults, we believe it will be challenging to differentiate the neg-

ative feedback mechanism described in this study and that

proposed by Joh and Di Lorenzo (2019) from the statistical

analyses alone. It will be crucial for future studies to clarify the

atmospheric responses to the KE variability based on process-

oriented, coupled ocean–atmosphere general circulation model

simulations.

7. Summary

Low-frequency Kuroshio Extension variability is composed

of concurrent changes in its latitudinal position, eastward

transport, eddy kinetic energy level, and southern recirculation

gyre strength. In its stable dynamic state, the KE has a north-

ward position, an increased transport, a reduced eddy kinetic

energy level, and an intensified recirculation gyre, and the

opposite is true during its unstable dynamic state. In the past

three decades, the KE has been observed to oscillate between

these two dynamic states with a well-defined 10-yr period. The

dominance of this decadal oscillation is caused by the delayed

negative feedback mechanism, in which the KE variability is

driven by the basin-scale wind forcing with its center over the

eastern North Pacific and the forced KE, in turn, modifies the

FIG. 11. (a) Regressionmap between theKE index and theNorth

Pacific SSH anomaly field in 1993–2019. The dashed box denotes

the region where the SSH anomalies are used to define the KE

index shown in Fig. 4b. (b) Regression coefficient between the

surface turbulent heat flux anomaly field and the Kuroshio path

index of Fig. 12a with the former lagging the latter by 2 months.

Thick black contour denotes the time-mean wEk 5 0 line.
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overlying storm tracks and the large-scale wind pattern

through anomalous turbulent heat fluxes from the ocean to

atmosphere.

The long-term, wind-forced KE variability was disrupted in

August 2017 due to the occurrence of the Kuroshio large me-

ander south of Japan. Instead of remaining in the unstable

dynamic state that started in early 2017 in response to the 2014

phase change of the PDO wind forcing, the KE transitioned

abruptly to a stable state in late 2017. The occurrence of LM is

found from satellite altimeter measurements and available

in situ hydrographic surveys to impact the KE in two important

ways. First, it forced the Kuroshio to enter the open North

Pacific through a northerly deep channel close to Japan,

causing the downstream KE path to shift northward. Second,

by entering through the northerly deep channel, the Kuroshio

avoided overriding the shoaling Izu Ridge and minimized the

KE path fluctuations in the east of the Izu Ridge. Both of these

effects worked to stabilize the KE dynamic state following the

2017 LM occurrence.

Over the past three decades when the wind-forced KE var-

iability prevails, the Kuroshio LM occurrence has been rare.

The LM event preceding 2017 took place from July 2004 to

August 2005 and this LM event exerted little impact upon the

wind-forced KE variability because it occurred when the KE

was already in a stable dynamic state. In agreement with the

previous studies, we found that the LM occurrences in 2004–05

and 2017–present were preceded by trigger meanders (repre-

sented by negative SSH anomalies) in the upstream Kuroshio

southeast of Kyushu. For trigger meanders off Kyushu to de-

velop fully into a LM state, we found it is necessary that they be

succeeded by intense anticyclonic, or positive, SSH anomalies

that work to thrust the trigger meander eastward and station-

ary south of Japan. Most of these anticyclonic/positive SSH

anomalies have their origins in the STCC band of 188–258N
and, rather than being advected by the Kuroshio through the

East China Sea, they are observed to propagate northward to

the east along the Ryukyu Islands.

The LM-induced KE dynamic state change after late 2017 is

found to affect the overlying storm tracks and the large-scale

wind pattern the same way as those generated by the wind-

forced KE change prior to the 2017 LM occurrence. This

consistent atmospheric response implies that although dis-

rupted temporally, the negative feedback loop and the deca-

dally modulating KE variability will likely resume once the

current LM event terminates. It will be interesting to find out

how long the current LM event will last and how the KE dy-

namic state will respond in the coming years to the LM-

induced positive Ekman pumping anomalies in the 328–368N
band over the eastern North Pacific Ocean.
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