#E DTS (Oceanography in Japan), 32(3, 4), 67—93, 2023, doi; 10.5928/kaiyou.32.3-4_67

— WFEBFABFFEZHRESH

Observational and theoretical studies on the North Pacific
upper ocean circulation and its variability®

Bo Qiu’

Abstract

This article reviews the four major circulation systems in the wind-driven subtropical gyre of the west-
ern North Pacific Ocean: the North Equatorial Current in the southern limb of the gyre, the Subtropi-
cal Countercurrent traversing the gyre center latitudes, the bimodal Kuroshio paths south of Japan,
and the Kuroshio Extension as the gyre outflow into the open North Pacific Ocean. Although each of
these circulation systems has its unique properties and time-varying signals, cases are made that it is
dynamically beneficial to consider them in an inter-connected way through external forcings or mutual
interactions. Rather than passively responding to the external forcings, such as that related to the Pa-
cific decadal oscillations, it is emphasized that the low-frequency Kuroshio/KE variability can feedback
to the overlying atmospheric storm-tracks and form a coupled feedback loop that enhances the decadal
variance in the midlatitude North Pacific ocean-atmosphere system.

Key words: Wind-forced circulation variability, Pacific Decadal Oscillation, Midlatitude ocean-atmo-
sphere coupling, Delayed negative feedback

1. Introduction

Following the launch of the TOPEX/Poseidon (T/P)
mission in 1992, nadir-looking satellite altimetry has
revolutionized how ocean research is conducted. The
maturity of the satellite altimetry technology and the
30-year accumulation of the high-quality sea surface
height (SSH) data from the subsequent missions (ie.,
the T/P Extended Mission, Jason-1, Jason-2, Jason-3,

and Jason-CS/Sentinel-6 missions) have provided the
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research community with an unprecedented opportuni-
ty to investigate detailed evolutions of the global and
regional ocean circulation and sea level changes from
weekly to decadal timescales. Two research areas that
have achieved significant advances are the oceanic me-
soscale eddy variability and the multi-scale changes in
the large-scale ocean circulation.

Acting as an oceanic analogue of atmospheric storms,
the oceanic mesoscale variations with horizontal wave-
lengths of 100-500 km are the most energetic form of
flow fluctuations in the world ocean (e.g., Roemmich
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and Gilson, 2001; Ferrari and Wunsch, 2009; Chelton et
al., 2011; Zhang et al., 2014; among others). Although
mesoscale variations have been detected prior to the
satellite altimetry era, it is not until the establishment
of sustained satellite altimetry measurements that they
are now being systematically observed on a globally re-
petitive basis. With the use of SSH data from combined
satellite altimeters, we have now a much improved
knowledge not only about the global statistical charac-
teristics of the mesoscale eddies (such as their sizes,
polarities, and propagation speeds/directions), but also
how eddies interact among themselves, the roles they
play in determining the surface ocean energetics, and
the contributions they make to the transports of heat,
salt and other biogeochemical tracers. Satellite altime-
try is also aptly suited for exploring the time-varying
signals of the large-scale ocean circulation with length
scales > O(500 km). Indeed, thanks to the multi-
decadal, high-precision, SSH data from various altime-
try missions, a rich literature is now available that has
delved into lateral movement and strength changes of
major oceanic currents, structural changes of the
wind-driven tropical, subtropical and subpolar gyres,
and regional sea level changes that accompany the
low-frequency fluctuations of the oceanic currents and
wind-driven gyres (e.g., Imawaki et al., 2013; Stammer
et al., 2013; Kida et al., 2015; among others).

Figures la and 1b compare the root-mean-squared
SSH signals with timescales shorter versus longer than
2 years in the world ocean based on the AVISO
merged SSH data. Thus delineated, Fig. la reflects
largely the regional distribution of mesoscale eddy vari-
ability, whereas Fig. 1b represents that of the large-
scale ocean circulation variability. Notice that regions
with enhanced mesoscale eddy variability often coin-
cide with the regions of elevated large-scale ocean cir-
culation variability. In the North Pacific Ocean, for ex-
ample, such regions include the Kuroshio/Kuroshio
Extension (KE) regions south/east of Japan, the North
Equatorial Current (NEC) region east of the Philip-

pines, and the tropical instability wave (TIW) band in
the eastern Pacific along ~ 2°N. Dynamically, the ocean
circulation variability is multi-scaled and there exist no
energy spectral gaps between the meso- and large-
scales. Changes in the large-scale major currents and
gyres can change the instability threshold, impacting
thereby on generation of mesoscale eddies. Likewise,
modulations in the mesoscale eddy field can feedback
onto the broader-scale oceanic current through nonlin-
ear rectifications. In addition to the cross-scale interac-
tions within a geographic domain, changes in one cur-
rent system can also exert influences upon neighboring
circulation and current systems. After all, demarcations
among different current systems in the wind-driven
North Pacific subtropical gyre (e.g., that between the
Kuroshio and the KE) are a subjective construction.
While it is customary in the past to examine the vari-
ability of each current system individually, an objective
of this article is to advocate for the need/benefit of ex-
ploring the overall wind-driven gyre circulation vari-
ability via an inter-connected approach. Specifically,
rather than exploring the variability of the NEC in the
tropics, the Subtropical Countercurrent (STCC) east
Taiwan, and the Kuroshio/KE surrounding Japan (Fig.
2a) independently, it is beneficial to elucidate their vari-
ability as an interlinked system. It is argued that an in-
ter-connected approach becomes increasingly more de-
sired when our interest in the circulation variability
extends into the decadal-and-longer timescales. To ful-
ly elucidate the roles of the North Pacific subtropical
gyre variability in the climate system, it is further ar-
gued in this article that there is a need to elucidate the
ocean-atmosphere coupling involving the Kuroshio/KE
variability and the overlying atmospheric storm-tracks

across the mid-latitude North Pacific basin.

2. The North Equatorial Current

The southern limb of the wind-driven subtropical
gyre in the North Pacific is carried by the west-
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Fig. 1. (a) Root-mean-squared (rms) SSH signals in the Pacific Ocean, based on high-pass-filtered AVISO SSH
data from January 1993 to December 2022. The high-pass filter has a half-power at 1.5 years. (b) Same as (a)
except for the low-pass-filtered SSH signals. Thus filtered, (a) represents the oceanic mesoscale eddy variabili-
ty and (b) the large-scale oceanic circulation/ sea level variations.
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ward-flowing NEC whose center latitude is located at
~ 13°N in the northwestern Pacific basin (Fig. 2b). This
latitude corresponds closely to the mean zero wind-
stress curl line across the North Pacific Ocean (Risien
and Chelton, 2008). Upon reaching the Philippine coast
along 125°E, the NEC bifurcates (pink dot in Fig. 2b),
with one portion of it turning poleward to form the
Kuroshio and the rest veering equatorward to feed the
Mindanao Current. The NEC’s bifurcation and variabili-
ty and are subject to both the local monsoonal wind
forcing and the remote forcing across the broad interi-
or ocean via the propagation by wind-forced baroclinic
Rossby waves (Qiu and Lukas, 1996; Kim ef al., 2004;
Qiu and Chen 2012).

Figure 3a shows the monthly time series of the NEC
bifurcation latitude Y5(t) along the Philippine coast. It is
defined by the location of zero meridional geostrophic
velocity estimated from the gridded altimetric SSH
dataset (Qiu and Chen, 2010a). While exhibiting vari-
ability with time scales ranging from intra-seasonal to
decadal, the observed Yp(t) is clearly dominated by the
interannual and longer time-scale fluctuations. To bet-
ter understand the multi-scaled variability of the NEC
bifurcation, it is helpful to recognize that the Yp(t) time
series has a high negative correlation (R = —0.85) with
the anomalous SSH signals in the region neighboring
the NEC bifurcation (Fig. 3b). Dynamically, this high
correlation makes sense because SSH would drop (in-
crease) if the NEC migrates poleward (equatorward)
and brings northward (southward) the tropical low-
SSH (subtropical high-SSH) water (recall the mean
SSH map of Fig. 2b). Indeed, a comparison between
Y5(t) and the SSH anomaly time series in the 12°-14°N,
127°-130°E box (Fig. 3c) reveals that the latter cap-
tures favorably the interannual-to-decadal fluctuations
in Y5(t). In other words, the SSH variability in this key
box off the Philippine coast serves as an excellent
proxy for the low-frequency changes in the NEC bifur-
cation and exploring the NEC bifurcation changes be-

comes equivalent to clarifying the causes underlying

the anomalous SSH signals off the Philippines.

It is well established by now that the low-frequency
SSH variations in an open ocean are governed by the
linear vorticity equation in a 1.5-layer reduced gravity
model (see Qiu, 2002, for the derivation and relevant

references):
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where 1 is the SSH anomaly of our interest, Cr the
long baroclinic Rossby wave speed (Chelton et al.,
2008), g’ the reduced gravity, f the Coriolis parameter,
po the reference density, T the anomalous wind stress
vector, and € the Newtonian dissipation rate. The blue
line in Fig. 3d shows the n time series in the 12°-14°N,
127°-130°E box based on Eq. (1) and the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF)
ERA-5 reanalysis wind stress data. It reproduces favor-
ably the observed SSH signals, or the Yj(t) time series
(black line in Fig. 3d), confirming that the low-frequen-
cy variability of the NEC bifurcation in the western Pa-
cific Ocean is largely wind forced. Several physical in-
sights can be gained from the linear vorticity model of
Eq. (1). First, despite the large meridional excursion
with an annual amplitude exceeding 10° latitudes in the
zero wind stress curl line across the North Pacific ba-
sin, the annual variation in Y;(t), as shown in Fig. 3a, is
weak with an amplitude < 1° latitude. This lack of Y(t)
response to the annual wind stress curl variability is
due to the fact that the SSH response in Eq. (1) acts as
an integrator to the wind stress curl forcing along the
baroclinic Rossby wave characteristic. As it takes ~ 34
years for the baroclinic Rossby waves to transverse the
North Pacific basin along 13°N, the effect by the strong
annual wind stress curl forcing is integrated out, result-
ing in weak annual fluctuations in Y(t).

Second, validity of the linear vorticity model allows
us to hindcast the SSH changes backward in time by
using the available reanalysis wind stress product. Giv-

en the result of Fig. 3d, the linear vorticity model pro-
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vides us with a framework to infer the NEC bifurcation timeter era. Figures 4a shows the inferred Y;(t) chang-
variability over the time period beyond the satellite al- es since 1952 based on the ECMWEF ERA-5 dataset
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Fig. 2. (a) Schematic upper ocean circulation patterns in the western North Pacific. Adapted from Qiu (2019). (b)
Mean sea surface height field (cm) of the western North Pacific from Jousset et al. (2022). Gray shades denote
where water depth is shallower than 1,000 m. The pink dot near 13°N along the Philippine coast indicates the
mean location of the NEC bifurcation.
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Fig. 3. (a) Time series of the NEC bifurcation latitude Y;(t) inferred from the monthly satellite altimeter SSH
data (gray line). Black line indicates the low-pass filtered Y,(t) time series after applying a Gaussian filter with
a 12-month decay scale. (b) Linear correlation coefficient between the monthly Y,(t) and the SSH anomalies.
Areas where the correlation coefficient amplitude exceeds 0.5 are shaded. Dashed line denotes the key box for
Y,(t). (c) Red lines denote the observed monthly and low-pass filtered SSH anomaly data in the key box. (d)
Blue lines denote the modeled monthly and low-pass filtered SSH anomaly data in the key box based on Eq. (1).
In (c) and (d), black lines are the same as that in (a) and the regression equation between the SSH anomalies
A’ (t) value in cm and Y3(t) is Yp(t) = 119 — 0.17 A’ (t) [°N].
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available after 1950. The low-frequency ocean circula-
tion and sea level variability, including the NEC bifur-
cation, in the western tropical Pacific is known to be
subject to both the El Nino-Southern Oscillation (EN-
SO) and Pacific decadal oscillation (PDO) forcings (e.g.,
Qiu and Chen, 2012; Wang et al., 2014; Hu et al., 2015;
Capotondi and Qiu, 2023; see Figs. 4b-4c). For the inter-
annual-to-decadal changes in the NEC bifurcation, an
interesting aspect is that Y,(t)’s correlation to the Ni-
no-34 index remains largely a constant (R = 0.6) over
the 1965-2005 period (Fig. 4d). It, however, decreased
to R = 0.4 over the last 15 years. In contrast, while the
PDO forcing had little impact on Yj(t) prior to 1990, its
impact increased steadily after 1990 and surpassed that
by ENSO after 2005 (Fig. 4e). Dynamically, this shift
between the relative importance of ENSO versus PDO
forcings on Yj(t) is a consequence of the subtle, multi-
decadal changes in the PDO-related wind stress curl
imprint over the tropical western Pacific Ocean. As
shown in Fig. 5a, during the period of 1950-1989, the
PDO-related wind stress curl forcing averaged along
the NEC bifurcation band of 10°-12°N is close to zero.
This forcing pattern is altered in the recent three de-
cades in which the PDO-related forcing has a promi-
nent positive wind stress curl in the 10°-12°N band
across the western Pacific Ocean (Fig. 5b). Such a forc-
ing in the positive PDO phase would lower the regional
SSH through Ekman divergence and cause the NEC bi-
furcation to shift poleward. One cause for this shift in
the PDO forcing pattern over the western tropical Pa-
cific may be related to the Atlantic Multidecadal Oscil-
lation (AMO) whose phase in the early 1990s shifted
from negative to positive (Wu et al., 2019).

It is worth emphasizing that as the NEC bifurcation
latitude changes on various timescales, it affects not on-
ly the dynamical state of, and the partitioning between,
the Kuroshio and the Mindanao Current east of the
Philippine coast (Kim et al., 2004; Gordon et al., 2014;
Schonau et al., 2022), it also impacts the sea level eleva-

tions inside the Sulu and South China Seas via coastal

wave guide (Zhuang ef al., 2013), and the throughflow
from the North Pacific Ocean into the South China Sea
through the Luzon Strait (Wu, 2013; Nan et al., 2013).
Although we have emphasized in this section the use-
fulness of linear vorticity model as a dynamical frame-
work, nonlinear processes involving wind-forced baro-
clinic Rossby waves interacting with the background
North Equatorial Countercurrent (NECC) can produce
large-amplitude, short-term circulation/SSH fluctua-
tions through barotropic instability in the tropical west-
ern Pacific Ocean (Qiu et al., 2019).

3. The Subtropical Countercurrent

In the North Pacific Ocean, the large-scale atmo-
spheric forcing by the midlatitude westerlies and tropi-
cal trade winds not only generates the basin-wide sub-
tropical gyre circulation, it also produces meridional
Ekman temperature flux convergence along the center
latitudes, ~ 18°-28°N, of the subtropical gyre and forms
the Subtropical Front (STF) in the upper ocean layer
(Roden, 1980; Fig. 6b). Since the wind-driven main ther-
mocline beneath the STF tilts downward towards
north, the presence of STF with its isopycnals tilting
upward towards north creates an eastward geostrophic
shear and an eastward-flowing Subtropical Countercur-
rent (STCC) in the upper 100-m layer (Yoshida and Ki-
dokoro, 1967; Kubokawa, 1997). Although the mean ST-
CC is a weak flow with an amplitude only a few cm/s
as indicated in Fig. 6b, it is highly baroclinically unsta-
ble due to the change in sign of meridional potential
vorticity gradients in the surface STCC layer and the
subsurface NEC layer (Qiu, 1999; Roemmich and Gilson,
2001; Kobashi and Kawamura, 2002). Indeed, the STCC
band of 18°-28°N is the region with the 3™ highest ed-
dy kinetic energy (EKE) level in the western North Pa-
cific after the Kuroshio/KE and NECC bands (Fig. 6a).

The altimeter-measured EKE level in the STCC
band reveals a well-defined annual cycle, as well as

large-amplitude interannual-to-decadal modulations



74 Bo Qiu

(Fig. 7a). Seasonally, the STCC eddy variability has a January. This seasonal EKE change is the result of sea-
maximum in May/June and a minimum in December/ sonal variations in the vertical shear of the horizontal
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velocity between the eastward-flowing STCC and the
westward-flowing NEC. The STCC-NEC shear reaches
a seasonal maximum in late winter (March) when the
meridional upper ocean temperature gradient peaks.
Based on stability analysis in a vertically-sheared
25-layer STCC-NEC system, Qiu (1999) found that the
~ 2-month delay of the EKE maximum observed in the
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On the interannual and longer timescales, the ob-
served EKE level in the STCC band exhibits a favor-
able positive correlation with the PDO index (cf. Figs.
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7a and 7c¢). This positive correlation stems from the fact lated wind stress forcing (Qiu and Chen, 2010b). As
that the STCC-NEC shear is controlled by the PDO-re- shown in Fig. 5, when the PDO forcing is in a positive
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Fig. 6. (a) Eddy kinetic energy distribution in the western North Pacific based on the CMEMS satellite altime-
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phase, both westerlies and trade winds intensify over
the North Pacific west of 160°W. This works to en-
hance the meridional Ekman flux convergence along
the STCC band in the western North Pacific (Fig. 7b),
increasing the vertical STCC-NEC shear through the
thermal wind balance, and the intensity of baroclinic in-
stability and leading to increased regional EKE level.
Notice that on decadal timescales, the STCC EKE level

in addy-rich years is ~ 300 cm?/s’, which is twice as

(a) EKE in STCC (130E-200E,18-28N)

large as the EKE level in eddy-poor years. Spatially,
Fig. 8 reveals that the EKE level difference between
the different positive vs. negative PDO years is consis-
tent and geographically coherent. This implies the re-
petitive nature of the PDO-induced stability changes
across the STCC-NEC system in the western North
Pacific basin (Qiu and Chen, 2013).

After mesoscale eddies are generated along the baro-
clinically unstable STCC-NEC system, they tend to

1995

2000 2005
(b) ERA5 —0v}, /Oy in 130-200E, 18-28N

2010

— v} /0y 101/

1995 2000
(c) PDO

2005

2010 2015

3 | | | |

PDO Index

1995

Fig. 7.

2000 2005

2010 2015 2020

(a) Eddy kinetic energy time series in the STCC band of 18°-28°N, 130°-200°E. The red line shows the

weekly time series and black line the low-pass-filtered time series after applying a Gaussian filter with a
12-month decay scale. (b) Time series of meridional Ekman flux convergence anomalies in the STCC band af-
ter removing the climatological seasonal cycle. (c) The PDO index.
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propagate westward and accumulate towards the west 2010b). Upon reaching the boundary of the Luzon

of the Philippine Sea basin (recall Fig. 6a). In the Philip-  Strait and Taiwan, the impinging STCC eddies can sig-

pine Sea, the STCC mesoscale eddies have a dominant nificantly alter the path and transport of the north-

period of ~ 100 days and a westward propagating ward-flowing Kuroshio (Zhang et al., 2001; Gilson and
speed of ~ 9 cm/s (Chelton et al., 2011; Qiu and Chen, Roemmich, 2002; Hsin et al., 2013). By reducing the

(a) EKE Difference: 1995/96/97/98--1999/2000/01/02

_— r‘qv~—

S,

60°N

50°N

40°N

10°N - Ths 7 ATVP m e Ny L

()D€ IR B S

120°E 140°E  160°E  180°  160°W  140°W  120°W  100°W
(b) EKE Difference: 2003/04/05/06--2009/10/11
# L N

60°N

50°N

40°N
2%
30°N
o
é_
2y
20°N F .,;,:‘ \-}".
< X

10°N- ¥ 4
E’ AR 'h' L '~~l .v.~.'t .

120°E 140°E 160°E 180° 160°W 140°W 120°W 100°W
[cm/s]2

-250 -200 -150 -100 -50 0 50 100 150 200 250

Fig. 8. Difference in eddy kinetic energy level in the North Pacific Ocean between the positive versus negative

PDO phase years: (a) 1995-1998 minus 1999-2002 and (b) 2003-2006 minus 2009-2011. Adapted from Fig. 4 in
Qiu and Chen (2013).
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Kuroshio transport northeast of the Luzon Island, for
example, the impinging STCC eddies can facilitate the
North Pacific water to enter the South China Sea via
formation of intruding eddies (Lien et al., 2014; Zhang
et al., 2013). East of Taiwan, instead of flowing due
northward into the East China Sea, STCC eddy-Kuro-
shio interaction can force part of the northward-flow-
ing Kuroshio to divert to east of the Ryukyu Islands
and contribute to the formation of the Ryukyu Current
(Ichikawa et al., 2004 Andres et al., 2008).

A noticeable result in Fig. 6a, which is heretofore un-
der-appreciated, is that a large portion of the ST-
CC-originated eddy variability is absorbed and trans-
mitted northeastward into the Kuroshio south of Japan
along the eastern flank of the Ryukyu Islands. This
hints that the low-frequency mesoscale eddy variabili-
ty originated in the STCC band could affect potentially
the low-frequency Kuroshio variability south of Japan.
The prominent and widely-known Kuroshio variability
south of Japan is its bimodal path fluctuations between
straight and large meander (LM) paths. One proxy
that captures faithfully this bimodal Kuroshio path
changes is the sea level difference measured at the
Kushimoto and Uragami tide gauge stations (Kawabe,
1995; Fig. 9a). 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). Since 1950, eight LM events have been ob-
served with seemingly random occurrences and widely
different durations (see shaded periods in Fig. 9a).

By synthesizing available in situ/satellite observa-
tions and atmospheric reanalysis product, Qiu and
Chen (2021) sought to elucidate processes conducive
for the LM occurrence. They found neither changes in
the inflow Kuroshio transport from the East China Sea
nor in the downstream KE dynamic state (see section 4
below) were determinant factors. Instead, many exist-
ing studies have found that high mesoscale eddy activi-
ty originated in the STCC band played critical and in-
ducive roles. For both the 2004 and 2017 LM initiations,

satellite altimeter measurements revealed that the in-
creased STCC EKE level favored the generation of cy-
clonic-anticyclonic eddy pairs: working in tandem, the
cyclonic eddy helped to trigger a small-amplitude cy-
clonic meander of the Kuroshio path southeast of Ky-
ushu and the anticyclonic eddy facilitated the subse-
quent stalling/growth of the cyclonic-eddy triggered
meandering path, leading to full formation of a LM
event (Miyazawa et al., 2004; Usui ef al., 2008; Qiu et
al., 2020).

Statistically, occurrence of this intense cyclonic-anti-
cyclonic eddy interaction is favored when the EKE lev-
el along the STCC band is elevated as during the peri-
ods prior to the 2004 and 2017 LM events (Fig. 7a).
Given the observed STCC EKE level is modulated by
the overlying wind stress forcing via Ekman flux con-
vergence (Fig. 7b), it is instructive to examine the
long-term changes in the meridional Ekman flux con-
vergence averaged in the STCC band. As shown in
Fig. 9b, seven of the past eight LM events after 1950
are found to be preceded by 1-2 years by enhanced
positive Ekman flux convergent forcings over the ST-
CC. Rather than a fully random phenomenon, Qiu and
Chen (2021) posited that the LM occurrence is facilitat-
ed by the increased STCC eddy variability that, in
turn, is regulated by the regional positive-phased PDO

wind stress forcing.

4. The Kuroshio Extension System

The Kuroshio separates from the Japan coast near
140°E, 35°N and, after entering the open North Pacific
Ocean, it is renamed the Kuroshio Extension (KE; Fig.
2a). Free from the constraint of coastal boundaries, the
KE has been observed to be an eastward-flowing iner-
tial jet accompanied by large-amplitude meanders and
energetic pinched-off eddies. In addition to having the
highest EKE level in the North Pacific Ocean (Fig. 6a),
the KE eddy variability exhibits decadal modulations in

connection to its dynamical state fluctuations (Qiu and
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(a) Monthly 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. (b) Time series of
meridional Ekman flux convergence anomalies averaged in the STCC band. Both adapted from Qiu and Chen

(2021).

Chen, 2005, 2010c). As shown in Fig. 10, the KE paths
were relatively stable in 1993-95, 2002-05, 2010-16, and
after 2018. In contrast, spatially convoluted paths pre-
vailed during 1996-2001, 2006-09, and 2016-17. When
the KE is in a stable dynamical state, satellite altimeter
measurements further reveal that the KE path-length
from 141°E to 153°E is shorter, its eastward transport
and latitudinal position tend to increase and migrate
northward, and its southern recirculation gyre tends to
strengthen (Figs. 11a-11d). The reverse is observed
when the KE system switches to an unstable dynami-
cal state.

Because these properties of KE are temporally cor-
related, they can be combined (by reversing the sign of
path-length and averaging the 4 timeseries normalized
by their respective standard deviations) to form a KE
index to succinctly represent the KE’s dynamical state
(Fig. 11e). Thus formulated, a positive KE index signi-

fies a stable dynamical state and a negative index, an

unstable dynamical state. Similar to the Y3(t) time se-
ries constructed for the NEC bifurcation latitude vari-
ability, the KE index can be used to relate the decadal
KE variability to the regional SSH anomalies and to
help identify the forcing processes. Based on a linear
correlation analysis similar to those summarized in Fig.
3, the KE index is found to be correlated favorably
with the anomalous SSH signals in the KE southern re-
circulation gyre box of 31°-36°N, 140°-165°E (compare
Figs.lle with 11f; Qiu ef al., 2014). In other words, ex-
ploring the decadal KE variability becomes equivalent
to quantifying the SSH changes in the key box of 31°
-36°N, 140°-165°E. Using the linear vorticity model, Eq.
(1), forced by the ECMWF ERA-5 reanalysis wind
stress data, Fig. 11g shows that the SSH anomalies
hindcasted in this key box match well with the ob-
served SSH time series in Fig. 11f. This implies that a
significant portion of the observed decadal KE variabili-

ty is forced externally by wind stresses across the
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Fig. 10. Yearly paths of the Kuroshio and KE plotted every 14 days since 1993 based on satellite altimetry ob-
servations [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.

mid-latitude North Pacific basin.

To relate the wind forcing in the 31°-36°N band to
the decadal KE variability, it is instructive to notice
that the PDO-modulated wind stress curl is positive in
the eastern basin of 160°-130°W (recall Fig. 5). A look
at the observed SSH anomalies along this band (Figs.
12a-12b) reveals that the transitions between the KE
dynamical states are induced by arrivals of SSH anom-
alies in the KE recirculation gyre that have been gen-
erated in the eastern basin. Specifically, when the east-
ern North Pacific wind stress curl anomalies are

positive during the positive PDO phase (Fig. 12¢), en-

hanced Ekman flux divergence generates negative SSH
anomalies in 170°-140°W. As these negative SSH anom-
alies propagate westward as baroclinic Rossby waves
into the KE region after a delay of ~ 3 years, they
weaken the zonal KE jet, leading to an unstable (ie., a
negative index) state of the KE system with a reduced
recirculation gyre and an active eddy kinetic energy
field. Negative anomalous wind stress curl forcing
during the negative PDO phase, on the other hand,
generates positive SSH anomalies through the Ekman
flux convergence in the eastern North Pacific. After
propagating into the KE region in the west, these
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Time series of (a) KE pathlength integrated from 141° to 153°E, (b) 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
(e) shows the low-passed KE index by a Gaussian filter with a 4-month decay scale. (f) Altimeter-observed
SSH anomaly time series in the key KE box of 31°-36°N, 140°-165°E. (g) SSH anomaly time series hindcasted
by the linear vorticity model, Eq. (1), based on ERA-5 reanalysis wind stress data.

anomalies stabilize the KE system by increasing the
KE transport and by shifting its position northward,
leading to a positive index state. Notice that the rela-
tionship between the KE dynamical state change and
the wind stress forcing in the eastern North Pacific ba-
sin has been elaborated by many existing modeling and
data analysis studies (e.g., Taguchi et al., 2007; Sugimo-

to and Hanawa, 2009; Ceballos et al., 2009; Sasaki et al.,
2013; Pierini, 2014; Nonaka et al., 2020).

By merging the ECMWFEF reanalysis wind stress
product ERA-20C (available from 1900 to 2010; Stickler
et al., 2014) and ERA-5 and forcing the 15-layer re-
duced-gravity model Eq. (1), we can extend the SSH-

based KE index time series backward in time to 1905
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(Fig. 13a). The extended KE index reveals that the
decadal modulations of the KE dynamical state are not
confined to the last 3 decades during which we had sat-
ellite altimetry SSH information. To examine how the
dominant period of the wind-forced KE variability has
modulated over the past century, we plot in Fig. 13b
the wavelet power spectrum for the inferred KE index
time series. Large-amplitude decadal changes can be
seen to have persisted after the mid-1970s. From mid-
1940s to mid-1970s, the KE index appears to have two
dominant periods: one in the 15 ~ 20-year band and the

other in the 4 ~ 6-year band. Note that the short 4 ~
6-year variability in the KE index was also detected in
the eddy-resolving OFES model output of 1955-1975
that was forced by the NCEP-NCAR reanalysis wind
stress data (Qiu et al., 2014; their Figure 5a). In be-
tween the mid-1920s and mid-1940s, the KE index ap-
pears to be dominated by the 10~15-year fluctuations
and prior to the mid-1920s, Fig. 13b indicates that the
predominant period of the time-varying KE index falls
in between 6 and 10 years. It is worth emphasizing that
the mid-1920s, mid-1940s, and mid-1970s marked the
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three 20th-century climatic regime shifts in the Aleu-
tian Low pressure system over the North Pacific Ocean
(Minobe, 1997). The results in Fig. 13b clearly indicate
that these regime shifts in the atmospheric forcing field
exert a significant impact upon the frequency content
of the time-varying KE system.

While our analyses above have focused on the KE
variability produced by the wind stress forcing across
the North Pacific basin, it is important to emphasize

that oceanic nonlinear processes, such as the Kuroshio

(@) K|E Indlex Ballsed on E(|3winq

LM occurrences listed in Fig. 9, can also contribute to
the time-varying KE dynamical state. When the Kuro-
shio south of Japan takes a stationary LM path, the
Kuroshio jet overriding the Izu Ridge along ~ 140°E is
forced to pass through a deep channel near 34°N with
a northeastward angle (see, for example, Fig. 5a in Qiu
et al., 2023). Such an orientation by the exiting Kuro-
shio jet works to guide the upstream KE to flow pole-
ward and favors a stabilized dynamical state of the KE

system. In the recent 5 years from 2018 to 2022, Figs.
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Fig. 13. (a) KE index time series based on the SSH anomalies in the 31°-36°N and 140°-165°E box predicted by
the 15-layer reduced-gravity model forced by the merged ERA-20C and ERA-5 wind stress data. (b) Wavelet

power spectrum for the time series of (a).
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11f and 11g indicate that compared to the wind-forced
KE index with an average amplitude of ~ 5 cm, the ob-
served KE index amplitude reaches to ~ 10 cm. This
discrepancy is due to the prolonged 2017 Kuroshio LM
that has forced the KE path to shift poleward, leading
to an increase in the observed KE index (see Figs. 10
and 11c). In other words, the highly-stable KE dynami-
cal state observed in the recent 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 North Pacific basin.

As the KE dynamical state vacillates between the
stable and unstable states, the regional sea level/circu-
lation patterns and watermass properties can undergo
significant changes. For example, as the KE system sta-
bilizes, the wintertime mixed layer depth south of the
KE jet tends to deepen due to favorable pre-condition-
ing in the upper ocean stratification. This can facilitate
the formation of Subtropical Mode Water (STMW) (e.g.,
Qiu and Chen 2006; Qiu et al. 2007a; Oka and Qiu, 2012;
Oka et al., 2015; Sugimoto and Kako, 2016). When the
KE is in a stable dynamical state with a low upstream
(140°-153°E) eddy activity, there is a tendency for its
downstream (east of 153°E) eddy activity to increase
(Qiu and Chen, 2011; Yang ef al., 2018). Due to this re-
gional EKE seesaw, the Central Mode Water (CMW)
formation in the downstream KE region exhibits an op-
posite decadal oscillation from that of the STMW (Oka
et al., 2012). In the sub-surface layer below the main
thermocline, the North Pacific Intermediate Water
(NPIW) appears and is characterized as a regional sa-
linity minimum layer (see Qiu, 1995 and references
therein). When the KE is in a stable dynamical state,
the high eddy activity in the downstream KE region
has been observed to enhance the transfer of low-salin-
ity NPIW from the western subarctic gyre into the
western subtropical gyre (Qiu and Chen, 2011). In addi-
tion to the watermass variations, the decadal KE vari-
ability also exerts impact upon the regional sea level

signals. As the KE system becomes stable and migrates

poleward, there is tendency for coastal sea level around
Japan to increase as a result of direct impact by the
KE jet migration and of the subsequent propagation of
coastally-trapped waves (Sasaki et al., 2014; Usui and
Ogawa, 2022). It is worth emphasizing that the large-
scale sea level fluctuations associated with the KE sys-
tem is generated both by the basin-scale wind stress
forcing and by the eddy-eddy interactions along the
KE jet (Qiu et al., 2015). When the eddy activity in-
creases decadally along the KE jet, the enhanced ed-
dy-eddy interaction can produce dipolar sea level
anomalies with positive (negative) sea levels south
(north) of the KE jet.

We have in section 3 mentioned that the low-fre-
quency STCC eddy activity modulations can regulate
the initiation of Kuroshio LMs south of Japan. By ana-
lyzing the eddy-resolving altimeter-measured SSH da-
ta covering the 2004-05 versus 2017-present LM
events, Qiu ef al. (2023) found recently that the stabili-
ty of the wind-forced KE dynamical state played an
important role in affecting the LM durations. Compared
to the 2004-05 LM event which was short-lived due to
the stable-to-unstable transition by the KE in 2005, the
highly stable KE in the past 5 years (see Fig. 11e) not
only minimized westward eddy perturbations from dis-
rupting the upstream Kuroshio path, its strengthened
southern recirculation gyre further helped to anchor

the Kuroshio across the Izu Ridge.

5. Mid-Latitude Ocean-Atmosphere Cou-
pling

Like other extratropical western boundary currents,
the Kuroshio/KE transport a great amount of warmer
tropical water poleward, providing a source of heat and
moisture for the midlatitude 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 anchor the ex-

tratropical stormtracks (Nakamura et al., 2004; Minobe
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et al., 2008; Kwon et al., 2010; Small et al., 2014; Masun-
aga et al., 2016; Ma et al., 2016; Bishop et al., 2017). Ma-
ny data analysis studies in the past decades have ex-
amined the impact of SST changes in the KE region on
the atmospheric circulation across the midlatitude

ECMWF ERA5: 01/1979-07/2017

50°N
40°N

30°N{;°

s

North Pacific basin (Frankignoul and Sennechael, 2007;
Qiu et al., 2007b, 2014; Frankignoul et al., 2011; Taguchi
et al., 2012; Smirnov et al., 2015; Ma et al., 2015; O’Reilly
and Czaja, 2014; Revelard et al., 2016). A consistent fea-
ture resulting from these analyses is that when the KE
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dynamical state is stable, increased surface turbulent
heat fluxes tend to emit from ocean to atmosphere
along the poleward-shifted KE path (Fig. 14a; defined
positive from ocean to atmosphere). This enhanced tur-
bulent heat flux forcing results in northward migra-
tion/amplification of the extratropical stormtracks as
can be inferred from the lower tropospheric transient
eddy <v'T"> distributions shown in Fig. 14b.

Notice that the time-mean stormtracks follow rough-
ly the Wg; = 0 line denoted by the thick black contour
in Fig. 14b. This line is tilted SW-NE across the North
Pacific basin due to the combined orographic constraint
and diabatic oceanic forcing (Wilson ef al., 2009). When
the stormtracks migrate northward during the stable
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KE state, a negative Wy, anomaly band appears that
straddles the time-mean Wy = 0 line (Fig. 14c). South
of this band, the Wpg; anomalies turn positive because
the northward wind system migration brings in stron-
ger, subtropical-origin, negative Wy, signals from the
south. As a consequence, anomalous W in the 31°-36°
N band of the eastern North Pacific becomes positive.
For the lower atmosphere, this positive Wy anomaly
brings about enhanced regional rainfall over the east-
ern North Pacific (Fig. 14d; Ma et al., 2015). For the
upper ocean, this leads to regional Ekman flux diver-
gence 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
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delay of ~ 3 years, they work to weaken the southern
recirculation gyre, shifting the KE jet southward to
override the shallow Izu Ridge, and transforming the
KE system to an unstable dynamical state. Once the
KE system switches to its unstable state, the reverse of
the atmospheric responses depicted in Fig. 14 takes
place and a dynamical state transition to a stable state
occurs following a delayed oceanic adjustment. Al-
though the KE-induced basin-scale atmosphere re-
sponse is weak in comparison with the internal atmo-
spheric fluctuations (typically at 10 ~ 15% level for the
interannual and decadal signals; Qiu et al., 2007b), this
ocean-to-atmosphere feedback loop provides a nega-
tive feedback mechanism that was argued by several
recent studies to explain the enhanced decadal variabil-
ity observed in the extratropical North Pacific Ocean
and atmosphere (see Fig. 15 for a schematic; Qiu et al.,
2014; Smirnov et al., 2015; Na et al., 2018).

Instead of invoking the stormtrack migration, Joh
and Di Lorenzo (2019) have found recently 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 W, anomaly shown in
Fig. 14c in the 25°-35°N band of the eastern North Pa-
cific projects to the positive PMM forcing pattern. This
PMM forcing can activate the central tropical Pacific El
Nifo-Southern Oscillation (CP-ENSO), which in turn
can strengthen a positive PDO forcing through atmo-
spheric bridge, generating the negative SSH anomalies
in the eastern North Pacific and altering the KE to an
unstable state after these wind-forced SSH anomalies
propagate into the KE region.

6. Summary

Throughout this article, we have emphasized that al-
though individual circulation systems in the North Pa-

cific subtropical gyre have their unique properties and

distinct time-varying signals, it is dynamically benefi-
cial to consider them in an inter-connected way
through external forcings or mutual interactions. As
summarized schematically in Fig.16, an important ex-
ternal forcing that is common to the NEC, the up-
stream Kuroshio along the western boundary, the ST-
CC east of Taiwan, the bimodal Kuroshio paths south
of Japan, and the Kuroshio Extension in the open North
Pacific, is the low-frequency surface wind variability
modulated by the Pacific Decadal Oscillations. Specifi-
cally,

e The PDO-related wind forcing has an imprint on the
western tropical Pacific Ocean. With its center of action
located long 9°-16°N, this decadal forcing after 1990s al-
ters effectively the NEC’s bifurcation latitude along the
Philippine coast: during the positive-(negative-)phased
PDO forcing, the NEC bifurcation tends to migrate
poleward (equatorward). The impact by the migrating
NEC can permeate into the marginal Indonesian Sea,
the South China and the East Chine Sea by advection
or coastal boundary wave guides. By influencing the
upstream Kuroshio, the NEC’s impact could also be
transmitted downstream into the East China Sea, or

possibly south of Japan, via advection.

e Through Ekman flux convergence along the central
latitudes of the subtropical gyre, the PDO forcing can
also effectively modulate the baroclinicity associated
with the STCC and its underlying NEC. A posi-
tive-phased PDO forcing works to increase the barocli-
nicity and enhances the eddy kinetic energy level along
the STCC band, and vice versa for the negative-phased
forcing. An elevated STCC eddy activity not only alters
the Kuroshio path and transport east of Taiwan and
the Luzon Strait, it also favors initiations of the Kuro-
shio LM events through the “eddy corridor” east of the
Ryukyu Islands.

e With a lead of ~3 years, the PDO-related wind forc-
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ing can modulate the KE dynamical state effectively,
with a positive-(negative-)phased forcing resulting in
an unstable (stable) state. In addition, as exemplified by
the recent 2017 event, the Kuroshio LM can also trig-
ger a change in the downstream KE dynamical system
and the wind-forced changes in the KE system could,
in turn, dictate the duration of an existing LM event.
As the KE dynamical state fluctuates on decadal times-
cales, it not only can affect the water mass properties
and sea levels in the neighboring areas; through sub-
duction and ventilation from the surface mixed layer
into the main thermocline, the KE-induced mode water
variations can also alter the subsurface potential vortic-
ity structures along the interior paths, influencing po-

tentially the long-term stability signals of the STCC.

e While all the circulation systems described in this
article are subject to the PDO forcing, it is equally im-
portant to recognize that via turbulent heat flux re-

lease, the low-frequency Kuroshio/KE variations could

feedback to the overlying atmospheric storm-tracks
and form coupled feedback loops. Due to ocean’s slow
response and larger heat capacity, such coupled feed-
back loops can enhance the longer-timescale variance
in the midlatitude North Pacific climate system. With
the longer observational data/reanalysis products and
high-resolution coupled general circulation model simu-
lations become available, more insights in this research
area will undoubtedly be further explored and ad-

vanced in future.
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