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The Kuroshio Extension and its recirculation gyre form an interconnected dynamic
system. The system is located at a crossroads where the meso-scale and large-scale
oceanic variability are highest, and where the ocean-atmosphere interaction is most
active in the Pacific Ocean outside of the tropics. Following a brief review of the
mean flow and meso-scale eddy variability, this study describes in detail the large-
scale structural change (an oscillation between an elongated and a contracted state)
observed in the Kuroshio Extension system. Causes for this structural change are
explored next, and it is argued that the basin-wide external wind forcing and the
nonlinear dynamics associated with the inertial recirculation gyre are both impor-
tant factors. Data analysis results are reviewed and presented, emphasizing that the
surface Kuroshio Extension is not simply a well-mixed layer passively responding to
heat flux anomalies imposed by the atmosphere. It is argued that large-scale changes
in the Kuroshio Extension system influence the surface ocean heat balance and gen-
erate wintertime sea surface temperature (SST) anomalies through both horizontal
geostrophic heat advection and re-emergence to the surface mixed layer of seques-
tered mode water temperature anomalies.

waves induced by the presence of the Izu Ridge (see Fig.
2 for the major bottom topography in the region). In con-
trast, a recent modeling study by Hurlburt et al. (1996)
argued that the quasi-stationary meanders are steered by
the eddy-driven abyssal mean flows resulting from insta-
bility of the Kuroshio Extension jet.

Near 159°E, the Kuroshio Extension encounters the
Shatsky Rise where the eastward flow often bifurcates:
the main body of the Kuroshio Extension continues east-
ward, and a secondary branch tends to extend
northeastward to 40°N, where it joins the eastward flow-
ing Subarctic Current (Fig. 1). After overriding the Em-
peror Seamounts along 171°E, the mean path of the
Kuroshio Extension becomes broadened and instantane-
ous flow patterns often show a multiple-jet structure as-
sociated with the eastward flowing Kuroshio Extension
(e.g., Joyce, 1987; Joyce and Schmitz, 1988; Roden,
1998). East of the dateline, the distinction between the
Kuroshio Extension and the Subarctic Current is no longer
clear, and together they form the broad, eastward-mov-
ing North Pacific Current.

1.  Introduction
The Kuroshio Extension is the region of the North

Pacific Ocean occupied by the Kuroshio after it separates
from the coast of Japan near 140°E and 35°N (Kawai,
1972). Figure 1, from Mizuno and White (1983), shows
the mean temperature map at 300 m depth, in which the
axis of the Kuroshio Extension is well represented by the
12°C isotherm. An interesting feature in the upstream
Kuroshio Extension east of Japan is the presence of two
quasi-stationary meanders with their ridges located at
144°E and 150°E, respectively. The existence of the quasi-
stationary meanders as a mean circulation feature of the
Kuroshio Extension can also be seen in the sea surface
dynamic height maps constructed from historical
hydrographic data (e.g., Wyrtki, 1975; Teague et al., 1990;
Qu et al., 2001) and from satellite altimeter data (Fig. 2).
In their 1983 study, Mizuno and White interpreted the
two quasi-stationary meanders as standing Rossby lee
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Free from the constraint of coastal boundaries, the
Kuroshio Extension is known to be an eastward-flowing
inertial jet characterized by large-amplitude meanders and
energetic pinched-off eddies. Indeed, it was recognized
more than two decades ago that the Kuroshio Extension
is one of the highest eddy kinetic energy regions in the
Pacific Ocean (Wyrtki et al., 1976). Figure 3 shows the
eddy kinetic energy (EKE) distributions in the North Pa-
cific based on the first 8-year sea surface height (SSH)
data measured by the TOPEX/Poseidon (T/P) satellite
altimeters. The top panel (Fig. 3(a)) shows the EKE map
calculated from the SSH anomalies after removing sig-
nals longer than one year. The EKE thus estimated largely
reflects the contributions from the mesoscale eddy sig-
nals. Figure 3(a) shows that the highest mesoscale eddy
variability occurs between the two quasi-stationary me-
anders of the Kuroshio Extension. Notice that the high
EKE band in Fig. 3(a) extends much further eastward
along the mean path of the Kuroshio Extension than that

presented in Wyrtki et al. (1976, their figure 4). This dis-
crepancy is likely due to the sparsity of data in the down-
stream Kuroshio Extension region that were available to
Wyrtki et al. about 25 years ago.

The high eddy variability has motivated many in-
vestigators in the past two decades to examine and quan-
tify the spatial and temporal changes of the Kuroshio
Extension. Using water temperature data from XBT meas-
urements, Bernstein and White (1981) and Mizuno and
White (1983) investigated the westward propagation of
the mesoscale perturbations and the influence of the
bathymetric features on the frontal meanders. During the
early 1980s, moored current meter measurements were
carried out across the Kuroshio Extension along the 152°E
and 165°E meridians. From these measurements, Schmitz
et al. (1982, 1987), Schmitz (1984), and Hall (1989, 1991)
carried out extensive analyses of the vertical structure,
the frequency distributions, and the energetics of the
Kuroshio Extension eddy field.

Fig. 1.  Mean temperature map (°C) at the 300 m depth from 1976 to 1980. Adapted from Mizuno and White (1983).

Fig. 2.  Sea surface topography (in meters) relative to 2000 dbar by merging the T/P reconstructed mean SSH field and the Levitus
(1982) climatology. Adapted from Qiu (2000). Dashed lines denote the 4000-m isobaths, and areas shallower than 1000 m are
shaded. Major bathymetric features in the region include the Izu-Ogasawara Ridge along 141°E, the Shatsky Rise near 159°E,
and the Emperor Seamounts along 172°E.
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Many studies of the upstream Kuroshio Extension
region near Japan have focused on the mesoscale features,
such as warm-core rings, warm tongues, and warm stream-
ers. Using hydrographic data and infrared images of sea
surface temperature, Kawai (1972), Kawai and Saitoh
(1986), Kawamura et al. (1986), Sugimoto et al. (1992),
and Yasuda et al. (1992) described in detail the pinching-
off processes of the warm-core rings from the Kuroshio
Extension meanders, their interaction with other existing

rings/mesoscale features, and their re-absorption by the
meandering Kuroshio Extension. More recently, a number
of investigators have examined the roles of the mesoscale
fluctuations along the Kuroshio Extension path in facili-
tating water mass exchanges and transformations between
the subtropical and subpolar gyres of the North Pacific
Ocean (Talley et al., 1995; Yasuda et al., 1996; Talley,
1997; Yasuda, 1997; Joyce et al., 2001).

The advent of satellite altimetry and the success of

Fig. 3.  Eddy kinetic energy (EKE) distributions in the North Pacific Ocean from the T/P SSH data of October 1992 to November
2000. (a) The EKE map based on the SSH anomalies after removing signals longer than the annual period. (b) The EKE map
based on the SSH anomalies after removing signals shorter than the annual period. Contour intervals are 0.02 m2s–2 for solid
lines; dashed lines denote the 0.01 m2s–2 contours. The EKE values are calculated first along the T/P tracks and are mapped
subsequently using a Gaussian smoother with the decorrelation scales of 1.5° long and 0.75° lat.
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the Geosat and T/P missions have provided great impetus
for the study of the mesoscale variability in the Kuroshio
Extension region. The studies by Tai and White (1990),
Qiu et al. (1991), Ichikawa and Imawaki (1994), Aoki et
al. (1995), Qiu (1995), Mitchell et al. (1996), Wang et al.
(1998), Adamec (1998), Ebuchi and Hanawa (2000), Toba
et al. (2001), and Tatebe and Yasuda (2001) have made
significant progress in the description and understanding
of (1) the propagation of mesoscale eddies and meander-
ing disturbances, especially the role played by the
advection of the Kuroshio Extension mean flow, (2) the
Reynolds stress patterns and the EKE modulations
through barotropic conversion processes, and (3) the
seasonality of the Kuroshio Extension and its eddy field.

In comparison with the knowledge of mesoscale vari-
ability, our understanding of the large-scale, low-fre-
quency variability of the Kuroshio Extension is more lim-
ited. By analyzing hydrographic and XBT data from 1976
to 1980, Mizuno and White (1983) showed that the
Kuroshio Extension was displaced southward, from 36°–
37°N during 1977–78, to 34°N in 1979–80. Associated
with this large-scale path change, the quasi-stationary
meanders of the Kuroshio Extension became unstable and
eddy activity and the ring formation rate increased. Us-
ing available temperature measurements from 1950 to
1970, Yamagata et al. (1985) showed that, on interannual
time scales, the baroclinic transport of the Kuroshio Ex-
tension had a lagged, positive correlation with that of the
upstream North Equatorial Current. Following individual
ENSO events when the NEC transport increased, the
Kuroshio Extension tended to intensify 1.5 years later (see
also White and He, 1986). By analyzing the altimetry data
from the Geosat and ERS-1 missions, Jacobs et al. (1994)
noted that the Kuroshio Extension path shifted northward
in 1992–1993, as compared to 1987–1989. They suggested
that this large-scale path shift of the Kuroshio Extension
resulted from the passage of a westward-moving warm
Rossby wave originating from the 1982/83 equatorial
ENSO event.

In this study we first use SSH data from the past 8-
year T/P measurements to describe the large-scale changes
in the Kuroshio Extension and its southern recirculation
gyre (Section 2). One clear outcome of our analysis of
the multi-year T/P data is that not only is the Kuroshio
Extension the region of the highest mesoscale eddy vari-
ability (Fig. 3(a)), it is also where the largest interannual
variability is observed in the extratropical North Pacific
Ocean (Fig. 3(b)). Possible causes for the observed large-
scale changes of the Kuroshio Extension system are ex-
plored in Section 3. Specifically, we compare the effect
of the internal dynamics of the Kuroshio Extension sys-
tem with that of the external surface wind forcing. In Sec-
tion 4 we examine how the observed large-scale changes
in the Kuroshio Extension system may impact the

midlatitude ocean-atmosphere coupling by influencing the
surface ocean heat budget. The importance of the mode
water formation and the re-exposure of the subducted tem-
perature anomalies in the Kuroshio Extension and its
neighboring regions is emphasized in Section 5. Section
6 summarizes the issues addressed.

2. Large-Scale Variability of the Kuroshio Extension
System
As demonstrated in Fig. 3, the Kuroshio Extension

region has the highest mesoscale eddy variability in the
extratropical North Pacific Ocean. From the viewpoint
of wind-driven ocean circulation, this high eddy variabil-
ity is to be expected. Being a return flow compensating
for the wind-driven subtropical interior circulation, the
Kuroshio originates at a southern latitude (~15°N) where
the ambient potential vorticity (PV) is relatively low. For
the Kuroshio to smoothly rejoin the Sverdrup interior flow
at the latitude of the Kuroshio Extension, the low PV ac-
quired by the Kuroshio in the south has to be removed by
either dissipative or nonlinear forces along its western
boundary path. For a narrow boundary current such as
the Kuroshio and its extension, scaling analyses show that
the dissipative force alone is not sufficient to remove the
low PV anomalies (Pedlosky, 1987; Cessi et al., 1990).
The consequence of the Kuroshio’s inability to effectively
diffuse the PV anomalies along its path is the accumula-
tion of the low PV water in the northwestern corner of
the subtropical gyre, which generates a mean anticyclonic
recirculation gyre and provides an energy source for flow
instability (Qiu and Miao, 2000).

That the recirculation gyre is an inseparable part of
the Kuroshio Extension system is well demonstrated by
lowered ADCP measurements from a recent WOCE cruise
across the Kuroshio Extension southeast of Japan (see
line P10 in Fig. 4). Figure 5 shows the surface-to-bottom
profile of the northeastward velocity from this cruise. The
volume transport of the eastward-flowing Kuroshio Ex-
tension, denoted in Fig. 5 by the unshaded area, is about
140 Sv (Wijffels et al., 1998). This is three times as large
as the maximum Sverdrup transport of about 45 Sv in the
subtropical North Pacific (Fig. 4; see also Hautala et al.,
1994; Huang and Qiu, 1994). The inflated eastward trans-
port is due to the presence of the westward recirculating
flow south of the Kuroshio Extension. Though weak in
its surface speed, the lowered ADCP measurements show
that this westward recirculating flow has a strong
barotropic component and has a total volume transport
exceeding 90 Sv (Wijffels et al., 1998; their figure 6).
Notice that the net eastward transport of the Kuroshio
Extension across the P10 line is ~50 Sv and is close to
the maximum Sverdrup transport value of the North Pa-
cific subtropical gyre. Another important feature revealed
in Fig. 5 is the non-existence of the so-called “level of no
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motion”. A transport estimation by assuming a level of
no-motion, even at a depth greater than 2,000 dbar, would
significantly underestimate the transport values for both
the eastward-flowing Kuroshio Extension and the west-

Fig. 4.  Sverdrup transport streamfunction calculated from the 1980–1999 mean surface wind stress data of NCEP/NCAR reanalysis
(Kalnay et al., 1996). Units in Sv.

Fig. 5.  Northeastward velocity profile from lowered acoustic
Doppler current meter profiler (ADCP) measurements along
the WOCE P10 line southeast of Japan in November 1993
(see the dark line in Fig. 4 for its location). Units are
cm s–1 and southwestward flow is shaded. Figure courtesy
of Drs. E. Firing and P. Hacker of University of Hawaii.

Fig. 6.  Schematic of the large-scale oscillating patterns of the
Kuroshio Extension system. In the elongated mode, the
Kuroshio Extension has a stronger eastward surface trans-
port, a more northerly mean position, and an intensified
southern recirculation gyre. In the contracted mode, the
Kuroshio Extension has a weaker eastward surface trans-
port, a more southerly mean position, and a less intense
southern recirculation gyre.
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ward-flowing recirculation. From these in-situ observa-
tions, it is clear that if we are to understand the large-
scale Kuroshio Extension variability, we need to clarify
the recirculating component of the Kuroshio Extension
system.

From the T/P measurements, the large-scale changes
of the Kuroshio Extension system over the past 8 years
can be succinctly summarized as in Fig. 6. From late 1992
to 1996, the Kuroshio Extension evolved gradually from
an elongated state to a contracted one. This modal transi-
tion reversed after 1997 and the Kuroshio Extension re-
turned to the elongated state in 1999 and 2000. As de-
picted schematically in Fig. 6, in the elongated state, the
Kuroshio Extension has a larger eastward surface trans-
port, a greater zonal penetration, and a more northerly
zonal-mean path. All these characteristics are closely con-
nected to the presence of an intense, zonally-elongated

southern recirculation gyre. In its contracted state, the
Kuroshio Extension has a smaller eastward surface trans-
port, a more southerly mean path, and is accompanied by
a weaker southern recirculation gyre.

The oscillation of the Kuroshio Extension system
between the elongated and contracted states can be dem-
onstrated in several ways. Figure 7 shows the yearly-av-
eraged kinetic energy distributions in the Kuroshio Ex-
tension region. Here, the kinetic energy (KE) is estimated
from the along-track SSH (anomaly + mean; the mean
SSH field is shown in Fig. 2) data by assuming geostrophy
and isotropic conditions. Since the KE level closely re-
flects the Kuroshio Extension jet, the high KE band that
can be seen to extend beyond the dateline in 1993 (Fig.
7(a)) indicates the zonally elongated state of the Kuroshio
Extension system. The high KE band retracts steadily in
subsequent years, reaching a zonal minimum in 1996.

Fig. 7.  Yearly-averaged total kinetic energy distributions estimated from the along-track absolute SSH data. Contour intervals are
0.1 m2s–2.
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Following 1997, the trend is reversed and a gradual east-
ward expansion of the high KE band is evident in Figs.
7(e)–(h).

Figure 8 shows the times series of (a) the zonally-
averaged SSH difference (δh) across the eastward-flow-
ing Kuroshio Extension, (b) the zonally-averaged posi-
tion of the Kuroshio Extension jet, and (c) the zonally-
averaged SSH (hR) in the Kuroshio Extension recirculation
gyre. Here, δh is evaluated along individual T/P tracks
by identifying the center of the Kuroshio Extension jet
(where the eastward surface flow is maximum), averag-
ing the SSH values over a 1°-bin 1.5 degrees north and
south of the jet’s center (hN and hS), and taking the differ-
ence, hS – hN. For hR, the SSH is averaged from 28°N to
the southern edge of the Kuroshio Extension jet (defined
at 2° south of the jet’s center). All zonal averages in Fig.
8 are taken from 141°E to 180°. The interannual signal in
the three time series is similar: during the elongated state
before 1993 and after 1999, the Kuroshio Extension has
a stronger eastward surface transport, a more northerly
mean position, and an intensified southern recirculation

gyre. During the contracted state around 1996, the
Kuroshio Extension has a weaker eastward surface trans-
port, a more southerly mean position, and a less intense
southern recirculation gyre.

Finally, the two contrasting modes of the Kuroshio
Extension system may be verified by simply inspecting
the observed SSH maps. Figure 9 shows the SSH maps
for November of 1992, 1995, and 1999. The Kuroshio
Extension is in the elongated mode in 1992 and 1999,
and in the contracted mode in 1995. Many of the charac-
teristics that distinguish the two modes, such as the zonal
penetration of the Kuroshio Extension jet and the inten-
sity of the recirculation gyre, can be visually confirmed
in these SSH maps.

3. Possible Causes of the Bimodal Kuroshio Exten-
sion Changes
Given the results of the preceding section, it is natu-

ral to ask the causes of the observed bimodal changes in
the Kuroshio Extension system. Dynamically, there are
at least two possibilities: (a) that the bimodal fluctuations

Fig. 8.  Time series of (a) the zonally averaged SSH difference across the Kuroshio Extension, (b) the zonally averaged axis
position of the Kuroshio Extension, and (c) the zonally averaged SSH in the recirculation gyre. Here, the zonal average is
from 141°E to 180°.
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are a consequence of the internal nonlinear dynamics of
the Kuroshio Extension system, and (b) that they are ex-
ternally induced by interannual-to-decadal changes in the
basin-wide wind stress curl field. We explore these two
possibilities in turn in this section.

The presence of the intense southern recirculation
gyre (recall Fig. 5) clearly signifies that the Kuroshio
Extension system is highly nonlinear. For highly nonlinear
western boundary current (WBC) outflow systems, the
low-frequency variability caused by transitions between
multiple equilibrium states has been the subject of sev-
eral recent studies (e.g., Jiang et al., 1995; McCalpin and
Haidvogel, 1996; Spall, 1996; Berloff and McWilliams,
1999; Qiu and Miao, 2000). Of particular interest to this
study is that of McCalpin and Haidvogel (1996), in which
they used a reduced-gravity, quasi-geostrophic model
driven by the steady, classical double-gyre wind forcing.
In the parameter range where the wind-driven circulation
system is weakly unstable, McCalpin and Haidvogel
found the existence of multiple WBC patterns that are
distinguished by their energy levels and outflow jet
shapes. The “high-energy” pattern, which resembles the

elongated mode of the Kuroshio Extension depicted in
Fig. 6, has an elongated eastward penetration of the WBC
outflow, which meanders moderately. The “low-energy”
pattern, similar to the contracted mode of Fig. 6, is char-
acterized by violent meandering and eddy formation in
the upstream region of the WBC outflow. During this state,
the existence of the eastward penetrating jet is not always
obvious. With regard to the dynamics governing these two
patterns, McCalpin and Haidvogel found that the eddy-
jet interaction works to damp the jet meanders during the
“high-energy” state, whereas it enhances the jet mean-
ders and eddy generation during the “low-energy” state.

The absence of broad-scale, synoptic measurements
of subsurface thermal structures in the Kuroshio Exten-
sion region prevents us from evaluating directly the eddy-
jet interaction in the two contrasting states of the Kuroshio
Extension system. Nevertheless, by considering the ob-
served eddy kinetic energy (EKE) changes as manifesta-
tions of eddy-jet interaction, we can compare the obser-
vations with McCalpin and Haidvogel’s (1996) work as a
consistency check. Notice that in the McCalpin and
Haidvogel paper (their figure 5), the EKE level in the

Fig. 9.  Sea surface height fields on (a) 20 November 1992, (b) 15 November 1995, and (c) 17 November 1999.
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upstream WBC outflow region is low during the “high-
energy” state and high during the “low-energy” state.

Figure 10 shows the longitudinal distributions of the
observed EKE during the three periods: (a) November
1992–December 1994, (b) January 1995–December 1997,
and (c) January 1998–November 2000. Here, the EKE
value has been meridionally averaged over a 6° band along
the observed path of the Kuroshio Extension jet. Com-
paring Figs. 10(a) with 10(b) shows that the EKE level in
the upstream Kuroshio Extension region from 141°E to
155°E was higher when the Kuroshio Extension was in
the contracted mode (Period (b)) than in the elongated
mode (Period (a)). This is consistent with McCalpin and
Haidvogel’s result that the eddy-jet interaction during the
contracted state of the WBC system enhances the eddy
activity in the upstream WBC outflow region. When the
Kuroshio Extension returned back to the elongated state
after 1998, however, Fig. 10(c) shows that the EKE level
in the upstream Kuroshio Extension did not decrease as

would be expected from the McCalpin and Haidvogel
study. In other words, the observational results shown in
Fig. 10 are inconclusive as to whether the McCalpin and
Haidvogel (1996) mechanism is at work for the observed
bimodal changes in the Kuroshio Extension system.

Being the WBC outflow that compensates for the
wind-driven interior Sverdrup flow, the Kuroshio Exten-
sion will be affected by the wind stress curl fluctuations
over the subtropical North Pacific Ocean. Indeed, sev-
eral investigators have demonstrated that decadal varia-
tions in the basin-wide wind stress curl field of the sub-
tropical North Pacific are responsible for the observed
transport changes in the Kuroshio (Qiu and Joyce, 1992;
Akitomo et al., 1996) and the Kuroshio Extension (Yasuda
and Hanawa, 1997; Miller et al., 1998; Deser et al., 1999;
Xie et al., 2000). For the upstream Kuroshio Extension
in particular, Deser et al. (1999) showed that the depth-
averaged geostrophic transport change of the Kuroshio
Extension between the decades of 1970–1980 and 1982–

Fig. 10.  Eddy kinetic energy distributions (solid lines) as a function of longitude averaged in a 6°-wide band along the Kuroshio
Extension path: (a) November 1992–December 1994, (b) January 1995–December 1997, and (c) January 1998–November
2000. Dashed lines denote the EKE distributions over the entire T/P period from November 1992 to November 2000.
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1990 (11.6 Sv) can be quantitatively accounted for by the
Sverdrup transport change between the decades of 1968–
1976 and 1977–1988 (11.5~13.9 Sv). Notice that most of
the aforementioned studies have considered the connec-
tion between the changes in the interior Sverdrup trans-
port and the Kuroshio/Kuroshio Extension from the view-
point of mass conservation. For the reasons stated in Sec-
tion 2, it is conceivable that as the wind-driven Sverdrup
transport increases, the enhanced WBC could carry addi-
tional low-PV water into the Kuroshio Extension region,
intensifying the southern inertial recirculation gyre and
augmenting the transport of the eastward-flowing
Kuroshio Extension.

With the availability of the detailed T/P measure-
ments, it is of interest to re-examine the relationship be-
tween the large-scale changes in the Kuroshio Extension
and those in the basin-wide wind stress curl field. The
solid line in Fig. 11(a) shows the time series of the
Sverdrup transport in the latitude band of 29°N–32°N (as
shown in Fig. 4, this latitude band gives the maximum
Sverdrup transport value in the North Pacific subtropical
gyre). As noted in many previous studies, interannual-to-
decadal time scale changes in the subtropical North Pa-
cific Sverdrup transport are abundant. To compare these
changes with the observed Kuroshio Extension variabil-

ity, we computed the correlation coefficient between this
time series and that of the zonally-averaged SSH differ-
ence (δh) across the Kuroshio Extension (i.e., Fig. 8(a))
at different time lags. As shown in Fig. 11(b), the maxi-
mum correlation, r = 0.78, is found when the surface trans-
port of the Kuroshio Extension* lags the Sverdrup trans-
port by about 6 years. (For comparison, the δh time se-
ries with a lag of 6 years is plotted in Fig. 11(a) as the
dashed line.) It is interesting to note that the 6-year value
is very close to the lags of 4~6 years found by Miller et
al. (1998), Deser et al. (1999), and Schneider and Miller
(2001). In these three studies, the authors have used dif-
ferent methods, including composite data analysis and
ocean modeling, to evaluate the lag between the decadal
changes in the basin-wide wind stress curl field and the
Kuroshio Extension. Physically, the 6-year lag denotes
the adjustment time needed by baroclinic Rossby waves
to transit from the central North Pacific, where the decadal
wind stress curl variability is at a maximum, to the west-
ern boundary along the Kuroshio Extension latitudes
(Deser et al., 1999).

*The surface transport of the Kuroshio Extension, T, is
linearly related to the SSH difference by T = gδh/f, where g =
9.8 m s–2 and f = 8.34 × 10–5 s–1.

Fig. 11.  (a) Solid line: Sverdrup transport time series in the latitude band between 29°N and 32°N calculated from the monthly
wind stress curl data of NCEP/NCAR reanalysis (Kalnay et al., 1996). Variability shorter than the annual period has been
removed. Dashed line: zonally averaged SSH difference across the Kuroshio Extension; same as in Fig. 8(a), except it is
plotted with a lag of 6 years. (b) Correlation coefficient between the time series of the Sverdrup transport and that of the
zonally-averaged SSH difference across the Kuroshio Extension with various time lags.
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Because the T/P-derived SSH difference only pro-
vides a measure for the surface transport of the Kuroshio
Extension, a quantitative comparison between the two
time series in Fig. 11(a) requires converting the δh time
series to the volume transport of the Kuroshio Extension.
Direct current measurements and repeat hydrographic
surveys were carried out by Imawaki et al. (2001) along
a T/P ground track near 133°E across the Kuroshio south
of Japan. From the concurrent in-situ and T/P measure-
ments, Imawaki et al. found a tight relationship between
the volume transport of the eastward-flowing Kuroshio
and the T/P-measured SSH difference across the Kuroshio.
Specifically, a 0.5 m change in δh is found to correspond
to a 40 Sv change in the volume transport of the Kuroshio
(see figure 2 in Imawaki et al., 2001). In Fig. 11(a), the
correspondence between δh and the Sverdrup transport
change is 0.5 m vs. 25 Sv. If we assume that the conver-
sion rate derived for the Kuroshio south of Japan is valid
in the Kuroshio Extension region, the result of Fig. 11(a)
implies that for a 40 Sv volume transport change (mani-
fested as a 0.5 m change in δh) in the Kuroshio Exten-
sion, 25 Sv would be related to the interior Sverdrup trans-
port and the remaining 15 Sv has to result from the
changes in the inertial recirculation gyre. The fact that
the intensity of the observed recirculation gyre does
change in phase with the δh time series (see Fig. 8(c))
lends support to this hypothesis. As we noted above, this
is also consistent with the notion that as the Sverdrup
transport increases, the additional low-PV water carried
northward into the Kuroshio Extension region can inten-
sify the inertial recirculation gyre and inflate the trans-
port change in the eastward-flowing Kuroshio Extension.

4.  Midlatitude Ocean-Atmosphere Coupling
The Kuroshio Extension system resides in the region

where the North Pacific Ocean loses large quantities of
its heat to the overlying atmosphere. This large heat loss,
with the wintertime net heat flux value exceeding –450
W m–2 (Fig. 12(a)), results from the cold, dry air from the
Eurasian continent overriding the warm waters transported
poleward by the Kuroshio and its extension. Notice that
averaged annually, the net heat flux from the ocean to the
atmosphere over the Kuroshio Extension region ranges
from –50~–150 W m–2 (Fig. 12(b)). In order to maintain
the thermodynamic equilibrium in the surface ocean and
the atmospheric boundary layer, this net heat loss must
be balanced by heat advection of the ocean circulation.
The preferred paths of wintertime extratropical storms
also lie over the area where the heat loss from the ocean
to the atmosphere is largest. Because these storms are
commonly accompanied by excessive rainfall, their tracks
can be identified in the wintertime precipitation clima-
tology as regions of high precipitation (Fig. 12(c)). As
with the wintertime net heat flux climatology, the maxi-

mum J/F/M precipitation occurs in the latitude band of
34°N–40°N, that parallels the eastward-flowing Kuroshio
Extension (cf. Fig. 2). Given the proximity of the areas
of the maximum air-sea heat exchange, the atmospheric
storm tracks, and the maximum low-frequency oceanic
variability (recall Fig. 3(b)), it is conceivable that the
large-scale fluctuations occurring in the Kuroshio Exten-
sion system could change the upper ocean heat balance
and modify the atmospheric circulation at long time scales
by altering the baroclinicity and positions of the winter-
time storms.

Fig. 12.  (a) January mean net heat flux over the North Pacific
Ocean. Based on Da Silva et al. (1994). (b) Same as (a)
except for the annual mean. (c) Wintertime (J/F/M) mean
precipitation over the North Pacific Ocean. Based on Xie
and Arkin (1997).
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The ocean influences the atmospheric circulation on
the interannual-to-decadal time scales through anomalies
of sea surface temperature (SST). In the past decade, many
investigators have examined low-frequency SST changes
in the Pacific Ocean (e.g., Tanimoto et al., 1993; Miller
et al., 1994; Deser and Blackmon, 1995; Mantua et al.,
1997; Nakamura et al., 1997; Zhang et al., 1997). Note
that all of these studies have focused on the wintertime
signals because winter is the season when the midlatitude
ocean-atmosphere interaction is most active. A common
finding from these studies is the existence of a distinct
SST mode with a decadal time scale in the midlatitude
North Pacific. As shown in Fig. 13 (adapted from Deser
and Blackmon, 1995), the center of action of this decadal
SST mode is in the Kuroshio Extension and Oyashio con-
fluence region; the temporal characteristics of this mode,
Fig. 13, have been shown by Nakamura et al. (1997) to
be independent of the decadal tropical ENSO signals.

The decadal SST signal shown in Fig. 13 is one mani-
festation of the Pacific decadal oscillation (PDO) and its
causes have been the subject of many recent diagnostic
and coupled modeling studies. One of the primary candi-
date mechanisms hypothesized for the PDO involves the

North Pacific subtropical ocean circulation interacting
with the Aleutian Low atmospheric pressure system. Us-
ing a coupled general circulation model, Latif and Barnett
(1994, 1996) show that an enhanced meridional SST gra-
dient in their modeled WBC outflow region tends to
strengthen the overlying westerlies and intensify the ba-
sin-scale wind stress curl field. As the WBC responds to
this changing wind stress curl field, its heat advection
works to reverse the sign of the original SST anomaly
gradient in the WBC outflow region, causing oscillations
of the coupled ocean-atmosphere system with a period of
about 20 years. Notice that there are three components
involved in the Latif and Barnett feedback mechanism:

1. oceanic adjustment to the changing wind stress
curl field,

2. SST response in the WBC outflow region to the
changing WBC, and

3. atmospheric response to the changing SST gra-
dient pattern.
In the following, we focus on the oceanic processes that
are relevant to component (2).

Figure 14(a) shows the zonally-averaged wintertime
(J/F/M) SST anomalies as a function of year and latitude.
Here, the SST data are based on the NCEP reanalysis and
the zonal average is taken from 142°E to 180°. As plot-
ted in Fig. 14(b), the decadal SST signals along the
Subarctic Frontal Zone of 40°N–44°N, such as the warm-
ing in 1950–1957 and cooling in 1975–1989, are consist-
ent with the SST anomaly signals presented in Fig. 13.
For comparison, we also plot in Fig. 14(b) the SST anoma-
lies in the Kuroshio Extension band (32°N–36°N). As
shown in Fig. 12(c), the bands of the Subarctic Frontal
Zone and the Kuroshio Extension straddle the midlatitude
wintertime storm tracks. Although the highest SST vari-
ance is observed along the Subarctic Frontal Zone
(Nakamura and Kazmin, 2001), it is interesting to note
from Fig. 14(a) that the SST anomalies in the subtropical
gyre often precede those in the Subarctic Frontal Zone.
One consequence of this difference between the SST
anomalies across the subtropical and subpolar gyre bound-
ary is that the meridional SST difference T′SF – T′KE, to
which the wintertime storm tracks are likely to be sensi-
tive, has a time series that is subtly different from either
the T′SF or T′KE time series (see Fig. 14(b)). As such, un-
derstanding the component (2) of the Latif and Barnett
feedback mechanism requires clarifying the anomalous
SST signals in the bands along both the Kuroshio Exten-
sion and the Subarctic Frontal Zone.

A useful approach to studying the SST changes is to
consider the heat balance in the surface ocean mixed layer.
As discussed by Qiu and Kelly (1993), the equation gov-
erning the mixed layer temperature Tm, which is a good
proxy for SST in winter, can be written as:

Fig. 13.  Top panel: Spatial pattern of the second EOF mode of
the wintertime SST anomalies (1950–1992) in the Pacific
Ocean. This mode explains 11% of the variance over the
domain. Bottom panel: Time series of the wintertime SST
anomalies averaged in the Kuroshio-Oyashio outflow re-
gion (32°N–46°N, 136°E–176°W). Adapted from Deser and
Blackmon (1995).
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where Qnet denotes the net surface heat flux, ρo and cp are
the reference density and specific heat of seawater, re-
spectively, hm is the mixed layer depth, ue is the Ekman
velocity and is related to the surface wind stress vector τ
by ue = τ × k/ρofhm, we is the entrainment velocity, Td is
the water temperature below the base of the mixed layer,
and ug is the surface geostrophic velocity and is related
to the SSH h by ug = gk × ∇ h/f.

It is worth mentioning that although anomalous sur-
face heat flux forcing has been considered to be the domi-
nant contributor to non-seasonal SST anomalies in
midlatitudes (e.g., Davis, 1976; Frankignoul, 1985), more
recent studies by Cayan (1992) and Iwasaka and Wallace
(1995) have found that the time rates of change of SST
anomalies and the anomalous surface heat fluxes are not
highly correlated in the WBC outflow region of the North

Fig. 14.  (a) Wintertime (J/F/M) SST anomalies as a function of year and latitude. Based on the NCAR/NCEP reanalysis data
(Kalnay et al., 1996). (b) J/F/M SST anomalies in the Subarctic Frontal Zone of 40°N–44°N (T′SF), the Kuroshio Extension
32°N–36°N (T′KE), and their difference. Here, all SST anomalies are zonally averaged from 142°E to 180°.

Pacific. As shown in Fig. 15 (adapted from Iwasaka and
Wallace, 1995), a typical correlation coefficient in the
WBC outflow region is about –0.4 (in contrast to –0.6 in
the central and eastern North Pacific), suggesting the
importance of the WBC variability in influencing the re-
gional, non-seasonal SST changes. A careful look at the
wintertime SST anomalies in the Kuroshio Extension re-
gion in Fig. 14(b) reveals that T′KE was positive in 1993–
1995, negative in 1996/1997, and positive again in 1998–
2000. This interannual signal of T′KE seems to correspond
to the interannual signal of the Kuroshio Extension sys-
tem described in Section 2, namely, warm (cold) winter-
time SST anomalies tend to appear when the Kuroshio
Extension system is in an elongated (contracted) state (cf.
Fig. 8).

In order to quantify the relative contributions of vari-
ous physical processes to the observed SST changes in
the Kuroshio Extension region, Qiu (2000) evaluated the
individual terms in Eq. (1) by combining available data
from the NCAR/NCEP reanalysis, the upper ocean ther-
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mal data set of White (1995), and the T/P SSH measure-
ments. Because the T/P SSH data are available only after
October 1992, a full analysis of Eq. (1) was restricted to
the winters (J/F/M) of 1993 to 1999. Figure 16(a) shows
the time series of the nonseasonal temperature tendency
term averaged in the Kuroshio Extension region (31°N–
37°N, 141°E–180°).  For comparison, the sum of
nonseasonal surface heat flux forcing, Ekman advection,
and vertical entrainment is shown in Fig. 16(b). These
three terms have traditionally been included in the “one-
dimensional” modeling of the surface ocean mixed layer,
and their sum in the wintertime Kuroshio Extension re-
gion is dominated by the nonseasonal surface heat flux
forcing term, (Qnet/ρocphm)′ . The correlation coefficient
between the time series in Figs. 16(a) and (b) is only 0.38,
which is similar to the 0.43 value found by Iwasaka and
Wallace (1995) as shown in Fig. 15.

Figure 16(c) shows the nonseasonal geostrophic
advection term, –(ug·∇ Tm)′ . Reflecting the interannual
changes in the Kuroshio Extension system, this term
works to lower T′m in 1993–1995 when the Kuroshio
Extension system changed from an elongated state to a
contracted state, and to increase T′m in more recent years
when the Kuroshio Extension system returned from the
contracted state to an elongated state. Notice that adding
the nonseasonal geostrophic advection to the “one-dimen-
sional” mixed layer processes (Fig. 16(d)) increases the
correlation coefficient with the nonseasonal temperature
tendency term (Fig. 16(a)) to 0.80. This improved corre-
lation underlines the importance of heat advection by the
surface ocean circulation in determining the wintertime
SST anomaly signals in the Kuroshio Extension region.
A visual comparison between Figs. 16(a) and (d) indi-
cates that the time series in Fig. 16(d) tends to overesti-
mate the amplitude of the observed (∂Tm/∂t)′  term. This
discrepancy could be due to the fact that meso-scale eddy
heat fluxes, which are important in the Kuroshio Exten-
sion region (e.g., Wunsch, 1999), were not included in
Eq. (1).

A surface ocean heat budget study for the Kuroshio
Extension region was also carried out recently by Yasuda
et al. (2000). In their study, Yasuda et al. analyzed the
SST anomaly signals of 1955–1992 and regarded the
geostrophic advection effect as the residue of the remain-
ing four terms in Eq. (1). One important result from their
study is that the geostrophic advection not only contrib-
utes to the non-seasonal SST anomalies through horizon-
tal heat convergence/divergence, it also modifies the sur-
face ocean heat budget by changing the mixed layer depth,

Fig. 15.  Correlation coefficient between the nonseasonal win-
tertime (DJFM) surface heat flux and the nonseasonal win-
tertime SST tendency. Based on the Comprehensive Ocean-
Atmosphere Data Set (COADS) of 1950–1986. Adapted
from Iwasaka and Wallace (1995).

Fig. 16.  Time series of terms in the surface ocean heat budget
equation (1). All values have been averaged in the Kuroshio
Extension region of 31°N–37°N and 141°E–180° and a′
denotes the wintertime (J/F/M) anomaly of the term a from
its seasonal mean value. Adapted from Qiu (2000).
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hm. Three years prior to the cold-to-warm transition in
SST anomalies in the Kuroshio Extension region in 1987/
1988 (see T′KE in Fig. 14(b)), Yasuda et al. found that hm
changed from a deep to a shallow phase. They argued
that this shoaling in the mixed layer depth due to hori-
zontal flow divergence in 1985 contributed to the warm-
ing in T′KE three years later.

5.  STMW and Obduction
It is worth emphasizing that the Kuroshio Extension

and the Subarctic Frontal Zone are regions where ocean
dynamics and thermodynamics are intimately connected.
As shown in Fig. 17(a), the southern recirculation of the
Kuroshio Extension is where intense subduction occurs
that transfers cold surface water of late winter into the
underlying thermocline and forms the Subtropical Mode
Water (STMW; for an excellent review of mode waters,
see Hanawa and Talley, 2001). Notice that in the Kuroshio
Extension recirculation, STMW, characterized by a
thermostad or a low-PV layer, is observed to have a core
depth at 250 m and a vertical thickness of 200 m (Suga et
al., 1997). Since the maximum wintertime mixed layer
depths in this region are no greater than 175 m (Huang
and Qiu, 1994; Suga et al., 1997), STMW should be in-
terpreted as existing in the upper permanent thermocline
as a consequence of subduction, rather than in the sea-
sonal thermocline. In response to wintertime atmospheric
conditions, large interannual-to-decadal changes in the
STMW properties have been reported by Hanawa (1987),
Bingham et al. (1992), Suga and Hanawa (1995), and
Hanawa and Kamada (2001). Notice that enhanced sub-
duction also takes place in regions downstream of the
Kuroshio Extension where Central and Eastern Mode
Waters are formed (Fig. 17(a); Suga et al., 1997; Hautala
and Roemmich, 1998). In contrast to these downstream
regions where subducted temperature anomalies would
move away from their formation region (e.g., Deser et
al., 1996, Schneider et al., 1999), Fig. 17(c) shows that
the STMW anomalies tend to remain in the recirculation
gyres of the Kuroshio and Kuroshio Extension.

From the viewpoint of ocean-atmosphere coupling,
it is crucial where the subducted temperature anomalies
in the thermocline would be re-exposed through the sur-
face mixed layer to interact with the overlying atmos-
phere. Gu and Philander (1997) suggested that the tem-
perature anomalies subducted in the midlatitude Central
North Pacific could reemerge in the eastern equatorial
Pacific Ocean, influence the tropical and midlatitude at-
mospheric circulations, and give rise to PDOs. Away from
the tropics, areas where thermocline water is able to be
re-entrained into the wintertime mixed layer (termed “ob-
duction” in Qiu and Huang, 1995) are located in the
Kuroshio Extension and Subarctic Frontal Zone regions
(see Fig. 17(b)). Physically, obduction occurs preferen-

tially in these two regions because of the local misalign-
ment between the steep hm gradients and the horizontal
velocity vectors of the WBC outflows (see Eq. (2) be-
low). Given the proximity between the subduction and
obduction sites in the Kuroshio Extension region, it is
likely that changes in the Kuroshio Extension system or
in the atmospheric conditions can alter the STMW prop-

Fig. 17.  Annual mean (a) subduction rate and (b) obduction
rate. Rates are inferred from the Levitus (1982) tempera-
ture/salinity climatology and the Hellerman and Rosenstein
(1983) wind stress climatology. (c) Year-long trajectories
of water particles released from the base of the late winter
(March) mixed layer. The along-isopycnal geostrophic ve-
locities are calculated using the 2000-dbar depth as the ref-
erence level. Adapted from Qiu and Huang (1995).
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erties through subduction, and that the sequestered STMW
anomalies can reemerge to influence the SST signals in
subsequent winters through obduction.

In the surface ocean heat budget equation (1), the
obduction process is associated with the vertical entrain-
ment term*, we(Tm – Td)/hm. By definition, the entrain-
ment velocity (i.e., the mass transfer rate through the base
of the mixed layer) is we ≡ ∂hm/∂t + ∇ ·(hmum). Assuming
um = ue + ug and that the geostrophic velocity ug is effec-
tively nondivergent, we can rewrite we as the sum of three
different dynamic processes:

w
h

t
w he

m
Ek m= ∂

∂
+ + ⋅ ∇ ( )ug . 2

Here, ∂hm/∂t denotes the mixed layer depth change due
to the local atmospheric forcing (such as wind stirring
and convective cooling), wEk = ∇ ·(τ × k/ρof ) denotes the
Ekman pumping velocity, and ug·∇ hm denotes the lateral
induction rate. Given the in-situ temperature measure-
ments that are available to us at present (e.g., the White
(1995) data set is on a 2° lat. × 5° long. grid), it is very
difficult to accurately diagnose the entrainment velocity.
Note that the difficulty with we is further exacerbated by
the fact that the water temperature just below the base of
the mixed layer, Td, is also poorly defined from available
observational data. In most surface ocean heat budget
studies, Td was chosen on an ad hoc basis (e.g., by set-
ting the temperature difference Tm – Td to a predetermined
value). At present, while we do know that the mode wa-
ters serve as the “memory” of the atmospheric forcing
history, we unfortunately do not know the extent to which
this oceanic “memory” could re-surface and affect the SST
anomalies on the interannual-to-decadal time scales.

6.  Summary
Being the western boundary current outflow for the

North Pacific subtropical circulation, the Kuroshio Ex-
tension not only has high mesoscale eddy variability, it
also undergoes large-scale transport and path variations
on the interannual and longer time scales. Due to its trans-
port of warm waters from the tropics to higher latitudes,
the Kuroshio Extension is also where the intense,
midlatitude ocean-atmosphere interaction occurs. In this
study, we have described the large-scale changes in the

Kuroshio Extension and its recirculation gyre and dis-
cussed how the large-scale changes in this system can
affect the regional, wintertime surface ocean heat balance.
The major points from the study are listed below:

1. The large-scale Kuroshio Extension system os-
cillates between an elongated and a contracted state. In
the elongated state, the Kuroshio Extension has a larger
eastward surface transport, a more northerly zonal-mean
path, and is accompanied by an intense southern
recirculation gyre. In the contracted state, the Kuroshio
Extension has a smaller eastward surface transport, a more
southerly mean path, and is accompanied by a weaker
southern recirculation gyre.

2. The observed changes between the elongated
state (1992–1993; 1998–2000) and the contracted state
(1994–1995) are found to correlate favorably with the
changes in the interior Sverdrup transport at a lag of about
six years. However, the amplitude of the Sverdrup trans-
port change underestimates that of the observed Kuroshio
Extension transport change by a factor of 38%. This in-
flated eastward transport of the Kuroshio Extension, fol-
lowing an enhanced interior Sverdrup transport, is con-
sistent with the notion that the enhanced Sverdrup trans-
port increases the low potential vorticity accumulation in
the WBC outflow region, intensifying the recirculating
flows of the Kuroshio Extension.

3. The surface Kuroshio Extension is not simply a
well-mixed layer passively responding to heat flux anoma-
lies forced by the atmosphere. On the contrary, the large-
scale changes in the Kuroshio Extension system signifi-
cantly impact the surface ocean heat balance governing
the wintertime SST anomalies.  Specifically,  the
nonseasonal geostrophic heat advection works to gener-
ate negative (positive) SST anomalies when the Kuroshio
Extension system changes from an elongated (contracted)
state to a contracted (elongated) state.

4. In addition to horizontal heat advection, changes
of the Kuroshio Extension can also influence the surface
ocean heat balance by re-exposing mode water tempera-
ture anomalies that were subducted over the previous
winters. Since the mixed layer depth hm is determined by
dynamic and thermodynamic processes independent of
those determining the flow patterns (ug) of the Kuroshio
Extension, changes in either hm or ug can modify the sur-
face ocean heat balance through lateral heat induction.

Much of the discussion presented in this study has
been based on the 8-year T/P measurements. Given the
long time scale in which the large-scale Kuroshio Exten-
sion variability is involved, the conclusions listed above
should be viewed as preliminary. Clearly, future studies
are needed to extend the time series that describes the
large-scale changes in the Kuroshio Extension system.
At the same time, enhanced monitoring and process-ori-
ented in-situ studies are required to further our under-

*Vertical entrainment includes emergence to the surface
mixed layer of subsurface water from both the seasonal and
permanent thermoclines. Qiu and Huang (1995) defined “ob-
duction” as the emergence of the permanent thermocline water.
Unlike the emergence of seasonal thermocline water (see
Alexander and Deser, 1995), obduction is largely determined
by advection of the geostrophic flow intersecting the base of
the mixed layer.
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standing of and ability to predict the long-term SST
changes in the Kuroshio Extension region. It is encour-
aging to note that such process-oriented in-situ studies
are being proposed and/or planned by both Japanese and
U.S. scientists. In addition, the T/P follow-on satellite,
Jason-1, is scheduled to be launched in December of 2001.
As the Jason-1 altimeter will sample the same ground
track as the T/P altimeters, inter-calibratable high-qual-
ity SSH data will become available to us in the coming
decade. Our understanding of the Kuroshio Extension
system, its dynamics and its role in the midlatitude ocean-
atmosphere interaction, will undoubtedly improve as the
longer, future observational data become available.
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