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Abstract: The Pacific climate regime has anomalous warm and cool periods every decade associated
with atmospheric circulation changes, which are known to have modulated the tropical and
subtropical Pacific during the recent Pacific hiatus regime (1999–2013). However, the influence
of the hiatus regime on the Kuroshio Extension (KE) remains unclear. Here, we show that the KE jet
underwent enhanced warming (increased 1–1.5 ◦ C), intensification (8–19%) and northward migration
(0.5–1◦ ). The KE jet became more perturbed in the upstream region (increased by 70%, west of 146◦ E)
but became stable downstream (perturbation decreased 5–11%, east of 146◦ E). A poleward shift of
the mid-latitude jet stream and weakened Aleutian Low (AL) contributed to the northward migration
and intensification of the KE jet, respectively. The weakened AL was associated with negative wind
stress curl (WSC) in the eastern Pacific, and this WSC generated an underlying positive sea surface
height anomaly that propagated westward, intensifying the KE jet when it reached the KE region.
Since the recent Pacific hiatus regime ended after 2013, these changes of the KE jet may reverse during
the ongoing warming regime.
Keywords: Kuroshio Extension; pacific regime shift; climate change

1. Introduction
As ocean circulation is mainly driven by surface winds, the Pacific trade winds and westerlies are
vitally important to modulating the North Pacific subtropical gyre (Figure 1a). Negative wind stress
curl (WSC) between the two wind belts produces southward transport in the interior of the ocean,
causing basin-scale southward transport that is compensated by the Kuroshio Current (Figure 1b) [1–4].
The Kuroshio originates from the north branch of the North Equatorial Current (NEC) as it encounters
the Philippine coast [5–7], and entrains warm water from the Pacific Warm Pool (Figure 1b). After this,
the Kuroshio flows poleward and balances the transfer of energy and mass between the tropical and
extratropical regions [1], and between the Pacific and the East Asian Marginal Seas including the South
China Sea (SCS) [8–10], East China Sea (ECS) [8,9,11,12], and Japan/East Sea (JES) [13–15] (Figure 1b).
The Kuroshio flows eastward as the Kuroshio Extension (KE) off Japan into the mid-latitudes of
the Pacific, and releases large amounts of heat and moisture into the atmosphere (Figure 1b) [16–19].
These strong ocean-to-atmosphere fluxes modulate the mean atmospheric state, feed storms, and
anchor storm tracks [17,20–23]. During the winter monsoon season, the transfer of energy becomes
dominant due to wind enhancing the mixed layer depth, which allows more heat from the ocean to
be released into the atmosphere [24]. Oceanic heat in the KE region is influenced by this process, as
evidenced by the slow westward propagation of oceanic mesoscale eddies and variability of the KE
jet [25–27].
Variability of the KE jet is associated with the intensity of the recirculation gyre south of it and
the collision between the Kuroshio and the Izu–Ogasawara Ridge (138.2–141◦ E) (Figure 1c): As the
Kuroshio migrates northward (southward), it passes through a deep channel (shallow segment) in the
Remote Sens. 2019, 11, 101; doi:10.3390/rs11010101

www.mdpi.com/journal/remotesensing

Remote Sens.
Sens. 2019,
2019, 11,
11, 101
x FOR PEER REVIEW
Remote

22 of
13
of 13

Kuroshio migrates northward (southward), it passes through a deep channel (shallow segment) in
northern
(southern)
portion
of the
Izu–Ogasawara
Ridge,
which
reduces
(increases)
thethe
instability
of
the northern
(southern)
portion
of the
Izu–Ogasawara
Ridge,
which
reduces
(increases)
instability
the
KE
jet
path
based
on
the
conservation
of
potential
vorticity
[28,29].
When
the
recirculation
gyre
of the KE jet path based on the conservation of potential vorticity [28,29]. When the recirculation
south of the KE jet strengthens (weakens), the KE jet tends to intensify
intensify (weaken) [28,29]. The KE jet
swings between
stable
and
unstable
states
at
an
interannual
to
decadal
timescale. For instance, during
between stable
unstable states
the stable periods from 1992 to 1995 and from 2002 to 2004, transport by the KE jet has intensified
during northward migration [28]. The
The variability
variability in
in the
the recirculation
recirculation gyre
gyre and
and the KE jet can be
attributed to sea surface height anomalies (SSHAs) generated by anomalous atmospheric circulation
over the eastern Pacific [25,28,30].

Figure 1.
Climatology
of the
Pacific
surface
atmospheric
circulation.
The
Figure
1. The
TheKuroshio
KuroshioExtension.
Extension.(a)(a)
Climatology
of the
Pacific
surface
atmospheric
circulation.
vector
indicates
the
mean
wind
stress
from
the
National
Centers
for
Environmental
The vector indicates the mean wind stress from the National Centers for Environmental
Information/National Center
state of
of
Information/National
Center for
for Atmospheric
Atmospheric Research
Research reanalysis
reanalysis 11 (NCEPr1);
(NCEPr1); (b)
(b) The
The mean
mean state
the
Kuroshio
Current
system.
The
thick
red
contour
indicates
the
boundary
of
the
Pacific
warm
pool
the Kuroshio Current system. The thick red contour indicates the boundary of the Pacific warm pool
(28 ◦°C,
from
Optimum
Interpolation
Sea Surface
Temperature
of the
(28
C, from
thethe
Optimum
Interpolation
Sea Surface
Temperature
(OISST)).(OISST)).
The color The
of thecolor
streamlines
streamlines
the climatological
velocity
the Surface
Velocity
Program
drifter.
indicates
theindicates
climatological
15 m velocity15ofmthe
SurfaceofVelocity
Program
(SVP)
drifter. (SVP)
The locations
The
of the
(JES),
China
Sea (ECS),
China
Sea (SCS)
are
of
thelocations
Japan/East
SeaJapan/East
(JES), East Sea
China
Sea East
(ECS),
and South
Chinaand
Sea South
(SCS) are
indicated;
(c) The
indicated;
(c)
The
Kuroshio
Extension.
The
climatological
15
m
velocity
(vector),
topography
Kuroshio Extension. The climatological 15 m velocity (vector), topography (shading), and 1000 m
(shading),
and 1000are
m isobaths
isobaths
(contours)
shown. (contours) are shown.

In
the last
last century,
century, global
associated with
with anomalous
anomalous atmospheric
atmospheric circulation
circulation
In the
global warming
warming has
has been
been associated
anchoring
the KE
KE jet
jet to
to aa northerly
path, which
which has
has accelerated
accelerated warming
warming over
over the
the KE
KE region
region [27].
[27].
anchoring the
northerly path,

Despite increased artificial greenhouse gases and global temperature, the Pacific experiences hiatus

Remote Sens. 2019, 11, 101

Remote Sens. 2019, 11, x FOR PEER REVIEW

3 of 13

3 of 13

Despite increased artificial greenhouse gases and global temperature, the Pacific experiences hiatus
every
decade
(Figure
2a)2a)
[31].
This
oscillation
of Pacific
Ocean
temperatures
shares
many
traits
with
every
decade
(Figure
[31].
This
oscillation
of Pacific
Ocean
temperatures
shares
many
traits
with
well-known
natural
variabilities,
such
as the
Pacific
Decadal
Oscillation
(PDO)
[32,33],
Interdecadal
well-known
natural
variabilities,
such
as the
Pacific
Decadal
Oscillation
(PDO)
[32,33],
Interdecadal
Pacific
Oscillation
(IPO) (IPO)
[34,35],[34,35],
El Niño–Southern
Oscillation Oscillation
(ENSO) [36], (ENSO)
and Atlantic
Pacific
Oscillation
El Niño–Southern
[36],Multidecadal
and Atlantic
Oscillation
(AMO)
[37]
(Figure
2b–e).
The
PDO,
IPO,
and
ENSO
are
defined
based
their specific
Multidecadal Oscillation (AMO) [37] (Figure 2b–e). The PDO, IPO, and ENSO areondefined
based on
spatial
in the patterns
Pacific, and
timing
in phase
the oscillation
of Pacific Ocean
theirpatterns
specific spatial
in thetheir
Pacific,
andistheir
timingwith
is in phase
with the oscillation
of Pacific
temperatures
(Figure 2a–d).
Additionally,
interbasin effects,
sucheffects,
as those
from
Atlantic,
mayAtlantic,
also
Ocean temperatures
(Figure
2a–d). Additionally,
interbasin
such
as the
those
from the
contribute
decadal and
multidecadal
modulation of
the Pacificof
(Figure
2a,e) (Figure
[38,39]. 2a,e) [38,39].
may alsotocontribute
to decadal
and multidecadal
modulation
the Pacific

Figure
The
Pacifichiatus
hiatusand
andwarming
warming regimes.
regimes. (a)
and
warming
regimes.
Time
Figure
2. 2.
The
Pacific
(a)The
ThePacific
Pacifichiatus
hiatus
and
warming
regimes.
series
of of
thethe
seasea
surface
temperature
(SST)
over
thethe
Pacific
(100°E–70°W,
in Figure
Time
series
surface
temperature
(SST)
over
Pacific
(100◦ E–70◦ 20°S–65°N,
W, 20◦ S–65◦domain
N, domain
in
2f) from
the the
Extended
Reconstructed
SeaSea
Surface
Temperature
(ERSST)
areare
shown.
TheThe
periods
of 1st
Figure
2f) from
Extended
Reconstructed
Surface
Temperature
(ERSST)
shown.
periods
and
2nd
gray
shadings
are
before
1976
and
during
1999–2013,
respectively;
(b–e)
Time
series
of
of 1st and 2nd gray shadings are before 1976 and during 1999–2013, respectively; (b–e) Time series the
Pacific
Decadal
Pacific Oscillation
Oscillation(IPO),
(IPO),El El
Niño-Southern
of the
Pacific
DecadalOscillation
Oscillation(PDO),
(PDO), Inter-decadal
Inter-decadal Pacific
Niño-Southern
Oscillation
(ENSO),
Atlantic
Multi-decadal
Oscillation
(AMO)
shown;
(f) The
differences
Oscillation
(ENSO),
andand
Atlantic
Multi-decadal
Oscillation
(AMO)
areare
shown;
(f) The
differences
in in
(shading)
wind
stress
(vector)
shown,
obtained
by variables
during
1999–2013
thethe
SSTSST
(shading)
andand
wind
stress
(vector)
are are
shown,
obtained
by variables
during
the the
1999–2013
hiatus
period
minus
those
during
the 1976–1998
warming
period;
(g) Same
the shading
hiatus
period
minus
those
during
the 1976–1998
warming
period;
(g) Same
as (f), as
but(f),
thebut
shading
is sea is
level
(SLP) difference;
(f,g) Data(f,g)
are from
and ERSST
NCEPr1.
Gray
dots indicate
statistical
seapressure
level pressure
(SLP) difference;
DataERSST
are from
and
NCEPr1.
Gray dots
indicate
2 . are N m−2.
significance
the 90%above
confidence
level.
The units
of vector
in (f,g)
are N m
statisticalabove
significance
the 90%
confidence
level.
The units
of vector
in−(f,g)

During
thethe
recent
Pacific
hiatus
regime
(1999–2013,
gray
shading
in Figure
2a),2a),
cooling
signals
During
recent
Pacific
hiatus
regime
(1999–2013,
gray
shading
in Figure
cooling
signals
were
primarily
recorded
in
the
tropical
Pacific,
near
the
west
coast
of
North
America
and
in
the
Peruvian
were primarily recorded in the tropical Pacific, near the west coast of North America and in the
upwelling
in contrast
toin
thecontrast
1977–1998
Pacific
warming
regime
(Figureregime
2f). These
features
Peruvianzone,
upwelling
zone,
to the
1977–1998
Pacific
warming
(Figure
2f). are
These
similar
to
the
so-called
“global
warming
hiatus”
[40],
where
the
Pacific,
and
especially
its
tropical
features are similar to the so-called “global warming hiatus” [40], where the Pacific, and especially
region,
was the
major
source
of cooling
during
theduring
hiatusthe
[41,42].
in which
the
its tropical
region,
was
the major
sourcesignals
of cooling
signals
hiatus Periods
[41,42]. Periods
in which
Pacific
experienced
regime
shifts,
such
as
around
1977,
1998,
and
2013,
are
documented
in
previous
the Pacific experienced regime shifts, such as around 1977, 1998, and 2013, are documented in
studies
[43–48].
During
the recent
Pacific
wind
anomalies wind
off theanomalies
west coast off
previous
studies
[43–48].
During
the hiatus
recentregime,
Pacific equatorward
hiatus regime,
equatorward
of North
America
upwelling
transported
coldand
water
from the extratropical
to thethe
the west
coast induced
of Northcoastal
America
inducedand
coastal
upwelling
transported
cold water from

extratropical to the tropical region of the Pacific (Figure 2f). The intensified trade wind enhances
equatorial and Peruvian upwelling (Figure 2f) [49]. Similar findings of coastal cooling during 1999–
2013 were confirmed in a recent study [50]. The anomalous atmospheric circulation during the cold
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tropical region of the Pacific (Figure 2f). The intensified trade wind enhances equatorial and Peruvian
upwelling (Figure 2f) [49]. Similar findings of coastal cooling during 1999–2013 were confirmed
in a recent study [50]. The anomalous atmospheric circulation during the cold regime was tied to
increased pressure over the Aleutian Low (AL) [49] and decreased pressure over the western Pacific
warm pool (Figure 2f,g). The weakened AL was associated with weakened westerlies over the KE
region (vector in Figure 2f,g) [51] and intensified equatorial wind off the west coast of North America
(vector in Figure 2f,g).
Although recent studies have demonstrated that intensification of the Kuroshio in the tropics is
linked to intensified trade winds [49,52,53], while weakening of the Kuroshio in the subtropics was
associated with weakened westerlies and basin WSC during the recent Pacific hiatus regime [52,54], it
remains unclear how the KE jet responds to this hiatus regime. Here, we show that enhanced warming
in the KE region is tied to northward migration and intensification of the KE jet during the recent
Pacific hiatus regime. The KE jet also becomes more perturbed in the upstream region west of 146◦ E,
which favors greater heat transfer from the KE jet poleward and into the local atmosphere. We discuss
these changes in detail in the following sections.
2. Materials and Methods
In Figure 1, 6-hourly oceanic surface current measured at ~15 m depth from the SVP
(Surface Velocity Program) drifter since 1979 was provided by the Global Drifter Program [55] (GDP;
http://www.aoml.noaa.gov/phod/dac/index.php)/NOAA (National Oceanic and Atmospheric
Administration)). Daily sea surface height anomalies with 0.25◦ resolution since 1993 were
provided by the AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic Data;
https://www.aviso.altimetry.fr/en/home.html) in a version of MSLA-DT (Map of Sea Level
Anomalies) two-sat. The sea surface height and geostrophic velocity were also obtained from the
AVISO in a version of MADT-DT (Map of Absolute Dynamic Topography) two-sat used in Figure 3.
The SVP drifter data were gridded on 0.5◦ meshes after being downloaded. The monthly mean was
derived first for all data before analysis.
Three sea surface temperature datasets were used, including the Extended Reconstructed Sea
Surface Temperature (ERSST; https://www.ncdc.noaa.gov/data-access/marineocean-data/extendedreconstructed-sea-surface-temperature-ersst-v5) [56], and the OISST (Optimum Interpolation Sea
Surface Temperature; https://www.ncdc.noaa.gov/oisst) [57]. The monthly ERSST with 2◦ resolution
since 1854 was used in version of 5. The daily OISST with 0.25◦ resolution was used in version of
high-resolution V2. Comparing to the OISST (Figure 3a), the ERSST did not adequately resolve the
warming pattern of the KE jet in Figure 2f which was tied to its low-resolution of 2◦ .
Monthly wind stress, zonal wind velocity, and sea level pressure with 1.875◦ , 2.5◦ , and 2.5◦
resolution, respectively, since 1948, were adopted from the NCEPr1 (National Centers for Environmental
Information/National Center for Atmospheric Research reanalysis 1; https://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis.html) [58]. The climate indices of the PDO (Pacific Decadal
Oscillation, http://research.jisao.washington.edu/pdo/) [32,33], IPO (Interdecadal Pacific Oscillation;
https://www.esrl.noaa.gov/psd/data/timeseries/IPOTPI/) [34,35] ONI (Ocean Niño index, a proxy
of the El Niño–Southern Oscillation, http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ONI_v5.php), and AMO (Atlantic Multidecadal Oscillation, https://www.esrl.noaa.gov/psd/
data/timeseries/AMO/) [37] were used in Figure 2b–e.
The path of the KE jet could be detected using particular sea surface height (SSH) values [29].
In Figure 3c, the monthly path of the KE jet was obtained using 90-cm SSH contours according to the
estimation provided in Figure S1. A 90-cm interval of SSH could capture the maximum KE jet speed
better than the other contour values; these contours represented the axial path of the KE jet (Figure S1).
Since SSH data from the AVISO were available after October 1992, we discussed those changes in two
eras, the 1993–1998 warming regime and the 1999–2013 hiatus regime, in the following sections.
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3. Results
The SST warmed by 1 ◦ C over the north flank of the KE jet during the recent Pacific cold regime
(Figure 3a), while the KE jet’s first quasi-stationary meanders (141◦ E–146◦ E) [59] simultaneously
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the warming regime are shown. The path is defined as the 90-cm contour of the sea surface height
according to Figure S1; (d) Same as (c), but for the hiatus regime; (e) The mean axial latitude during
the warming regime (black dashed curve) and during the hiatus regime (black solid curve), and the
difference of axial latitude (red curve; the hiatus regime minus the warming regime) are shown. The
gray shading indicates the location of the Izu–Ogasawara Ridge; (f–h) Same as (e), but for the SD of
the axial latitude, the axial speed, and the axial temperature of the KE jet, respectively; (a–h) The green
dashed lines indicate the boundary between the two quasi-stationary meanders. Data are based on the
AVISO and the OISST; (e–h) The large (small) red dots indicate statistical significance above (below)
the 90% confidence level.

During the warming regime, the mean path of the KE jet’s first quasi-stationary meander
is located at a latitude of 34–35◦ N (blue curve in Figure 3c). During the hiatus regime,
the mean path migrates northward to 35–36◦ N (blue curve in Figure 3d). The KE jet generally migrated
northward by about 1◦ during the hiatus regime in 1999–2013 relative to the 1993–1998 warming
regime. The second quasi-stationary meander (146–152◦ E) and the downstream KE jet (east 152◦ E)
show similar results, but with less pronounced northward migration. In Figure 3c,d, the degree of
perturbation of the KE jet is indicated as an interval of 1 standard deviation (SD) around the latitude
of the monthly path (gray curves) during the overall period (blue dashed curve). We found that the
KE jet became more perturbed (large SD) in the south of Japan and the first quasi-stationary meander
during the hiatus regime compared to the warming regime (cf. Figure 3c,d).
Furthermore, the reason why the KE jet became more perturbed during the hiatus regime
was due to the upstream Kuroshio south of Japan migrating southward and colliding with the
Izu–Ogasawara Ridge, increasing the instability of the KE jet path in the Pacific. The southward
migration of the Kuroshio could be further attributed to the intensified recirculation south of Japan
(comparing between Figure S2a,b). The intensified recirculation induced the southward migration of
the Kuroshio path, favoring interacting with the Izu–Ogasawara Ridge, resulting in more perturbation
in the KE jet. The velocity difference (1999–2013 minus 1993–1998) in Figure S2c illustrated the
intensified recirculation to the south of Japan that provided the southeastward velocity anomaly which
caused the Kuroshio to shift southward.
We quantified the latitude of the KE jet path and its longitudinal perturbation during the
two Pacific regimes in Figure 3e,f. The KE jet migrated southward by 0.3◦ (Figure 3e; red curve)
before passing through the Izu–Ogasawara Ridge (gray shading) and its perturbation increased by
50–60% (Figure 3f; red curve, increased by 0.3 SD, mean during the warming regime near 0.5 SD).
After passing through the ridge, the KE jet migrated northward by 0.75–1◦ (red curve in Figure 3e)
and its perturbation increased, reaching 70% (red curve in Figure 3f; a maximum increase of 0.55 SD,
mean during the warming regime of 0.8 SD) in the first quasi-stationary meander. The greater
perturbation that accompanies the southward migration of the KE jet south of Japan results in it
frequently encountering shallow seamounts over the southern part of the Izu–Ogasawara Ridge
(138.2–141◦ E, south 33◦ N), which cause instability in the path of the first quasi-stationary meander
due to the conservation of vorticity. This current–topography interaction has been demonstrated in
previous studies [28,29], and was enhanced during the recent Pacific hiatus regime.
The KE jet’s second quasi-stationary meander (146–152◦ E) also migrated northward as well as
eastward. The location of the crest of the second quasi-stationary meander was near 149◦ E and 35.47◦ N
during the 1993–1998 warming regime (dashed line) and migrated northeastward to 149.5◦ E and
35.88◦ N during the recent hiatus regime (solid black line). The northeastward migration of the second
meander explained why the KE jet exhibited no migration around 147–148◦ E in Figure 3e (red curve).
The perturbation of the KE jet’s second quasi-stationary meander decreased by 11.5–12.5% (Figure 3f;
SD decreased by 0.15, the mean during the warming regime is 1.2–1.3). Similar northward migration
and stabilization also occurred in the downstream KE jet (east 152◦ E) (Figure 3e,f), which migrated
northward 0.25–0.75◦ and stabilized (SD decreased 5%, the mean during the warming regime is 1.5)
during the hiatus regime.
(141◦ E–146◦ E)
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In Figure 3g, the difference in axial speed during the hiatus regime compared to the warming
regime is small (<5 cm s−1 ; red curve) before the Kuroshio passes through the Izu–Ogasawara Ridge
(west of 138.2◦ E). After passing through the ridge (east of 141◦ E), the overall KE jet intensified by
7.8% at 141–160◦ E (+6.6 cm s−1 , with a mean of 84.53 cm s−1 ), with two peaks located at the two
quasi-stationary meanders (intensified by up to 19%; increased by 16–17 cm s−1 , the mean during
the warming regime is 88 cm s−1 ). The enhanced warming over the first quasi-stationary meander is
attributable to the northward migration, perturbation, and intensification of the first meander of the
KE jet.
In Figure 3h, the SST difference along the KE jet axis increased by 0.27 ◦ C (red curve) before
passing through the ridge, which provided additional heat to the KE region during the recent hiatus
regime. We observed that the SST along the KE jet increased by 0.8 ◦ C at 141◦ E, but abruptly decreased
by 1 ◦ C at 144◦ E (red curve). The SST decreased by about 1.8 ◦ C from 141◦ E to 144◦ E (red curve
in Figure 3h), indicating that the heat carried by the KE jet was released dramatically at the first
quasi-stationary meander during the hiatus regime. We noted no obvious change in the SST during
the warming regime from 141◦ E to 144◦ E (dashed curve in Figure 3h), which suggests that the rapid
release of heat at the first quasi-meander during the hiatus regime is an unusual feature. Besides,
the region of the KE jet with the greatest SST decrease (a proxy for heat release) during the warming
regime is located at the second quasi-meander (146–152◦ E) (dashed curve in Figure 3h). The shift in
major heat-releasing regions along the KE jet from the second quasi-stationary meander to the first
quasi-stationary meander was caused by changes in the KE jet path. During the recent hiatus regime,
the southward-migrated Kuroshio off south Japan obtained more heat from lower-latitude regions,
and released the heat after northward migration and perturbation at the first quasi-stationary meander
(Figure 3c–e).
We suggest that the unusual enhanced warming over the KE region during the recent Pacific
hiatus regime was due to the northward migration and intensification of the KE jet, which has a
more perturbed path in the first meander. The cause of this perturbation is attributed to enhanced
current-topography interactions, as the Kuroshio more frequently encounters shallow seamounts south
of the Izu–Ogasawara Ridge, causing greater perturbation downstream during the hiatus regime.
The causes of the northward migration and intensification of the KE jet during the hiatus regime
are discussed in the next section. Although the timescales differ, we noted that the changes of the
northward migration and intensification of the KE jet during the 1999–2013 hiatus regime were similar
to the responses of the KE jet to long-term global warming [27].
4. Discussion
In this study, the poleward-migrated, intensified and perturbed KE jet during the Pacific hiatus
regime has been confirmed. These changes contribute to the enhanced warming in the Kuroshio
Extension. The meridional variability of the KE jet is fundamentally related to the location of zero WSC
(a proxy for the surface westerlies) in the open ocean; zero WSC is the dynamic boundary between the
subtropical gyre and the subpolar gyre [1,3]. In Figure 4, the positions of zero WSC during the warming
regime and the hiatus regime are indicated as dashed and solid curves, respectively. The position
of zero WSC is steady on the western and eastern sides of the North Pacific basin, such as off Japan
and North America, during the two regimes (cf. the dashed and solid curves). We noticed that the
latitude of zero WSC migrated northward by 1–5◦ during the hiatus regime compared with during
the warming regime (dashed and solid curves in Figure 4a, respectively), which contributed to the
northward migration of the KE jet.
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As the zero WSC location in the open ocean is a proxy for the mid-latitude westerlies (cf. the
dashed and solid curves with the vector in Figure 4a) [3], the migration of zero WSC should be linked
to large-scale changes of the atmospheric structure. In Figure 4b, the mean vertical structure of the
average zonal wind (160◦ E–140◦ W) during the recent hiatus regime (solid curve) and the warming
regime (dashed curve) are shown, along with the northward migration of the jet stream in the westerlies
(cf. the solid and dashed curves). In Figure 4b, the southern part of the jet stream core (indicated
by the 25 m s−1 contour) has migrated northward by 3.6◦ , from 30.6◦ N to 34.2◦ N (cf. the dashed
and solid 25 m s−1 contours), while the northern part of the jet stream core has shown less extensive
migration (northward shift 2◦ , from 45.9◦ N to 47.9◦ N), reflecting reduction of the meridional size of
the jet stream during the recent hiatus regime. Both the northward migration and the reduction in size
of the jet stream contribute to the enhanced weakening of its southern portion and intensification of its
northern portion (shading in Figure 4b). Furthermore, the northward migration of the jet stream has
continued from its core to the atmospheric boundary layer, suggesting that the northward migration of
zero WSC shown in Figure 4a is a result of the poleward migration of the jet stream during the recent
hiatus regime.
Wind in the basin not only affects the migration of the KE jet, but also produces an eddy-related sea
surface height anomaly (SSHA). SSHA signals are mainly generated in the eastern Pacific (160–170◦ W)
and propagate westward into the KE jet, travelling for a few years as a Rossby wave, and are known
to contribute to variability in the intensity and perturbation of the KE jet [25,28]. In Figure 3g, the
intensification of the KE over the quasi-stationary meanders (142–152◦ E) is related to a higher SSHA
at the south parts of the two meanders (shading in Figure 4a, western side of the green box), as
previous studies have demonstrated that variability of the KE jet intensity is associated with SSHAs
in the area [29]. During the Pacific hiatus regime, the SSHA increases over the central and eastern
Pacific (Figure 4a), which appears to favor intensified geostrophic velocities through the two meanders,
assuming that the SSHA spreads westward to arrive at the south parts of the two meanders from the
eastern Pacific (shading in Figure 4a along the green box).
We designated a latitudinal section along the south front of the two meanders (32–34◦ N, based on
the mean location of the meanders in Figure 1c; the green box in Figure 4a) to estimate the propagation
of the SSHA. Figure 4c shows that the regionally averaged SSHA signal at the south parts of the two
meanders (141–152◦ E, 32–34◦ N) is positive during 1993-1994 2000–2005 and (defined as a value > 1 SD).
Furthermore, the SSHA is negative during 1995–1999, and 2008–2009 (<1 SD; Figure 4c), while other
periods show smaller changes (within 1 SD) (Figure 4c). Overall, the results shown in Figure 4c
suggest that variability of the SSHA to the south of the two quasi-stationary meanders changes over
a decadal timescale, and the properties of this decadal variability have been supported by previous
research [28,60].
During the warming regime (before 1998), the SSHA in the two quasi-stationary meanders
was in a negative state (−6.03 cm; bar in Figure 4c) in contrast to the recent Pacific hiatus regime
(1999–2013), when it increased to 2.5 cm, supporting intensification of the KE jet during the hiatus
regime. Previous studies have suggested that SSHA variability to the south of the two meanders is due
to westward-propagating mesoscale eddies, which are generated in the eastern Pacific basin [25,28].
In Figure 4d, most SSHA signals to the south of the two meanders can be tracked back to the eastern
Pacific, east of 170◦ W. For instance, the positive SSHA at 152◦ E in 2003 propagated from 170◦ W in 2000.
Taking 3 years to cross a distance of ~3500 km reflects a propagation speed of about 3.7 cm s−1 , which
agrees with the propagation speed of mesoscale eddies [61]. Similar estimations have been presented
in previous studies [25,28]. The results shown in Figure 4c,d confirm that the SSHA-associated
intensification of the KE jet’s two meanders during the Pacific hiatus regime is due to the westward
propagation of the SSHA from the eastern Pacific.
As positive (negative) WSC in the eastern Pacific favors the generation of negative (positive)
SSHAs in the underlying water [62], changes in SSHAs during the two regimes should reflect the
changes in WSC. In Figure 4e, the calculated temporal variability of WSC over the eastern Pacific
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(170–150◦ W, 30◦ –40◦ N; eastern side of the green box in Figure 4a) is presented. Two generally positive
SSHA signals were generated in the eastern Pacific during 1998–2001 and 2007–2012 (shading east
175◦ W in Figure 4d), which are comparable with the negative WSC patterns occurring during the
same periods (Figure 4e). On the other hand, a negative SSHA was generated synchronously with
positive WSC during 1993–1996 and 2002–2005. The two WSC-related positive SSHAs generated in
1998–2001 and 2007–2012 contributed to the intensified KE jet during the 1999–2013 hiatus regime.
Overall, basin-scale WSC over the eastern Pacific during the warming regime is positive (before 1998;
Figure 4e), in contrast to negative values during the hiatus regime (1999–2013; Figure 4e). This negative
basin-scale WSC anomaly was caused by the weakened AL, as shown in Figure 2g. The southern part
of the weakened AL (red shading in Figure 2g) was located at the latitude of the KE jet (~35◦ N) and
generated negative WSC anomalies during the recent hiatus regime.
Wang and Wu [52] demonstrated that the Kuroshio to the east of Taiwan has weakened during
the 1999–2013 hiatus regime. On the other hand, the present study pointed out enhancement of the KE
jet during the same period. One curious question is: how was the Kuroshio water budget conserved in
the subtropical gyre during the period? To a certain extent, the intensified KE jet during the 1999–2013
hiatus regime was largely due to the intensified recirculation gyre south of the KE jet (indicated by
‘R1’ in Figure S3). The existence of the recirculation gyre has been observed to increase the eastward
transport of the KE from the local Sverdrup transport value of ~50 to ~130 Sv (1 Sv = 106 m3 s−1 ) [63].
The enhanced warming over the KE region was attributed to not only the oceanic changes (the KE
jet variability in this study) but also the atmospheric changes. Seager et al. [51] pointed out that when
the westerlies weakened (intensified), it decreased (increased) the equatorward Ekman drift of the
underlying ocean, and favored warming (cooling) conditions over the Pacific mid-latitudes. While the
westerlies over the region weakened during the 1999–2013 hiatus [54], the atmospheric variability
would also result in warming in the KE region.
In summary, three changed characteristics of the KE jet have been presented. (1) The northward
migrated KE jet, which associated with the poleward-shifted basin wind system, including the zero
WSC and the mid-latitude jet stream. (2) The intensified KE jet, which related to the oceanic mesoscale
eddy variability. (3) The perturbed KE jet, which attributed to the upstream Kuroshio to the south of
Japan interacting with the topography. These changed characteristics of the KE jet contributed to the
enhanced warming and heat release over the Kuroshio extension during the Pacific hiatus regime.
5. Conclusions
We found that during the recent Pacific hiatus regime (1999–2013), the AL was weakened and
the mid-latitude jet stream migrated poleward. During the hiatus regime, the KE enhanced warming,
which led to northward migration, intensification, and more perturbation of the KE jet. The increased
sea surface temperatures over the upstream region (Kuroshio south of Japan) reinforced the enhanced
warming. The northward migration of the KE jet during the hiatus regime was caused by poleward
migration of the jet stream. The intensified KE jet attributed to the weakened AL caused negative
WSC in the eastern Pacific, which generated positive SSHAs that propagated westward into the KE
region, creating an intensified KE jet. The more perturbed KE jet was associated with the location of the
Kuroshio in the south of Japan. South of the Izu–Ogasawara Ridge, the Kuroshio frequently encounters
shallow seamounts, leading to perturbation of the KE jet. This study indicated that changes to the
atmospheric circulation during the recent hiatus regime were not only able to influence the Kuroshio
system from the tropics to the subtropics, but also impacted the KE region. Finally, we emphasize
that understanding the impacts of the recent Pacific hiatus regime on the climate system, as well as
its physical mechanism, is important for improving the predictions in climate models. Following the
recent hiatus regime that ended in 2013, these patterns may disappear or reverse due to ongoing
warming, and may then return during future hiatus regimes.
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