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ABSTRACT

Low-frequency variability of the Kuroshio Extension (KE) is studied using observations and a multidec-

adal (1950–2003) hindcast by a high-resolution (0.1°), eddy-resolving, global ocean general circulation

model for the Earth Simulator (OFES). In both the OFES hindcast and satellite altimeter observations,

low-frequency sea surface height (SSH) variability in the North Pacific is high near the KE front. An

empirical orthogonal function (EOF) analysis indicates that much of the SSH variability in the western

North Pacific east of Japan is explained by two modes with meridional structures tightly trapped along the

KE front. The first mode represents a southward shift and to a lesser degree, an acceleration of the KE jet

associated with the 1976/77 shift in basin-scale winds. The second mode reflects quasi-decadal variations in

the intensity of the KE jet. Both the spatial structure and time series of these modes derived from the

hindcast are in close agreement with observations.

A linear Rossby wave model forced by observed wind successfully reproduces the time series of the

leading OFES modes but fails to explain why their meridional structure is concentrated on the KE front and

inconsistent with the broadscale wind forcing. Further analysis suggests that KE variability may be decom-

posed into broad- and frontal-scale components in the meridional direction—the former following the linear

Rossby wave solution and the latter closely resembling ocean intrinsic modes derived from an OFES run

forced by climatological winds. The following scenario is suggested for low-frequency KE variability:

basin-scale wind variability excites broadscale Rossby waves, which propagate westward, triggering intrinsic

modes of the KE jet and reorganizing SSH variability in space.

1. Introduction

The Kuroshio Extension (KE) is a swift eastward

inertial jet formed after the Kuroshio separates from

the Japanese coast at around 35°N, 142°E. The KE

region has the largest sea surface height (SSH) variabil-

ity on both mesoscale and interannual time scales in the

extratropical North Pacific Ocean (Qiu 2002a). The

Kuroshio–Oyashio Extension (KOE) region, including

the KE and the Oyashio subarctic front, has recently

been identified as the window in which subsurface

ocean variability strongly affects sea surface tempera-

ture (SST; Xie et al. 2000). This subsurface feedback on

SST occurs in winter when a deep mixed layer devel-

ops, by vertical entrainment (Schneider et al. 2002) or

horizontal advection by the varying Kuroshio and

Oyashio Extensions (Qiu 2000; Seager et al. 2001; To-

mita et al. 2002; Scott and Qiu 2003). Thus, ocean dy-

namics are an important mechanism for low-frequency

variability in SST, and possibly the overlying atmo-

sphere via surface turbulent fluxes (Tanimoto et al.
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2003) in the KOE region. Coupled ocean–atmosphere

model studies support this notion (Pierce et al. 2001;

Schneider et al. 2002). In a multivariant regression

analysis, Schneider and Cornuelle (2005) show that on

decadal time scales KE intensity variability is an impor-

tant contributor to the observed Pacific decadal oscil-

lation (PDO) along with the Aleutian low and El Niño–

Southern Oscillation (ENSO). All these studies indi-

cate the importance of understanding the mechanisms

for decadal variability in upper-ocean dynamical fields

such as SSH.

Two schools of thought exist with conflicting views

regarding low-frequency variations of upper-ocean cir-

culation. The first school points to the large internal

variability in double-gyre circulation simulated in

simple idealized models forced by steady wind forcing

(Jiang et al. 1995; Dijkstra and Ghil 2005). This view

appears consistent with snapshot satellite images of

SST and SSH, which show a turbulent and chaotic

KOE. The recirculation and narrow western boundary

current extension themselves are generally considered

as resulting from the eastward advection of potential

vorticity anomalies from the western boundary layer

(Cessi et al. 1987). The nonlinear interaction of recir-

culation, PV advection, and eddies cause the double-

gyre circulation to vacillate between a straight and pen-

etrative inertial jet and a meandering and westward

confined one (e.g., McCalpin and Haidvogel 1996). Us-

ing a three-layer quasigeostrophic model, Dewar (2003)

and Hogg et al. (2005) identify a low-frequency (�10

yr) mode of intrinsic variability characterized by shifts

in the inertial jet position and slow adjustment in po-

tential vorticity. They consider this mode as being dis-

tinct from the linear Rossby wave adjustment. The sec-

ond school of thought views the KOE variability as

deterministic and consistent with the linear baroclinic

Rossby wave adjustment to wind variability. Analyzing

historical observations of subsurface temperature, De-

ser et al. (1999) detected westward-intensified struc-

tures in decadal changes associated with the 1976/77

climate regime shift, which they suggested are due to

the Sverdrup adjustment to basin-scale wind changes.

This result was confirmed by ocean general circulation

model (OGCM) studies (Miller et al. 1998; Xie et al.

2000; Seager et al. 2001). Indeed, the slow westward

propagation of wind-forced baroclinic Rossby waves

has been exploited for skillful prediction of ocean pres-

sure variability in the KOE region with a lead time up

to a year (Schneider and Miller 2001).

While the school of wind-forced Rossby waves has

been successful in explaining broadscale (�1000 km)

subsurface anomalies, most of observational and OGCM

studies on low-frequency variability in the North Pacific

Ocean circulation are limited by the coarse resolution

of their data/models that does not resolve the oceanic

fronts and recirculations. It remains to be seen whether

the same success can be extended to studying the vari-

ability of the inertial KE jet and the Kuroshio recircu-

lation, both highly nonlinear phenomena full of internal

variability.

Opportunities are emerging to study low-frequency

variability of the narrow KE jet owing to the accumu-

lation of satellite altimeter observations and a recent

multidecadal, eddy-resolving (0.1° horizontal resolu-

tion) OGCM hindcast performed on Japan’s Earth

Simulator supercomputer. From 11-yr-long satellite

SSH data, Qiu (2003) found decadal modulations in the

KE jet’s intensity. Analyzing the Earth Simulator hind-

cast, Nonaka et al. (2006) showed that the well-known

basinwide cooling during the early 1980s is accompa-

nied by the southward shift and intensification of two

separate oceanic fronts: the KE and the subarctic

Oyashio fronts. Although Nonaka et al. (2006) attrib-

uted the cooling along the KE to linear Rossby wave

adjustment, the relevant dynamics and other possible

modes of variability were not fully explored.

The present study uses satellite SSH observations

and the Earth Simulator hindcast to study decadal vari-

ability of the KE jet and the recirculation to the south.

In particular, we are interested in what determines the

spatiotemporal structure of this variability. Specific

questions to be addressed include the following: How

well does the high-resolution model hindcast capture

the observed variability in the KE jet? How is the ocean

variability related to atmospheric wind forcing? What

are the role and contribution of oceanic intrinsic non-

linearity to this variability? We will show that the

model hindcast is remarkably consistent with satellite

and other in situ observations. With its realism estab-

lished, the model hindcast offers a powerful tool to

study the nature and mechanism of ocean variability

prior to the satellite altimetry era. Our analysis shows

that while the linear Rossby wave theory explains the

temporal variability, nonlinear ocean dynamics play an

essential role in organizing the spatial structure,

thereby reconciling two conflicting schools of thought

reviewed above. The present study will rely mostly on

empirical analysis to derive the spatiotemporal struc-

ture and relate it to wind forcing; thus, important in-

formation for future studies to further decipher the un-

derlying mechanisms and dynamics.

The rest of the paper is organized as follows. Section

2 describes models and observational data used in this

study. Section 3 examines the spatiotemporal structure

of low-frequency variability in the KE and recirculation

while section 4 studies the processes that determine this
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structure. Section 5 discusses our results in light of pre-

vious modeling studies and their implications while sec-

tion 6 is a summary.

2. Model output and observational data

a. Eddy-resolving model

We analyze a multidecadal hindcast by the OGCM

for the Earth Simulator (OFES; Masumoto et al. 2004;

Nonaka et al. 2006; Sasaki and Nonaka 2006). The

OFES is based on the Third Modular Ocean Model

(MOM3; Pacanowski and Griffies 1999) and has been

substantially modified for optimal performance on the

Earth Simulator. The model covers a near-global do-

main extending from 75°S to 75°N, with a horizontal

resolution of 0.1° and 54 vertical levels. It is forced by

surface wind stress, heat, and freshwater fluxes derived

from the daily-mean National Centers for Environmen-

tal Prediction–National Center for Atmospheric Re-

search (NCEP–NCAR) reanalysis (Kalnay et al. 1996).

Surface turbulent heat flux is calculated using the

model SST and meteorological variables from the

NCEP–NCAR atmospheric reanalysis while sea surface

salinity is restored to the observed monthly climatol-

ogy. Within 3° from the model’s southern and northern

boundaries at 75°S to 75°N, temperature and salinity

are restored to the monthly climatology of the World

Ocean Atlas 1998 (WOA98; Boyer et al. 1998a,b,c).

From an initial condition at rest with observed (WOA98)

annual-mean temperature and salinity, the model was

first spun up for 50 yr with monthly climatological at-

mospheric forcing, followed by a 54-yr hindcast integra-

tion forced with the daily-mean reanalysis data from

1950 to 2003 (hindcast run). This is the first multidec-

adal hindcast that resolves fronts and eddies from the

Tropics to the midlatitude in the World Ocean, provid-

ing a unique opportunity to study interannul to decadal

variability of narrow western boundary currents and

their eastward extensions. Nonaka et al. (2006), for ex-

ample, show that the shift around the early 1980s in the

northwestern Pacific east of Japan displays distinct ver-

tical structures along the KE and Oyashio fronts, with

deep subsurface anomalies in the former and large SST

anomalies in the latter regions, respectively. In this

study, we analyze the hindcast run for a 42-yr period

from 1962 to 2003, regarding the first 12 yr of the hind-

cast as the spinup, during which the model adjusts to

changes in atmospheric forcing from climatological to

1950 values. All our analysis uses a subsampled output

on a 0.5° grid to reduce the data size.

In addition to the hindcast run, two runs forced with

monthly climatological atmospheric forcings are carried

out: a climatological control run that continues the

spinup for another 48 yr (Sasai et al. 2004), and a pre-

diction1 run initialized with the hindcast run on 1 Janu-

ary 2000 and integrated forward for another 3 yr.

b. Observational data

The OFES hindcast is compared to the following ob-

servational data. We use SSH anomaly maps compiled

from the Ocean Topography Experiment (TOPEX)/

Poseidon (T/P), Jason, and the European Remote Sens-

ing satellite (ERS-1/2) altimeter observations, distrib-

uted by the Archiving, Validation and Interpretation of

Satellite Oceanographic Data (AVISO; Ducet et al.

2000). The data are mapped on the Mercator grid with
1⁄3° resolution in longitude and varying spacing in lati-

tude (from 37 km at the equator to 18.5 km at 60°N).

Monthly mean maps are used, calculated from the

original weekly mean data that cover an 11-yr period

from January 1993 to December 2003.

To validate the OFES hindcast prior to the satellite

altimeter era, we use the monthly ocean temperature

data compiled from expendable bathythermograph

(XBT) observations at the Joint Environmental Data

Analysis Center of the Scripps Institution of Oceanog-

raphy (White 1995). For the period during1955–2004,

the XBT observations are optimally interpolated on a

2° latitude by 5° longitude grid with 2.5° latitude by 5°

longitude decorrelation scales.

3. Modes of KE variability

This section examines the dominant modes of KE

variability and compares them with satellite and in situ

observations. In particular, we investigate the effect of

the sharp KE jet on the modal structure and how these

modes are related to variability in the recirculation.

a. Variance

Figure 1 compares the standard deviation of interan-

nual SSH variations. For both the hindcast and T/P

observations, the calculation of the standard deviation

is based on monthly anomalies defined as deviations

from the 11-yr (1993–2003) monthly climatology. A 12-

month low-pass filter is applied to suppress mesoscale

eddies. Also shown in contours are the absolute mean

SSH fields from the hindcast and the estimate of Niiler

et al. (2003) using surface drifter and satellite altimeter

observations. The OFES hindcast captures the salient

1 The term “prediction” is used in the sense that no interannual

history in the surface wind and buoyancy forcing is provided to

the model during the additional 3-yr integration after 2000.
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features of both the mean and interannual variance of

observed SSH. In the mean SSH field, the KOE, de-

picted as a broad eastward current in coarse-resolution

(1° or less) models, consists of two distinct fronts of the

KE and Oyashio Currents. Qu et al. (2002) note such a

separation of the KOE into two distinct narrow jets in

a 0.25° OGCM. In both the OFES and observations, a

sharp KE front is found nearly zonally at around 34°–

35°N with quasi-stationary meanders east of Japan in

the upstream KE at 141°–150°E. High interannual vari-

ance is concentrated within a narrow latitudinal band

along the mean KE front. Specifically, west of 170°E,

the standard deviation exceeds 20 cm within a frontal

band, over which the mean SSH drops 40 cm (delin-

eated by two thick contour lines in Fig. 1), while in most

of the area outside the band, the standard deviation is

FIG. 1. (a) Standard deviation of 12-month low-pass-filtered SSH observed by satellite altimeters (shaded) and the mean absolute sea

level (contours at 10-cm intervals; the 60- and 100-cm contours thickened to delineate the KE frontal zone). (b) Same as in (a), but for

the OFES hindcast (the 30- and 70-cm contours for the mean SSH are thickened).
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less than 10 cm. In the OFES, there is a band of sec-

ondary maximum in SSH variance along the Oyashio

front around 41°N, which is not obvious in the T/P

observations.

Despite the good agreement of the slow frontal vari-

ability between the OFES hindcast and altimeter ob-

servations, there are also significant discrepancies. In

the observations, the KE front shifts southward by 1°–

1.5° around 152°–154°E east of the KE’s second sta-

tionary meander, and is associated with a southward

displacement of the interannnual variance. The hind-

cast SSH does not show this meridional shift of the

mean front and its variability. Nevertheless, the overall

agreement of the mean and interannual variance with

observations encourages us to look further into the

simulated variability.

b. Leading mode and comparison with satellite

altimetry

Now we examine the spatial and temporal structures

of the KE’s low-frequency variations. Since both the

mean and variance fields of SSH are zonally enlon-

gated, we focus on the meridional structure of the KE

variability by zonally averaging variables in 142°E–

180°.2 The zonal averaging suppresses mesoscale vari-

ability while emphasizing low-frequency variability. We

apply the empirical orthogonal function (EOF) analysis

to the zonal mean in a latitudinal domain 30°–45°N so

that the EOF patterns and the associated principal

components (PCs) represent the spatial and temporal

variations, respectively. The EOF analysis is applied

independently to the hindcast and observations, and

the results are then compared.

Satellite altimeters, with high meridional resolution,

provide an unprecedented opportunity to observe the

meridional structure of SSH variability and validate

model simulations. Figure 2 compares the first EOF

mode between the OFES and the altimeter analyzed

from 1993 to 2003. The OFES hindcast successfully

captures the observed EOF-1, both with large loading

concentrated near the KE jet. The model EOF peaks

more sharply around the mean KE jet than in observa-

tions, reflecting the more zonal KE jet in the OFES

simulation than in the altimeter observation as men-

tioned in section 3a. Dependence of the EOF-1 pattern

on the mean flow structure is discussed in section 3c.

Zonal current anomalies at 100 m associated with the

EOF-1 of simulated SSH represent a northward shift of

the KE jet (Figs. 2b,c), with the acceleration to the

north of the jet slightly larger than the deceleration to

the south.

The first EOF mode explains about 50% of the

zonal-mean SSH variability within 30°–45°N in both

observations and the OFES hindcast. The hindcast

PC-1 tracks the observations remarkably well, and both

show a full decadal cycle. This close agreement with

observations demonstrates the skills of the eddy-re-

solving OFES hindcast in simulating the low-frequency

variability of the narrow inertial KE jet. In particular,

the hindcast captures the following KE variability docu-

mented in Qiu and Chen (2005): the gradual weakening

and southward shift of the KE jet from 1993 to 1996,

and the steady strengthening and northward migration

of the jet after 1997.

c. The KE jet’s signature in modal structure

The strong trapping of SSH variance and the first

EOF pattern by the KE jet suggests that the mean jet

exerts a strong influence on the meridional pattern of

ocean variability. To corroborate this point, we take

advantage of the zonal variations of the mean KE front

in the altimeter observation and divide the KE region

into three 10°-wide longitudinal sectors at 142°–152°E,

156°–166°E, and 170°E–180°. The observed KE front

varies its meridional structure significantly among these

longitudinal sectors. In the upstream sector the sharp

KE front is located around 34.5°N but shifts to around

33°N in the middle sector, and there is no distinct front

in the downstream sector (Fig. 3, upper left). We cal-

culate the meridional EOF modes of the T/P SSH

within 30°–45°N separately for each longitudinal sector.

The meridional pattern of the first mode (Fig. 3, upper

right) displays a clear dependency on the mean flow,

with its peak tracking the KE front as the latter shifts

southward from the upstream to the middle sector. The

EOF shows a much broader pattern in the downstream

sector where the mean flow broadens in the meridional

direction without a sharply defined front in SSH.

We further calculate the two-dimensional EOF for

the observed SSH variability in a domain of 140°E–180°

and 30°–45°N and show the first mode in color shaded

in the upper-left panel of Fig. 3. The leading EOF ex-

plains 34% of the total variance, with large loading over

or near the mean KE front west of 170°E, consistent

with the one-dimensional EOF modes over 30°–45°N.

Near the date line, the mean eastward flow broadens,

and so does the positive loading in the two-dimensional

2 Although the KE’s mean frontal structure and interannual

variability are not exactly uniform in the zonal direction within

this sector, we first highlight the meridional structure of the KE

frontal variability representative of the whole KOE region rang-

ing from the Japanese coast to the date line. The dependence of

the meridional structure of the variability on the choice of the

zonal sector is discussed in section 3c.
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EOF. Section 4 discusses more about the interaction of

the mean flow and wind-induced variability.

d. Multidecadal analysis

The rest of the paper analyzes the longer 42-yr record

from the hindcast for 1962–2003. The EOF analysis is

applied to the zonal-mean SSH anomalies averaged

over 142°E–180° within 30°–45°N (the same way as de-

scribed in section 3b). The first two EOFs account for

67% of the total variance. The two modes are distinct

not only in spatial pattern but also in explained vari-

ance (44% versus 24%). The first mode (Fig. 4a, black

curve) explains 43.8% of total variance, and displays a

meridional profile with a single peak in SSH (Fig. 4a)

and a dipole in the zonal current centered around

35.8°N (Fig. 4b, black curve), where the mean KE jet is

located (Fig. 4c). Thus, the first mode primarily repre-

sents the north–south shift of the KE jet. Indeed the

time series of the PC-1 corresponds well with the zonal

mean of the KE’s latitudinal position determined as the

maximum u velocity at 100 m (Fig. 4d, correlation co-

efficient � 0.61). This mode also exhibits an intensifi-

cation of the KE jet (with its southward migration) as

the zonal current dipole is not symmetric about the

mean KE position, with a stronger southern pole.

Extending the analysis period beyond the satellite

altimeter era, Fig. 5 compares the OFES hindcast with

the XBT-based subsurface temperature dataset of

White (1995). We use the temperature data at 400-m

depth, which cuts through the upper thermocline in the

KE region (e.g., Fig. 9 of Nonaka et al. 2006). To focus

on interannual to decadal time scales, the annual mean

data are used for the EOF analysis, which increases the

explained variance to 60% in OFES. PC-1 derived from

the model and the XBT observations are in good agree-

ment, with a correlation coefficient of 0.74, both dis-

playing a distinct decline as much as three standard

deviations in PC-1 during the early 1980s (Fig. 5b). This

FIG. 2. (a) EOF-1 and (d) PC-1 of zonal and monthly mean SSH anomalies (cm) for the period 1993–2003: the OFES hindcast (red

curve) and satellite altimeter observations (black). (b) Zonal current velocity at 100-m depth (cm s�1) projected onto the SSH PC-1 in

the OFES hindcast. (c) OFES climatology of zonal current velocity at 100-m depth.

2362 J O U R N A L O F C L I M A T E VOLUME 20



decline is likely a delayed response to the wind change

associated with the 1976/77 regime shift (Miller et al.

1994; Trenberth and Hurrell 1994), for which section 4

discusses the mechanism. The large discrepancy in PC-1

between the XBT observation and OFES hindcast

around 1991 is due to a sudden warming more than 1°C

at 400-m depth that occupied a wide area of the KOE

region in observations, but is not obvious in the hind-

cast. The cause of this warming in observation is not

known. As might be expected from the low meridional

resolution of the XBT dataset, the observed EOF-1

displays a smoother meridional profile with a broad

peak in 34°–36°N, but is otherwise in broad agreement

with the OFES hindcast.

The second mode of SSH variability accounts for

23.5% variance, and represents an intensification of the

KE jet, with a peak in the zonal current at the latitude

of the mean jet (Fig. 4b, red curve). The PC-2 tracks

very well the SSH difference between 34.5° and 37°N

(Fig. 4e, correlation coefficient � 0.71), the latitudinal

band for the KE jet core. Unlike the PC-1 that is char-

acterized by a jump in the early 1980s, the PC-2 displays

quasi-regular oscillations with a period of 10–15 yr.

The order of EOF modes may be sensitive to the

choice of analysis period. The EOF-1 for the T/P era

(1993–2003; EOFTP-1) resembles the second more than

the first EOF mode from the multidecadal (1962–2003)

analysis (EOFMD). The first EOFTP and second EOFMD

both peak in 34°–35°N, unlike the first EOFMD, which

reverses sign at 34°N. This is consistent with the fact

that the T/P era is dominated by PCMD-2 with little

variability in PCMD-1 (Fig. 4). The EOFTP still mainly

represents a north–south shift in the KE jet, which is

located 1° south of the 1962–2003 mean jet during the

T/P era. The change in the order of EOF modes illus-

trates the difficulty in physical interpretation of EOF

modes of inertial jet variability as discussed in Fyfe and

Lorenz (2005).

FIG. 3. (top left) Two-dimensional EOF-1 (shaded) of monthly mean T/P SSH, superposed with the mean SSH contours with the three

zonal bands defined in arrows at bottom. (top right) EOF-1 and (bottom) PC-1 of monthly and zonal-mean SSH for each zonal band.
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e. Recirculation variability

Analyzing satellite altimeter data, Qiu and Chen

(2005) quantified the close connection in low-frequency

variability between the upstream KE and the recircu-

lation to the south. Since the two meridional modes

described in section 3d involve the KE’s meridional

shift and intensification, it is of interest to compare the

OFES and the altimeter data in terms of recirculation

gyre variability. The EOF modes used in this section

are those for the 1962–2003 period.

Following Qiu and Chen (2005), the KE recirculation

strength is defined by

S�t� � ��Ah�x, y, t� dx dy, �1�

FIG. 4. (a) The leading two EOFs of zonal and monthly mean SSH anomalies (cm) for the OFES multidecadal (1962–2003) hindcast.

Black (red) curve represents the first (second) mode. (b) Zonal current velocity at 100-m depth (cm s�1) projected onto the SSH PCs

in the OFES hindcast. (c) OFES climatology of zonal current velocity at 100-m depth for the period 1962–2003. (d) PC-1 (normalized

to unit standard deviation, black curve) and zonal-mean of the KE latitude (blue) in the OFES hindcast. (e) PC-2 (red) and SSH

difference between 34.5° and 37°N (blue).
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where h(x, y, t) is the monthly absolute SSH and A

denotes the area within which the SSH value exceeds a

threshold h0 in the upstream KE region (30°–37°N,

141°–158°E). A value h0 is chosen to be 90 (110) cm for

the OFES (the altimeter), whose contour line defines

the outer boundary of the recirculation well. Choice of

the specific values of h0 between 90 and 100 cm hardly

affect the following result. As shown in Fig. 6a, the

recirculation strength in the OFES hindcast and the

altimeter observation corresponds very well with each

other, with the former also closely following the time

series of the PC-2. This indicates OFES’s ability to

simulate realistically the modulation of the KE’s recir-

culation strength and the jet intensification.

We also compare the recirculation position defined

by the weighted average of the latitudinal center of the

recirculation y (Qiu and Chen 2005):

yC�t� �
1

S�t�
��Ayh�x, y, t� dx dy. �2�

The time series of the recirculation position simulated

by the OFES closely follows the model PC-1, which

mainly represents the north–south shift of the KE (Fig.

6b). While systematically displaced south compared to

observations by 0.2°–0.5°, the simulated recirculation

position displays a sharp northward shift around in

1999, in agreement with altimeter observations.

4. Processes

This section discusses processes and mechanisms that

determine the spatiotemporal structure of the KE’s me-

ridional modes. In particular, we focus on linear baro-

clinic Rossby waves and nonlinear intrinsic variability

of the KE front and the recirculation.

a. Baroclinic Rossby wave

As reviewed in section 1, linear baroclinic Rossby

wave adjustment is a widely used concept to explain the

dynamical response of the ocean to wind changes, with

significant skills in hindcasting decadal anomalies of the

thermocline depth in the broad KOE region (Schneider

and Miller 2001), and decadal variability in the KE jet

(Qiu 2003) and the recirculation gyre to the south (Qiu

and Chen 2005). We examine to what extent a linear

Rossby wave model can reproduce the fully nonlinear

OFES hindcast.

We adopt the linear vorticity equation for the first

baroclinic mode under the longwave approximation:

�h

�t
� cR

�h

�x
� �

g�

g
we � �h, �3�

FIG. 5. Comparison of the annual- and zonal-mean temperature at 400-m depth between

OFES (solid lines) and XBT observations (dashed lines): (a) EOF-1 and (b) PC-1.
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where h is baroclinic component of the SSH, cR the

zonal phase speed of the long baroclinic Rossby wave,

g the gravity, g� the reduced gravity, we � curl(� /f 	0) is

the Ekman pumping velocity, 	0 the density, f the Co-

riolis parameter, � the wind stress vector, and 
 the

Newtonian damping coefficient. A formal derivation of

Eq. (3) and its solution can be found in Qiu (2002b),

who also showed the necessity to include the dissipation

to match the solution to observations. The solution to

this equation yields

h�x, t� �
g�

gcR
�

xe

x

we�x�, t �
x � x�

cR
� exp� �

cR

�x � x���dx�,

�4�

where we ignore the SSH signal emanated from the

eastern boundary (x � xe). With this solution and the

phase speed cR estimated from the OFES hindcast, we

compute SSH by integrating the Ekman pumping forc-

ing we computed from the NCEP–NCAR monthly wind

stress data, along the Rossby wave characteristics at

latitudes (about every 1.9°) on the Gaussian grid of the

NCEP–NCAR reanalysis. We then derive the EOF

modes of linear model SSH anomalies zonally averaged

at 142°E–180° within the latitudinal range of 30°–45°N

the same way as in section 3 for the OFES and obser-

vations.

The meridional modes for the linear Rossby wave

model hindcast are shown in Fig. 7 together with the

OFES modes (black curves). The linear Rossby wave

model captures the temporal evolution of the OFES’s

leading modes very well (Figs. 7c,d) except a 1–2-yr

phase lag behind the OFES PC-2, a discrepancy espe-

cially clear during 1990s. The exact reason of this phase

lag is not known but uncertainties of phase speed esti-

mate could be one reason. The meridional structure of

the Rossby wave solution, however, is quite different

from that of the OFES hindcast (Figs. 7a,b). While the

FIG. 6. (a) KE recirculation strength (OFES in red and altimeter in black) defined by Eq. (1), and PC-2 of OFES SSH anomalies

(blue). (b) Same as in (a), but for the recirculation position defined by Eq. (2) and OFES PC-1.

2366 J O U R N A L O F C L I M A T E VOLUME 20



FIG. 7. Meridional EOF modes of the annual- and zonal-mean OFES SSH (black curve), SSH hindcasted with a linear Rossby wave

model (red curve), and 400-m temperature simulated with 1° � 1° OGCM (blue curve): (a) EOF-1, (b) EOF-2, (c) PC-1, and (d) PC-2.
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OFES modes each feature a sharp peak near the mean

KE front, the Rossby wave modes display a rather

broad meridional structure reflecting large-scale wind

forcing. The EOF-1 for the linear model displays a

broad peak at 39°N while the sharp peak of the OFES

EOF-1 is displaced to the south at 36°N. Although the

EOF-2 for the linear model and that for OFES both

peak around 33°–34°N, the former has much broader

peak than the latter as is the case for the EOF-1. The

agreement in time series between the linear model and

OFES suggests that wind-forced Rossby waves are an

important mechanism for KE variability, but their dis-

agreement in spatial structure of variability indicates

that the interaction with the KE jet is important as well.

In Eq. (3), SSH variability is caused by local wind

forcing and the westward propagation of remotely

forced Rossby waves. We now investigate the effect of

Rossby wave propagation by setting cR � 0 and deriv-

ing the EOFs of zonal-mean SSH driven by the local

forcing. In this local forcing model, EOF-1 explains

more than 90% of the total variance and is represented

by a trend (not shown), and its PC-1 does not display

the sudden jump in the early 1980s as in the OFES

hindcast and observations. Thus, the Rossby wave

propagation is key to reproducing the temporal vari-

ability of the KOE region.

Figure 7 also compares with the hindcast by a 1° by 1°

resolution OGCM of Xie et al. (2000; dotted curves),

for which temperatures at 400-m depth are employed

for the comparison as a proxy of SSH. Both the space

and time structures of this coarse-resolution OGCM

hindcast closely resemble the linear Rossby wave

model hindcast.3 Thus, the Rossby wave dynamics ex-

plain quite well noneddy-resolving OGCM results re-

ported in the literature but fail to reproduce the narrow

modal structure in the OFES and T/P observations. Re-

cently, Yasuda and Sakurai (2006) analyzed interdec-

adal variability of SSH simulated in their 1° resolution

OGCM. They carried out an EOF analysis over a do-

main near Japan, and their first two EOFs have similar

spatiotemporal structures to those found in our linear

Rossby wave model. Yasuda and Sakurai (2006) re-

ported that their leading PCs are in good agreement

with tide gauge observations along the Japanese coast.

b. Large- versus frontal-scale variability

The success of the linear model in reproducing the

PCs of KE variability indicates the importance of

Rossby wave adjustment. Here we divide the SSH

anomaly field into large (meridionally broadscale) and

frontal (small scale) components and examine how well

the linear Rossby wave model explains the broadscale

component. Specifically, we extract the broadscale

component of SSH variability by applying a 10° running

mean in the meridional direction. The residual is de-

fined as the small-scale component. This is consistent

with Nakano et al. (2006, manuscript submitted to Dyn.

Atmos. Ocean) who considered the mean Kuroshio Ex-

tension system as a superposition of the Sverdrup flow,

a jet, and recirculation.

First, we examine SSH changes associated with the

first EOF mode (blue curve in Fig. 6b). The PC-1 time

series represents the transition between two quasi-

steady epochs: the preshift (1968–80) and postshift

(1984–96) periods. We construct the epoch averages of

SSH for the two periods and their differences, the latter

of which are dominated by the first mode since the

epoch averages of the PC-2 of the KE frontal modes are

nearly zero. The unfiltered OFES SSH fields averaged

over the preshift and postshift periods are shown by the

black contours in Figs. 8a,b, respectively. In OFES, the

KE jet shifts southward and intensifies from the former

to the latter epoch, consistent with the EOF-1 pattern.

The KE and Oyashio Extension are more clearly sepa-

rated in the post- than in the preshift epoch. The broad-

scale component of the difference field in OFES (Fig.

8c, shaded) represents the spinup of both the subtropi-

cal and subpolar gyres, in broad agreement with the

linear Rossby wave model (Fig. 8d, shaded, pattern cor-

relation coefficient � 0.67). This agreement is consis-

tent with results from previous studies showing that the

coarse-resolution OGCM simulations of the 1976/77 re-

gime shift compare well with the coarse-resolution ob-

servations (Miller et al. 1998; Xie et al. 2000; Seager et

al. 2001).

The small, frontal-scale component of the SSH dif-

ference features zonally elongated, meridonally tight

recirculations along the mean fronts (Fig. 8e, shaded).

In particular, a negative SSH difference band at 34°–

37°N, along with a positive SSH band to the south at

33°–34°N, gives rise to a southward shift and eastward

acceleration of the KE jet. This result agrees with the

view that large-scale Rossby waves can induce the non-

linear adjustment of recirculations both north and

south of the KE front (Taguchi et al. 2005).

Now let us examine the second EOF mode in OFES.

As PC-2 displays a quasi-decadal oscillation (Fig. 4e),

3 Sensitivity experiments show that the spatial structure of the

linear Rossby wave model hindcast depends on the damping co-

efficient [
 in Eq. (3)]; the larger the damping, the smoother the

meridional structure of the EOFs (not shown). The slightly

broader structure of the EOFs based on the coarse-resolution

OGCM than that based on the linear Rossby wave is presumably

due to the difference in the effective damping between the two.
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we extract the associated SSH evolution by taking the

lagged regression upon PC-2. Prior to calculating the

regression, a 3-yr running mean is applied to remove

mesoscale eddy variability in the SSH field (Fig. 9). The

evolution of the broadscale component of the SSH re-

gression in OFES (left panels) closely resembles the

linear model solution (middle panels, pattern correla-

tion coefficient � 0.41, 0.61, 0.64, 0.47, 0.55 at lag �6,

�3, 0, 3, and 6, respectively). The transient Rossby

waves display tilted phase lines consistent with the lati-

tudinal-dependent phase speed of the Rossby wave

(Qiu 2003). At lag �6 yr, much of the northwestern

Pacific from the KE to the subpolar region is occupied

by positive SSH anomalies, whereas the eastern sub-

tropics is occupied by negative SSH anomalies. By lag

0, the southwestern tip of the negative SSH band

reaches the Japanese coast, and replaces the previous

positive SSH anomalies in the KE region. This is fol-

FIG. 8. SSH change in the North Pacific associated with the PC-1 of KE variability. Total SSH (at contour intervals of 10 cm) averaged

for (a) the preshift period of 1968–80, and (b) the postshift period of 1984–96. (c) Broadscale component of the post- minus preshift

difference in OFES SSH (color shaded in cm). Unfiltered OFES SSH averaged for both periods is superposed with black contours (at

intervals of 10 cm). (d) Same as in (c), but for SSH anomalies from the Rossby wave model (shaded). (e) Same as in (c), but for

frontal-scale SSH (shaded). Black contours designate differences in the unfiltered OFES SSH between the two periods with contour

intervals of 5 cm.
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lowed by growing positive anomalies in the eastern sub-

tropics, which propagate westward and arrive at the

western boundary at lag 6 yr.

The frontal-scale component of the SSH regression

field (right panels in Fig. 9) again displays a pair of

zonally elongated recirculations with the KE front in

between, giving rise to the intensification/weakening of

the eastward jet. This pair of anomalous recirculations

FIG. 9. Lagged regression coefficient of (shaded in left) broadscale and (shaded in right) frontal-scale SSH anomalies onto the 3-yr

low-passed PC-2. Superimposed is the mean SSH plus regression coefficient. Contour intervals are 10 cm. Positive lag (in yr) means that

the SSH fields lag behind PC-2. (middle) Same as in (left), but for the SSH in the Rossby wave model.
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alters the sign from lag �6 to 0, and again from lag 0 to

6 yr. This indicates that the frontal-scale recirculation

adjustments to the large-scale environmental changes

are initiated by the arrival of Rossby waves.

c. Intrinsic variability

The western boundary extension jet and the recircu-

lations display low-frequency variability in the absence

of wind forcing variability (Jiang et al. 1995; McCalpin

and Haidvogel 1996; Dewar 2003; Hogg et al. 2005).

This section examines the variability in the 48-yr clima-

tological run, which is forced with the monthly clima-

tological wind stress and buoyancy flux. The initial con-

ditions are the same between the OFES hindcast and

the climatological run. Figure 10 compares the interan-

nual SSH standard deviation between the two runs. An-

nual-mean anomalies are used in standard deviation

calculation to suppress mesoscale eddies. Interestingly,

the standard deviation is comparable in magnitude and

similar in spatial distribution between the two runs

(Fig. 1b versus 10a). In both runs, high SSH variability

follows the meandering mean KE jet, the Oyashio Ex-

tension, and the western boundary. The standard de-

viation in the climatological run is about 10 cm along

the Oyashio Extension and 20 cm along the KE. The

ratio of the SSH standard deviation (the climatological

to the hindcast run; Fig. 10b, color shaded) generally

exceeds 0.7 over the most of the analysis domain. In-

terestingly, this ratio reaches a meridional maximum of

about 1.0 around 39°–42°N between the KE and

Oyashio Extension, which imprints on the EOF modal

structure. Note that, while the hindcast run is forced by

the atmospheric daily data, the climatological run

forced by monthly data still reproduces a comparable

amount of the variability. This indicates that the high-

frequency forcing is not a major factor to induce the

intrinsic variability.

The EOF analysis is applied to the annual-mean SSH

anomalies zonally averaged at 142°E–180° from the cli-

matological forcing run. The leading modes (Figs.

11a,b, solid curves) resemble those for the hindcast

near the KE, representing the meridional shift and in-

tensification of the jet, respectively. Away from the KE,

however, EOFH and EOFC modes are considerably dif-

ferent. Here subscripts “H” and “C” denote the hind-

cast and climatological runs, respectively. South of the

Oyashio Extension at 39°–40°N, EOFH-1 is at a local

minimum but still positive (Fig. 7a) while EOFC-1 is at

its negative extreme. In the recirculation south of the

KE at 32°N, EOFH-2 is positive (Fig. 7b) while EOFC-2

is at the negative extreme.

We apply the same EOF analysis to the meridionally

high-pass-filtered SSH anomalies of the hindcast run.

The leading EOF modes of frontal-scale variability in

the hindcast bear a remarkable resemblance to those in

the climatological run (Figs. 11a,b), except the second

EOF that differs in phase near the Oyashio Extension

north of 39°N, presumably due to the difference in the

mean flow structures between the hindcast and the cli-

matological runs (Fig. 11c). This suggests that EOFHF

modes are basically the intrinsic modes of the Kuroshio

Extension and the recirculation to the south as cap-

tured in the climatological run. (Here subscript “F” de-

notes the frontal-scale variability in the hindcast.) In-

deed, the simple superposition of the EOFR and EOFC

modes reproduces the EOFH modes quite well (Fig. 12,

subscript “R” denotes the linear Rossby wave model).

Figure 13 compares the PCs of broad- and frontal-

scale variability, which are obtained by applying the

EOF analysis separately to the meridionally low- and

high-pass-filtered anomalies of the SSH hindcast. The

two sets of PCs are nearly identical. Our analysis in this

section suggests the following scenario: basin-scale

wind variability excites broadscale Rossby waves,

which propagate westward, triggering intrinsic modes

of the KE jet and reorganizing SSH variability in space.

In the climatological run, the intrinsic variance of the

annual- and zonal-mean (142°E–180°) SSH anomalies

integrated over 30°–45°N amounts to 46.5% of the total

variance in the hindcast run. Even free of interannual

variability in wind forcing, the leading PCs in the cli-

matological run are dominated by variability on dec-

adal time scales (Fig. 11d). In the OFES hindcast, how-

ever, the first two EOF modes, whose time series are

reproducible with a linear model of wind-forced Rossby

waves, explain 76.7% of the total variance (Fig. 7). The

residual variance (23.3%) is only about half the intrin-

sic variance in the climatological run. Thus, wind-forced

Rossby waves act as a pacemaker regulating the intrin-

sic modes of variability. Such pacemaking phenomena

are commonly observed in nonlinear systems.

Other than the arrival of the Rossby waves, surface

heat flux, if it drives SST anomalies in the KOE region,

could contribute to the organization of the frontal-scale

variability in the OFES hindcast and its phase locking

to the observation by constraining the upper-ocean

density gradient. However, Nonaka et al. (2006) re-

ported that the heat flux anomalies in the OFES hind-

cast damp, rather than force, the SST anomalies along

the fronts in the KOE region on the decadal time scale,

indicative of a minor role of the thermal forcing in regu-

lating the frontal variability. It is still of interest to con-

duct a separate experiment without the surface thermal

constraints (e.g., an OFES hindcast with monthly cli-

matological heat flux or a regional coupled ocean–

atmosphere model experiment) to clarify the point.
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5. Discussion

a. Origin of intrinsic modes

Previous double-gyre studies using simpler, idealized

models show that nonlinear recirculations gyres display

low-frequency variability under steady wind forcing.

McCalpin and Haidvogel (1996) show that in a 1.5-layer

reduced-gravity model, the ocean circulation experi-

ences transitions between high and low energy regimes

characterized by a strong, zonal-extended extension jet

FIG. 10. (a) Climatological-mean SSH (contours at intervals of 10 cm) and standard deviation of annual-mean SSH anomalies

(shading in cm) in the OFES climatological run for 48 yr. (b) Ratio (color shaded) of SSH standard deviation (climatological to the

hindcast run) for 1962–2003, and standard deviation in the hindcast (contours at intervals of 2.5 cm with the 10-cm contour thickened).
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and a weak, westward-confined one, respectively. Us-

ing three-layer quasigeostrophic models, Dewar (2003)

and Hogg et al. (2005) report two modes of recircula-

tion variability representing the meridional shift and

intensification of the intergyre jet, respectively, much as

in OFES. Dewar (2003) shows that the shift mode in-

volves adjustment in the well-mixed potential vorticity

(PV) pool in the lower layer and is preferentially ex-

cited by wind forcing at decadal and lower frequencies.

(Interannual forcing excites a meander mode instead.)

While Dewar (2003) suggests the eddy mixing of PV in

the lower layers as the mechanism for low-frequency

variability, our analysis of the OFES hindcast indicates

the importance of wind-forced Rossby waves. In OFES,

we do not detect appreciable delays in the frontal-scale

PCs behind either of the PCs from the linear Rossby

wave model. Taguchi et al. (2005) suggest that the rapid

frontal-scale adjustment is accomplished by changes in

offshore PV advection from the western boundary as

wind-induced baroclinic Rossby waves arrive from the

east. As Taguchi et al. (2005) point out, the develop-

ment of a diagnostic tool for the interaction of the in-

ertial jet, PV advection, recirculation, and mesoscale

eddies is in urgent need to shed light on the mechanism

for frontal-scale adjustment.

b. Prediction experiment

The slow propagation of baroclinic Rossby waves is a

source of predictability. We perform a prediction run,

in which the OFES is initialized with the hindcast field

on 1 January 2000 and integrated forward under

monthly climatological atmospheric forcing. We project

the zonal-mean SSH anomalies in the prediction run

onto the first EOF mode in the hindcast run for the T/P

era (i.e., EOFTP-1; Fig. 14). The resultant time series

(blue curve) closely follows the OFES hindcast as well

as T/P observations for up to 9 months, including an

initial decrease and the subsequent increase in PC-1.

The relatively short lead time may suggest the impor-

tance of the local and contemporaneous wind forcing

FIG. 11. (a) SSH EOF-1 in the climatological run (solid line), and for frontal-scale variability in the hindcast (dashed). (b) Same as

in (a), but for EOF-2. (c) Mean geostrophic zonal velocities averaged over 142°E–180° in the climatological run (solid line) and the

hindcast (dashed). (d) First two PCs in the climatological run.
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for the SSH field near the western boundary or may

simply represent a single realization of possible mul-

tiple solutions. The costs of running the full OFES pro-

hibit the use of a large ensemble for a quantitative de-

termination of useful lead time. This preliminary pre-

diction result is consistent with Schneider and Miller

(2001), who use a one-dimendional Rossby wave

model. Our use of the full OFES, however, allows the

prediction of the meridional position and intensity of

the KE front, information useful for the prediction and

management of marine ecosystems and fishery re-

sources near Japan (Sasai et al. 2005; Noto and Yasuda

2003).

Analyzing a high-resolution coupled ocean–atmo-

spheric model projection of future climate, Sakamoto

et al. (2005) suggest that increased atmospheric CO2

concentration would cause an acceleration of the KE

Current in response to basinwide wind stress changes

and recirculation adjustment. The wind control of fron-

tal-scale adjustment demonstrated here can help infer

changes in the KE jet in global warming scenario runs

in coarse-resolution models by using projected wind

changes, following the methodology in section 4.

6. Summary

We have analyzed a multidecadal hindcast by the

high-resolution, eddy-resolving OFES. Low-frequency

variability in SSH is concentrated on the KE front, and

may be characterized by two EOF modes. The first

mode represents a southward shift and to a lesser de-

gree, an acceleration of the KE jet in the early 1980s

that separates two quasi-steady periods before and af-

ter. The jump lags the wind shift associated with the

Aleutian low regime shift of 1976/77 by 4 yr (Nitta and

Yamada 1989; Miller et al. 1994). This time delay is

consistent with the baroclinic Rossby wave adjustment

to wind change (Miller et al. 1998; Deser et al. 1999; Xie

et al. 2000; Seager et al. 2001). The second EOF mode

represents intensity variations in the KE jet and dis-

plays quasi-decadal oscillations. These OFES modes

compare remarkably well with satellite altimeter and

XBT observations in both spatial structure and tempo-

ral evolution, rendering the OFES hindcast a valuable

dataset to study variability in other inertial jets (e.g., the

Gulf Stream) and its mechanisms.

The spatial structure of EOF modes in OFES and

satellite altimeter observations is narrowly trapped

along the KE jet, in contrast with that of the linear

Rossby wave response to broadscale wind forcing. But

paradoxically, the linear Rossby wave model repro-

duces quite well the leading principal components in

the OFES hindcast and satellite observations. As a so-

lution to this paradox, we suggest that the broadscale

Rossby waves trigger frontal-scale adjustment upon ar-

riving in the KE region in the northwestern Pacific east

of Japan. We separate OFES variability into meridion-

ally broad- and frontal-scale components. The broad-

scale component indeed resembles the linear Rossby

wave response to wind variability while the frontal-

FIG. 12. (a) First and (b) second EOFH (solid line; same as in Fig. 7a, solid line), along with the sum of the

corresponding EOFR and EOFC (dashed). Subscripts R, C, and H denote the linear Rossby wave model, the

climatological run, and the hindcast run, respectively.
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scale variability bears a remarkable similarity to intrin-

sic modes of the climatological run in spatial structure

but is in sync with the broadscale component in time,

consistent with the above hypothesis. Free of wind

changes in the climatological run, the intrinsic modes of

variability feature meridionally narrow, zonally elon-

gated recirculation/jet structures near the KE and

Oyashio Extension jets in space, and display decadal

time scales. Regarding the internal variability versus

wind forcing debate between the two schools as dis-

cussed in the introduction, our results suggest that the

wind-forced Rossby waves control the time series of the

FIG. 13. (a) PC-1 and (b) PC-2 for the broadscale (solid) and frontal-scale (dashed) SSH variability in the

hindcast.

FIG. 14. OFES prediction from January 2000 (blue), obtained by projecting the zonally averaged SSH anomalies

in the prediction run onto the EOFTP-1. Superimposed as validation are PCs-1 for the OFES hindcast (red) and

satellite altimeter observations (black).
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KE variability while internal modes of variability are

key to the spatial reorganization of wind-forced vari-

ability in the recirculation/inertial jet system.

Subsurface variability exerts a strong influence on

SST in the KE and Oyashio Extension (Latif and Bar-

nett 1994; Xie et al. 2000; Qiu 2000; Seager et al. 2001;

Schneider et al. 2002; Nonaka et al. 2006). Recent sat-

ellite observations show that SST variability in the re-

gion affects local wind and clouds through the atmo-

spheric boundary layer adjustment (Nonaka and Xie

2003; Xie 2004; Tokinaga et al. 2006). An outstanding

question is whether, and how, oceanic low-frequency

variability found in this study induces a large-scale re-

sponse in the atmosphere. In this regard, Tanimoto et

al. (2003) reported systematic changes in the storm-

track activity and its feedback forcing onto the Pacific

North American pattern associated with decadal SST

anomalies in the KOE region, a finding consistent with

a hypothesis that oceanic fronts maintain baroclinicity

in the atmospheric boundary layer and thereby influ-

ence storm-track activity (Inatsu et al. 2003; Nakamura

et al. 2004). To further explore this possible large-scale

atmospheric adjustment, numerical experiments using

high-resolution atmospheric models (Ohfuchi et al.

2004, 2005; Taguchi 2006) are ongoing. Although this

study focuses on KE variability, it is also important to

study Oyashio Extension variability, which is largely

out of sync with the former and accompany larger SST

anomalies that may influence the atmosphere (Nonaka

et al. 2006). Another important line of research is to

extend our study of physical variability to ecosystem

response and explore its predictability.
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