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ABSTRACT

Twelve years of sea surface height (SSH) data from multiple satellite altimeters are used to investigate
the low-frequency changes and the interconnections of the Kuroshio Extension (KE) jet, its southern
recirculation gyre, and their mesoscale eddy field. The dominant signal is characterized by the steady
weakening of the KE jet/recirculation gyre from 1993 to 1996, followed by a gradual strengthening after
1997. During the weakening period of 1993-96, the KE path migrated southward in general, and this path
migration reversed in direction during the strengthening period of the KE jet and recirculation gyre after
1997. By hindcasting the SSH signals using linear vorticity dynamics, it was found that weakening (strength-
ening) in the KE jet and recirculation gyre is consistent with westward propagation of negative (positive)
SSH anomalies generating in the eastern North Pacific and strengthening during their westward propaga-
tion. When the KE jet and recirculation gyre were in a weak mode during 1996-2001, the regional eddy
kinetic energy level was observed to be higher than when the jet and recirculation gyre were in a strong
mode. This negative correlation between the mean flow intensity and the level of regional eddy kinetic
energy is found in both the SSH data and the linear vorticity model to result from the migration of the KE
jet inflow over the Izu—Ogasawara Ridge. When it is forced southward by the impinging negative SSH
anomalies, the KE jet inflow rides over the ridge through a shallow segment, leading to large-amplitude
downstream meanders. Impinging of positive SSH anomalies, on the other hand, strengthens the recircu-
lation gyre and forces the inflow northward where it passes through a deep channel, minimizing the path

perturbations in the downstream region.

1. Introduction

The Kuroshio Extension (KE) is the western bound-
ary current extension of the subtropical gyre in the
North Pacific Ocean. After separating from the coast of
Japan near 35°N, the mean path of the upstream KE is
characterized by the presence of two quasi-stationary
meanders with their ridges located at 144° and 150°E,
respectively (Fig. 1). These quasi-stationary meanders
were interpreted by Mizuno and White (1983) as stand-
ing Rossby lee waves generated by the Izu—Ogasawara
Ridge along 140°E (see Fig. 1 for the regional bathym-
etry), although Hurlburt et al. (1996) have recently ar-
gued that the meanders are steered by the eddy-driven
abyssal mean flows resulting from instability of the
deep KE jet.
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South of the quasi-stationary meanders, the KE jet is
flanked by a tight recirculation gyre, whose existence
has been observed to increase the eastward transport of
the KE from the local Sverdrup transport value of ~50
to ~130 Sv (where 1 Sv = 10° m®s™'; Wijffels et al.
1998). Near 159°E, the KE jet encounters the Shatsky
Rise where it often bifurcates: the main body of the jet
continues eastward, and a secondary branch tends to
move northeastward to 40°N where it joins the Subarc-
tic Current (e.g., Mizuno and White 1983; Niiler et al.
2003). With the broadening in its width downstream of
160°E, the KE loses its inertial jet characteristics (e.g.,
Joyce 1987) and rejoins gradually the interior Sverdrup
circulation as the North Pacific Current.

Free from the constraint of coastal boundaries, and
with the transport enhanced by the southern recircula-
tion gyre, the KE east of Japan has long been observed
to be rich in large-amplitude meanders and energetic
pinched-off eddies (Mizuno and White 1983; Kawa-
mura et al. 1986; Yasuda et al. 1992). The advent of
high-precision satellite altimeters in recent decades has
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FiG. 1. Surface dynamic height field (cm; white contours) relative to 1000 dbar from Teague et al. (1990). Colored map shows the
bathymetry based on Smith and Sandwell (1994). Major bathymetric features in the region include the Izu-Ogasawara Ridge along

140°E and the Shatsky Rise around 159°E.

significantly advanced our knowledge of the mesoscale
variability of the global oceans. Indeed, a rich literature
now exists that has examined the propagation, the sea-
sonality, and the interaction with the mean KE jet of
the mesoscale eddies based on altimetrically derived
sea surface height (SSH) data (Tai and White 1990;
Aoki et al. 1995; Qiu 1995; Mitchell et al. 1996; Wang et
al. 1998; Adamec 2000; Ebuchi and Hanawa 2001; Du-
cet and Le Traon 2001; Mitsudera et al. 2001; among
others).

Located at the crossroads between the subtropical
and subpolar gyres of the North Pacific, mesoscale eddy
variability in the KE region has been emphasized by
several recent studies to be important in facilitating wa-
ter mass exchanges and transformations across the gyre
boundary (e.g., Yasuda et al. 1996; Talley 1997; Joyce et
al. 2001). In addition, the eddy variability has also been
found to play an important role in determining the sur-
face ocean heat budget and the overlying atmospheric
boundary layer wind in the region (Qiu and Kelly 1993;
Vivier et al. 2002; Nonaka and Xie 2003).

To date, studies of the mesoscale eddies in the KE
region have not considered the broader scale circula-
tion changes. As will be seen in this study, significant

changes have occurred in the path and mesoscale eddy
field of the KE and its recirculation gyre over the past
12 yr. This points to the need to examine the KE jet, its
recirculation gyre, and the mesoscale eddy field as an
interconnected dynamic system. Using the decade-long
(October 1992-December 2004) SSH data from mul-
tiple satellite missions, we will first quantify the low-
frequency changes detected in the KE system. The ex-
istence of a stable versus an unstable mode of the KE
system is emphasized. We then seek to relate the recir-
culation gyre variability to large-scale, wind-driven
thermocline changes using a linear vorticity model.
Based on both the SSH data and the model hindcast, a
connection between the decadally modulated recircula-
tion gyre, the upstream KE path, and the regional me-
soscale eddy activity is finally sought by focusing on the
migration of the KE jet inflow over the Izu-Ogasawara
Ridge.

2. Sea surface height data

Satellite altimetry data are used in this study to cap-
ture the time-varying surface dynamic signals. Specifi-
cally, we use the global SSH anomaly dataset compiled
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by the CLS Space Oceanographic Division of Toulouse,
France. The dataset merges the Ocean Topography Ex-
periment (TOPEX)/Poseidon, Jason-1, and European
Remote Sensing Satellite ERS-1/2 along-track SSH
measurements and has a much improved capability of
detecting the mesoscale SSH signals (Le Traon and
Dibarboure 1999; Ducet et al. 2000). The CLS SSH
dataset used in this study has a 7-day temporal resolu-
tion and a 1/3° X 1/3° spatial resolution and covers the
period from October 1992 to December 2004.

In a midlatitude western boundary current outflow
region such as the KE, part of the altimetrically mea-
sured SSH anomaly signals reflects the seasonally vary-
ing surface heat flux forcing that causes expansion or
contraction of the water column (e.g., Stammer 1997,
Gilson et al. 1998). As these steric height changes are
not of interest to this study, they are removed from the
weekly SSH anomaly dataset by using the surface heat
flux product from the National Centers for Environ-
mental Prediction (NCEP) reanalysis (Kalnay et al.
1996)." Once the SSH anomaly field 4'(x, y, t) is deter-
mined, the total SSH field A(x, y, t) is simply the sum of
the climatological SSH field /4(x, y) (see Fig. 1) and the
anomaly field: # = h + h'. For brevity, the total SSH
field will be referred to simply as the SSH field below.

3. Low-frequency changes in the KE system

To explore the low-frequency changes in the KE jet
and its surrounding areas, we start with Fig. 2 showing
the annually averaged SSH fields for the past 12 yr. In
1993/94, the averaged SSH field had a spatial pattern
very similar to the climatological SSH field (cf. Fig. 1):
the two quasi-stationary meanders were well-developed
and so was the southern recirculation gyre. This close-
to-climatology SSH pattern, however, started to degen-
erate during 1995-96, and by 1997 the averaged SSH
pattern had almost no resemblance to that of the cli-
matology: both the quasi-stationary meanders and the
southern recirculation gyre are barely discernible.
From 2000 to 2001, the quasi-stationary meanders can
be seen to reemerge and the southern recirculation gyre
to restrengthen. In 2002-04, the averaged SSH shows

! Using the surface meteorological data measured by a Japan
Meteorological Agency buoy at 29°N, 135°E, we recently carried
out an in-depth comparison between the daily NCEP air-sea flux
product and the buoy estimate (Qiu et al. 2004). The rms ampli-
tude of the NCEP net heat flux was found to be biased high by
23%. Despite this amplitude bias, however, the NCEP product
captures the timing and relative strength of the synoptic-scale net
heat flux forcing very well. Based on this finding, the magnitude of
the NCEP heat flux data used in this study is scaled down by
18.7%.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 35

again a spatial pattern very similar to that of the clima-
tology. While similar in pattern, it is important to em-
phasize that the mean KE jet in 2003/04 is 2 times as
strong as the climatological KE jet (e.g., the SSH dif-
ference across the first meander of the KE jet is 1.4 m
in 2003/04 in Fig. 2 as compared with 0.7 m in Fig. 1).

The low-frequency changes just described can also be
seen in Fig. 3 in which we superimposed snapshots of
the KE paths in individual years. Here, the paths of the
KE jet are defined by the 170-cm SSH contours in the
SSH maps. As indicated by the thick black lines in Fig.
2, the 170-cm SSH contours are consistently located at,
or near, the 9h/dy maxima and are a good indicator for
the KE jet axis. As may be expected, the KE path tends
to be more variable during the period when the quasi-
stationary meanders are obscure in the averaged SSH
maps (e.g., 1996-99) than when the quasi-stationary
meanders are well-defined in the average. Indeed, the
most stable path of the KE jet is seen in 2002-04 when
the quasi-stationary meanders and the southern recir-
culation gyre are most fully developed.

To further understand the variability shown in Figs. 2
and 3, we will divide our analyses below into four geo-
graphical regions that encompass the KE system.

a. Upstream KE jet (141°-153°E)

As we noted in the introduction, the KE jet in this
upstream region is characterized by the presence of two
quasi-stationary meanders. Using the weekly SSH data,
we plot in Fig. 4a the time series of the path length of
the KE jet integrated in this region. Note that a straight
zonal path in the region would have a length of 1090 km
and a larger value in Fig. 4a indicates a more convo-
luted path taken by the KE jet. It is clear from the time
series that the upstream KE jet in the last decade had
two distinct modes: a stable mode in which the KE jet
had a short path accompanied by weak temporal vari-
ability, and an unstable mode in which the KE path was
convoluted and exhibited monthly time-scale fluctua-
tions resulting from the shedding and merging of me-
soscale eddies. The stable mode of the upstream KE jet
existed before May 1995 and after January 2002,
whereas the unstable mode persisted from mid 1995 to
the end of 2001.

A look into the eddy kinetic energy level in the up-
stream KE region (32°-38°N and 141°-153°E) reveals
that its variability correlates well the regional KE path
variability. As shown in Fig. 4b, the eddy kinetic energy
level tends to be higher when the upstream KE path is
more convoluted and vice versa. Notice that because
the “mean” KE jet also modulates with time (e.g., Fig.
2), the eddy kinetic energy is calculated here based on




































