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ABSTRACT

The response of the Kuroshio Extension (KE) to large-scale Rossby waves remotely excited by wind
stress changes associated with the 1970s climate regime shift is studied using a high-resolution regional
ocean model. Two ensemble simulations are conducted: The control run uses monthly climatological forcing
while, in the second ensemble, anomalous forcing is imposed at the model eastern boundary around 165°E
derived from a hindcast of decadal changes in subsurface temperature and salinity using a coarser-resolution
model of the Pacific basin.

Near the KE, ocean adjustment deviates strongly from the linear Rossby wave dynamics. Most notably,
the eastward acceleration of the KE is much narrower in meridional extent than that associated with the
incoming Rossby waves imposed on the eastern boundary. This KE acceleration is associated with an
enhanced potential vorticity (PV) gradient across the front that is consistent with the inertial western
boundary layer theory: the arrival of the Rossby waves at the western boundary causes the eastward current
to accelerate, leading to enhanced advection of low (high) PV water of subtropical (subarctic) origin along
the western boundary layer. The meridional dipole of PV anomalies results in a pair of anomalous recir-
culations with a narrow eastward jet in between. A three-layer quasigeostrophic model is used to demon-
strate this inertial adjustment mechanism. Finally, transient eddy activity increases significantly and the
eddy momentum transport acts to strengthen the mean flow response. The result that ocean physical
response to broad-scale atmospheric forcing is large near the KE front has important implications for
fisheries research.

1. Introduction

The Kuroshio Extension (KE) or Kuroshio–Oyashio
Extension (KOE) region exhibits the largest variability

on both mesoscale and interannual time scales in the
extratropical North Pacific Ocean (see Qiu 2002 for a
review). It has come to be recognized as a region where
ocean dynamics play an active role in low-frequency
variations in sea surface temperature (SST) as demon-
strated by recent observational (Qiu 2000; Tomita et al.
2002; Scott and Qiu 2003) and modeling (Xie et al.
2000; Schneider et al. 2002) studies. SST variations in
this dynamic region affect local wind (Nonaka and Xie
2003) and heat flux (Tanimoto et al. 2003) at the sea
surface, and may further influence the atmospheric
storm track (Nakamura et al. 2004). Moreover, the
KE’s decadal/interdecadal variations affect some im-
portant fishery resources in the region (Sugimoto et al.
2001; Noto and Yasuda 1999).
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The climate regime shift in the mid-1970s has re-
ceived much attention and is characterized by enhanced
westerly winds over the central Pacific Ocean (Fig. 1a)
associated with a deepened Aleutian low. Oceanic re-
sponse to the wind change of the regime shift has been
extensively studied (Deser et al. 1999; Xie et al. 2000;
Seager et al. 2001; Miller et al. 1998). Deser et al. dis-
cussed a westward-intensified spatial structure in dec-
adal-scale temperature change at 400-m depth and
showed that it is consistent with the Sverdrup transport
inferred from wind stress curl change. A 4–5-yr delay of
the subsurface response to the wind forcing further sup-
ports that the linear baroclinic Rossby wave adjustment
is the primary mechanism for the westward-intensified
thremocline change (Schneider and Miller 2001). The
westward-intensified structure and the time delay in the
thermocline response are reproduced in hindcast ex-
periments using ocean general circulation models
(OGCMs) (Miller et al. 1998; Xie et al. 2000; Seager et
al. 2001).

Despite the success of the Rossby wave theory to
explain the large-scale features of the oceanic response
to wind changes, it is interesting to note that observa-

tional data or numerical models used in previous stud-
ies have rather too coarse horizontal resolutions to re-
solve sharp oceanic fronts in the region. For instance,
the Xie et al. OGCM at 1° resolution, which is the same
or better than that of many other OGCMs used in
North Pacific hindcasting, produces a rather broad
KOE around 35°–45°N (Fig. 1b). This contrasts with
fine structures observed in the region such as a double-
frontal structure, with the subarctic and Kuroshio Ex-
tension fronts located along 40°N and 35°N, respec-
tively (Qu et al. 2001), and stationary meanders of the
KE front near Japan (Mizuno and White 1983; Niiler et
al. 2003).

Large low-frequecy SST variability is confined to
these narrow oceanic frontal zones (Nakamura et al.
1997; Qiu 2000). Nakamura and Kazmin (2003) docu-
mented decadal fluctuations in the axial position and
the strength of the North Pacific subarctic frontal zone
(NP-SAFZ) based on satellite and ship measurements
of SST. They reported a sharpening and northward
shift of the NP-SAFZ in the early 1990s so that the KE
and NP-SAFZ fronts were well separated from each
other during that period. Qiu (2003) found that the
intensity of the KE jet varies on slow time scales based
on an analysis of 10-yr-long TOPEX/Poseidon (T/P)
sea surface height (SSH) data. He succeeded in simu-
lating large-scale SSH changes using a linear Rossby
wave model forced by observed winds, but the skill of
his hindcast is low near the KE front. This suggests the
importance of nonlinear dynamics in the KOE adjust-
ment to changing wind.

The present study investigates the response of the
KE front to basin-scale wind changes in the North Pa-
cific. Our primary interest is a qualitative understand-
ing of dynamics (whether linear or nonlinear) relevant
to the KE front adjustment rather than a realistic hind-
cast of the past ocean state. Specific questions we wish
to address include the following: What is the meridional
structure of the KE front response to large-scale
Rossby waves remotely excited by the wind change,
and how do oceanic fronts adjust? Is the linear Rossby
wave theory sufficient to explain the response? If not,
what are the nonlinear mechanisms for the frontal re-
sponse? Using a high-resolution regional OGCM that
reproduces the subarctic front and KE front quite re-
alistically, we carry out experiments by imposing large-
scale temperature and salinity anomalies on the eastern
boundary to mimic the Rossby waves forced by basin-
scale wind changes in the 1970s. The choice of a re-
gional model is to allow ensemble experiments to sepa-
rate the forced response from the ocean internal vari-
ability (see section 2b). The model adjustment to the
large-scale baroclinic forcing turns out to be highly non-

FIG. 1. (a) Decadal change in wind stress (vectors; N m�2) and
Ekman pumping velocity (dark shading: � 1 � 10�7 m s�1; light
shading: � �1 � 10�7 m s�1 with contours at intervals of 1 � 10�7

m s�1) between the period 1966–75 and the period 1976–85 based
on NCEP–NCAR reanalysis. The domain of the regional OGCM
used in this study is also shown with a solid sector. (b) Decadal
change in subsurface temperature at 400-m depth (light shading:
� 0.1°C; dark shading: � �0.1°C with white contours at intervals
of 0.1°C) between the period 1972–78 and the period 1979–90
calculated from the basinwide coarse-resolution OGCM hindcast
by Xie et al. (2000). Mean subsurface temperature at 400-m depth
over both periods is shown in black contour with 1°C contour
interval.
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linear, characterized by the acceleration of the KE
frontal jet at a meridional scale much smaller than that
of the forcing.

The rest of the paper is organized as follows. Section
2 introduces the regional OGCM and describes the ex-
perimental design. Sections 3 and 4 present the model
results, focusing on the transient and steady responses,
respectively. Section 5 discusses the mechanisms for the
model adjustment, while section 6 is a summary.

2. Regional OGCM experiment

a. Model

The regional OGCM used in this study is based on
the Princeton Ocean Model (POM), which solves
primitive equations with a turbulent closure scheme
(Blumberg and Mellor 1983). The model is configured
to cover the portion of the western North Pacific Ocean
roughly from 20° to 52°N, 125° to 170°E, as shown in
Fig. 1. The model employs the horizontal curvilinear
coordinate grids with varying spacing from 1/12° to 1/6°,
with high resolutions near Japan. There are 32 sigma
levels in the vertical.

The control run uses monthly climatological forcing
based on the Hellerman and Rosenstein (1983) wind
stress and heat flux calculated from the Comprehensive
Ocean–Atmospheric Data Set (COADS; Slutz et al.
1985). A weak restoring to the monthly Levitus (1982)
climatology is applied to SST and surface salinity. The
monthly Levitus data are also used for the restoring for
temperature and salinity at the lateral open boundaries
and in the Sea of Okhotsk. In addition to the thermal
forcing, inflow/outflow volume transports are imposed
at the lateral boundaries, which include a fixed Kuro-
shio inflow of 25 Sv (Sv � 106 m3 s�1) through Tokara
Strait at the western boundary and Oyashio inflow of 28
(18) Sv in winter season (the rest of the year) along the
Kuril–Kamchatka Trench at the eastern boundary. The
model is spun up for 20 yr from the resting Levitus
climatology, and the output for the first 10 yr is dis-
carded.

Figure 2 shows the mean SSH climatology based on
the last 10-yr integration. The model captures the sa-
lient features of the KE, such as the narrow strong
Kuroshio taking a straight path (Kawabe 1995) south of
Japan, its separation from the coast of Japan at about
35°N, and a sharp KE front and its quasi-stationary
meanders along 34°N. Two prominent meanders
around 144° and 150°E are consistent with observations
(Mizuno and White 1983; Niiler et al. 2003).

The model has been successfully used for studying
the Oyashio water pathway in the KOE region (Mit-
sudera et al. 2004) and the interaction of mesoscale

eddies and meandering Kuroshio south of Japan (Mit-
sudera et al. 2001; Waseda et al. 2002, 2003). Details
about the model configuration and its performance may
be found in Mitsudera et al. (2004).

b. Experiment design

From the end of the 10th year of the above 20-yr
integration, we conduct two sets of ensemble simula-
tions. In the control run, the model is driven with
monthly climatological forcing as described above. In
the other ensemble simulation, we impose anomalous
lateral forcing at the model’s eastern boundary (forced
run hereafter), which is assumed to be caused by basin-
scale wind changes. We neglect both local wind stress
changes over the model domain and the volume trans-
port change at the eastern boundary due to the baro-
tropic response to the wind forcing. Furthermore, the
anomalous baroclinic forcing is kept constant in time at
the lateral boundary, once switched on, since we are
interested in ocean adjustment on decadal and longer
time scales. We employ these simplifications of the nu-
merical experiment to isolate the KOE response to in-
coming baroclinic Rossby waves.

The anomalous lateral forcing for the regional model
is derived from the hindcast of the coarse-resolution
North Pacific basin OGCM of Xie et al. (2000). Figure
3 depicts decadal temperature anomalies at 165°E near
the eastern boundary of the regional model, obtained
by subtracting December–February mean during the
1968–76 decade from that during 1977–88. These two
decades are chosen based on the leading principal com-
ponent of observed 50-m temperature anomalies in the
North Pacific (Deser et al. 1999). The subsurface tem-
perature anomalies feature a dipole structure with
warm and cold anomalies in the subtropical and sub-

FIG. 2. Mean SSH field averaged over the last 10 yr of a 20-yr
regional model control experiment. Contour interval is 0.1 m.
Contours with negative values are shown with dashed lines.
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polar regions, respectively. These anomalies are the re-
sponse of the basin OGCM to the decadal wind stress
change east of 165°E. Major anomalies are located in
the model mean thermocline (black contours in Fig. 3),
indicating that they are caused by the vertical displace-
ment of the thermocline. In the western North Pacific,
the ocean response to wind stress forcing is dominated
by Rossby waves of the gravest barolinic mode, consis-
tent with the observation (Deser et al. 1999) and pre-
vious numerical simulations (Miller et al. 1998; Xie et
al. 2000). In the buffer zone near the model eastern
boundary, these anomalies are added to the Levitus
climatology to form the reference fields toward which
the model temperature and salinity are restored. The
subsurface density anomalies imposed at the eastern
boundary of the model domain will excite baroclinic
Rossby waves, and the rest of the paper investigates
how the KE front responds to the incident Rossby
waves. Mesoscale eddy activity is high in this high-
resolution regional model. To increase the signal-to-
noise ratio and extract the forced response, we increase
the anomalous temperature and salinity forcing on the
eastern boundary by a factor of 3. This exaggerates the
lateral forcing, but not too much since the basin OGCM
underestimates the subsurface anomalies by a factor of
2 compared to Deser et al.’s (1999) observations.

To separate the forced response from ocean internal
variability, each ensemble consists of ten integrations
with differing initial conditions prepared as follows.
First, a model snapshot is separated into large-scale and
mesoscale fields by taking the 10° zonal running mean
and subtracting it from the snapshot, respectively. Ten
mesoscale-eddy fields are extracted from the snapshots
at the end of the 11th to 20th years of the control spinup

integration. Then, the resultant mesoscale fields are
added to the large-scale field at the end of 10th-year
control run to form the initial conditions for ensemble
simulations. Thus, these 10 sets of initial conditions
share the same large-scale field, free of biases in large-
scale fields that would result from model drift if the
initial conditions were just the 31 December snapshots
from the 11th to 20th model years. In the control en-
semble, each integration lasts for 10 yr using 1 of the 10
sets of initial conditions. The forced ensemble is the
same as the control ensemble except that the eastern
boundary forcing is switched on at the beginning and
kept constant during the 10-yr integration. This initial-
value problem approach, while unrealistic, offers in-
sights into forced ocean adjustment. The analysis of the
solution after the model has reached a statistically
steady state is useful for understanding the ocean re-
sponse to slow-varying wind forcing on decadal and
longer time scales.

3. Transient response

We first examine the transient response to the sud-
den onset of anomalous eastern boundary forcing. Fig-
ure 4 shows the evolution of ensemble and annual mean
SSH differences between the control and the forced
ensembles for the first 3 yr. Immediately after the lat-
eral forcing is imposed, the geostrophic adjustment to
the subsurface density anomalies quickly sets up me-
ridional SSH gradients along the model eastern bound-
ary (Fig. 4a). Then the anomalies on the eastern bound-
ary propagate westward into the model interior as baro-
clinic Rossby waves, filling the model domain by the
end of the third year (Figs. 4b,c). Figure 5 shows lon-
gitude–time sections of ensemble mean SSH difference
at 29° and 39°N—latitudes that cut through the centers
of the dipole SSH anomalies south and north of the KE,
respectively. Phase speeds of the westward propagating
signals are 0.021 m s�1 at 39°N and 0.053 m s�1 at 29°N,
as estimated from the constant phase lines in Fig. 5.
These values are quite comparable to the phase speeds
of the first baroclinic mode Rossby waves derived from
T/P altimetry observations (Qiu 2003; Fu and Chelton
2001).

The transit time for the baroclinic waves to cross the
model domain is about 2 yr at 29°N and 2–3 yr at 39°N.
Despite a slower phase speed at 39°N than at 29°N, the
transit times at both latitudes are almost the same be-
cause of a shorter distance from the model eastern
boundary to the Japanese coast at 39°N. Thus, we con-
sider the model in a quasi-steady state for the last 5 yr
of integration. The westward propagation of the forced
response is not uniform in the zonal direction. At 29°N,
the linear propagation may be traced up to 145°E and

FIG. 3. Meridional cross section at 165°E of decadal change in
temperature (light shading: � 0.1°C; dark shading: � �0.1°C with
white contours at intervals of 0.1°C) between the period 1968–76
and the period 1977–88 calculated from the basinwide coarse-
resolution OGCM hindcast by Xie et al. (2000). Mean tempera-
ture averaged over both periods is shown in black contour with
1°C contour interval.
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