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ABSTRACT

A series of zonal currents in the Pacific Ocean is investigated using eddy-permitting ocean general
circulation models. The zonal currents in the subsurface are classified into two parts: one is a series of broad
zonal flows that has the meridional pattern slanting poleward with increasing depth and the other is
finescale zonal jets with the meridional scale of 3°–5° formed in each broad zonal flow. The basic pattern
for the broad zonal flows is similar between the coarse-resolution model and the eddy-permitting model and
is thought to be the response to the wind forcing. A part of the zonal jets embedded in each zonal flow is
explained by the anomalous local wind forcing. Most of them, however, seem to be mainly created by the
rectification of turbulent processes on a � plane (the Rhines effect), and zonal jets in this study have
common features with the zonally elongated flows obtained in previous modeling studies conducted in
idealized basins. The position of zonal jets is not stable when the ocean floor is flat, whereas it oscillates only
within a few degrees under realistic bottom topography.

1. Introduction

The interior currents far from the western coast at
middepth are characterized by a series of zonal flow,
which is revealed by various tracer fields (e.g., Reid
1997; Lupton 1998) and float displacements (Davis
1998; Hogg and Owens 1999). Nakano and Suginohara
(2002, hereinafter NS02) obtained such zonal flows in
the Pacific Ocean that roughly correspond to the ob-
servation by using a 1° � 1° ocean general circulation
model (OGCM), arguing that the flows are the re-
sponse of the ocean to the gyre-scale wind forcing.

By using eddy-permitting models, Treguier et al.
(2003, hereinafter TR03) obtained two types of series
of zonal currents at middepth in the Brazil Basin, which
differ in the meridional scale. The large-scale pattern of
the zonal flows obtained in the models is consistent
with the observed data derived from the float displace-
ment (Hogg and Owens 1999). They concluded that the
large-scale zonal flows are primarily the response to
wind stress forcing, being consistent with the zonal flow
in the Pacific obtained by NS02. Origins of the finer-

scale zonal currents are not clearly understood,
whereas the baroclinic instability is suggested as a pos-
sible mechanism. Following TR03, hereinafter the
finer-scale zonal currents are mentioned as “zonal jets”
to avoid confusion and the term “zonal flows” is used
for the broad zonal currents.

It is widely known that the rectification of turbulent
processes on a � plane can create a zonally elongated
structure that is typically barotropic (Rhines 1977;
hereinafter referred to as the Rhines effect). Cox
(1987a, hereinafter Co87) obtained zonally elongated
structures, which correspond to the zonal jets, in an ide-
alized 0.4° � 1⁄3° model. The meridional scale of the jets
is consistent with the Rhines wavelength, k� � ��/U,
where � is the meridional gradient of the Coriolis pa-
rameter and U is rms velocity. The modeled basin-scale
zonally elongated barotropic bands oscillate at low fre-
quencies (1–4 yr). By introducing irregular topography
into the Co87 model, Böning (1989, hereinafter Bo89)
obtained a similar series of alternating eastward and
westward currents with the meridional scale of about
200 km in a low-pass filtered field in the meridional
section. They showed that the zonally elongated bands
share some common features with those described by
the Rhines effect. Spall (2000) addressed the genera-
tion of strong mesoscale variability by instability of the
large-scale circulation in the interior of oceanic gyres.
He demonstrated that the weakly sheared meridional
flows typical of the interior of wind-driven gyres could
generate very strong mesoscale variabilities.
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TR03 turned down the Rhines effect as the origin of
the zonal jets in the deep interior of the Brazil Basin
owing to the fact that the eddy kinetic energy is very
low and the estimated Rhines scale is much smaller
than the meridional scale of the zonal jets. It does not,
however, necessarily mean that the zonal jets in the
North Pacific are not related to the Rhines effect. In
fact, in the North Pacific models we have obtained sev-
eral features similar to those found in the models of
Bo89 and Spall (2000). The main purpose of this study
is to investigate the possible origin of the zonal jets in
an eddy-permitting model of the North Pacific.

This paper is organized as follows. In section 2, the
model and forcing field used in this study and experi-
mental design are outlined. In section 3, we show that a
large-scale zonal flows at middepth in eddy-permitting
models agree in general with that obtained in the coarse
resolution model. Then the characteristics of zonal jets
are investigated mainly with regard to the Rhines effect
in the initial stage and spunup state. Several sensitivity
experiments are also used to investigate the possible
mechanism of the zonal jets. Section 4 presents a sum-
mary and discussion.

2. Model description

We use the free-surface version of the Center for
Climate System Research (CCSR) Ocean Component
model (COCO) for calculation. The model solves the
primitive equations on a spherical coordinate system.
The model has harmonic isopycnal diffusion with weak
background biharmonic horizontal diffusion. A high-
accuracy tracer advection scheme is incorporated and
its performance is described by Hasumi and Suginohara
(1999). In the momentum equations, an enstrophy con-
serving scheme (Ishizaki and Motoi 1999) and bihar-

monic friction with a Smagorinsky-like viscosity (Grif-
fies and Hallberg 2000) are applied. These schemes,
especially the Smagorinsky-like viscosity, enable meso-
scale eddies in the eastern portion of the basin and
especially in the abyssal shadow region to survive while
efficiently damping vorticity along the strong western
boundary current. We adopt Pacanowski and Philan-
der’s (1981) parameterization for the vertical diffusivity
with Tsujino et al.’s (2000) vertical diffusivity as the
background value.

The control experiments are performed using three
models of different resolution. The horizontal resolu-
tion is 1° � 1°, 1⁄3° � 1⁄3°, and 1⁄4° (in longitude) � 1⁄6° (in
latitude), called PCF1, PCF3, and PCF6, respectively.
The coefficient of the biharmonic friction depends on
the horizontal grid spacing of the models and is con-
trolled by a single parameter (Griffies and Hallberg
2000). We use the same parameter of 2.0 for the cases
PCF1, PCF3, and PCF6. The same coefficients are ap-
plied in the cases PCF1, PCF3, and PCF6 for the iso-
pycnal and horizontal biharmonic diffusivity, and they
are 1.0 � 103 m2 s�1 and 1.0 � 1010 m4 s�1, respectively.
There are 54 levels in the vertical with the grid spacing
of 5 m at the surface and 400 m near the bottom. The
model domain spans from 120°E to 75°W zonally and
from 15°S to 60°N meridionally (Fig. 1). Accordingly,
the Indonesian Throughflow is not included. At the
southern boundary, a no-flux condition is applied and
temperature and salinity are restored to the annual-
mean climatology of Levitus and Boyer (1994) and
Levitus et al. (1994). Sea surface forcing is derived from
the monthly mean of the surface flux climatology com-
plied by Röske (2001), which is based on the European
Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis data. The data are provided on a
Gaussian grid with T106 truncation, which corresponds

FIG. 1. Model domain and geometry. Contour intervals are 500 m.
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to a resolution of 1.125° � 1.125°. The surface flux
includes freshwater flux, but, in addition, the sea sur-
face salinity is weakly restored to the monthly mean
value of Levitus et al. (1994) with a damping time of 100
days to avoid a long-term drift from the climatology.
These forcings are interpolated on the model grids by
using a two-dimensional spline interpolation.

The model initial value is derived from Levitus and
Boyer (1994) and Levitus et al. (1994). The time step of
the case PCF6 is 0.24 h for the baroclinic part and 0.004
h for the barotropic part. The cases PCF6, PCF3, and
PCF1 are integrated for 58, 47, and 40 years, respec-
tively. Though these periods do not appear to be suffi-
ciently long for the adjustment to wind forcing, some of
the higher modes may not be fully adjusted; yet the
higher-mode response is efficiently damped before it
reaches the western boundary (e.g., NS02).

We perform three additional sensitivity experiments
using the configuration of the case PCF6. The influence
of the small-scale variation in the wind forcing is inves-
tigated by applying a wind forcing that varies sinusoi-
dally with latitudes whose wavelength is 40° (case
PCF6sine). The forcing used in the case PCF6sine is
shown in Fig. 2. It is integrated for 40 years from the
same initial state. The effect of topography is examined
by comparing the case PCF6 with an experiment con-
ducted in the different topography where the ocean
bottom deeper than 150 m is set to 4670 m. This ex-
periment is referred to as the case PCF6flat and inte-
grated for 45 years. In addition, to examine the effect of
the small-scale topography, a 10-yr calculation is per-
formed from the 52d year of the case PCF6 by using
topography without the Emperor Seamounts and the
Hawaiian Islands (case PCF6seamounts), where the
ocean floor within 12°–51°N, 164°E–150°W is set to
5050 m. For each experiment, the last 5-yr mean is dis-
played for the averaged field.

3. Result

a. General description

In this study, we will concentrate on the zonal veloc-
ities at middepth. The representation of western
boundary currents, however, has been one of the major
topics in recent modeling studies using eddy-permitting
and eddy-resolving OGCMs (e.g., Smith et al. 2000).
Before going into zonal currents, we briefly compare
the average and variability of sea surface height (SSH)
in the east of Japan for the cases PCF1, PCF3, and
PCF6 with Ocean Topography Experiment (TOPEX)/
Poseidon altimetry data (Fig. 3). The performance of
the case PCF6 falls within the range of typical eddy-
permitting models regarding the separation of the
Kuroshio and the area of high SSH variability—see, for
example, Tsujino and Yasuda (2004). For case PCF6
and the observation, the steep SSH gradient corre-
sponding to the Kuroshio separates from the coast of

Japan at about 36°N and extends as far as the date line,
while it accompanies a strong unphysical standing eddy
just east of Japan for the case PCF3, or it does not
detach until as far as 40°N for case PCF1. The strength
and spatial distribution of the SSH variability for case
PCF6 are comparable with the observation, while the
area of strong variability is mostly confined to the west
of 150°E for case PCF3, or there is nearly no conspicu-
ous variability in this region for case PCF1.

1) HORIZONTAL FIELD OF ZONAL VELOCITY

Figure 4 shows the 5-yr mean horizontal field of the
zonal velocity at 1000 m for the cases PCF1, PCF3, and
PCF6. The depth of 1000 m is well below the main
thermocline for the entire region. The gyre-scale pat-
tern of zonal flows is nearly the same among the cases
PCF1, PCF3 and PCF6: eastward flow dominates the
area between 10°–15°N and 35°–45°N along 180°, and
the westward flow dominates between 15° and 30°N. In
addition, the PCF3 and PCF6 cases have a series of
zonal jets with the meridional scale of 3°–5° embedded
in the broad zonal flows. Zonal jets embedded in broad
zonal flows are also obtained in the simulation of the
deep Brazil Basin (TR03). The pattern and strength of
zonal jets are not significantly different between the
cases PCF3 and PCF6 south of 20°N, but north of 20°N
the PCF6 case has distinctly strong and clear zonal jets,
especially to the east of Japan. The pattern of the zonal
flows from the Philippines to Hawaii slightly shifts
northeastward and extends to the west coast of
America in case PCF1. This pattern is reasonable, con-
sidering the fact that Rossby waves are efficiently
damped during propagating from the eastern coast and
the wave speeds decrease with increasing latitudes.
However, Reid’s (1997) steric height map does not

FIG. 2. Zonally averaged wind stress for case PCF6sine (thick)
and for case PCF6 (dotted).
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show such a northeastward pattern but a nearly zonal
one at this depth. Contrary to the PCF1 case, both the
PCF3 and PCF6 cases show a nearly zonal pattern at
almost all latitudes except just east of Japan, where the
PCF6 and PCF3 cases have several strong zonal jets
associated with the Kuroshio Extension.

2) MERIDIONAL SECTIONS OF ZONAL VELOCITY

Figures 5a–c represent the meridional section of the
5-yr mean zonal flow along 180°. As a large-scale pat-
tern, the area where currents flow in the same direction
shifts northward with increasing depth in all cases. The
PCF1 case has slightly finer zonal flows in the meridi-
onal direction than NS02. This is primarily due to the
fact that the PCF1 case adopts relatively weaker hori-
zontal viscosity and diffusivity than NS02. In addition
to the large-scale zonal flows, the PCF3 and PCF6 cases
have zonal jets embedded in the slanting pattern, espe-
cially north of 30°N, that are also evident in the hori-
zontal map. The zonal jets significantly stretch verti-
cally compared with the zonal flows, indicating that the
considerable influence of the barotropic mode.

3) COMPARISON TO THE OBSERVATION ALONG
THE DATE LINE

Since the climatological atlas of Levitus and Boyer
(1994) and Levitus et al. (1994) apply smoothing of

more than 700 km, they do not have the signal of the
zonal jets with the meridional scale of 3°–5° found in
the case PCF6. Reid’s (1997) steric height map does not
show such finescale jets either. Recently, Roden (1998,
2000; hereinafter Ro98, Ro00, respectively) described
the zonal currents along 179°E based on high-
resolution measurements. Though this is only the one
time observation, we will make comparison with plate 1
of Ro98 and Fig. 5.

The two branches of subtropical countercurrent
(SCC) are found at 20° and 25°N with the velocity of 20
cm s�1 in Ro98. The southern branch of SCCs appears
in the cases PCF3 and PCF6, and the jet reaches as deep
as 1500 m in case PCF6. The northern branch of SCCs
appears at 24°N as a shallow jet confined above 200 m
between the strong westward flow in the cases PCF3
and PCF6. In case PCF1, the northern and southern
SCCs appear as a broad and shallow eastward flow.

The eastward current between 31° and 32°N in Ro98
is associated with the subtropical frontal current, which
can be traceable westward as far as Taiwan in some
observations (Nakamura and Kazmin 2003; Yuan and
Talley 1996). The PCF6 case also has such an eastward
jet at 32°N but the jet does not extend to Taiwan. The
Kuroshio Extension appears in Ro98 with a velocity
of more than 40 cm s�1 at 100 m around 35°N. The
PCF6 and PCF3 cases show the Kuroshio Extension at

FIG. 3. Standard deviation (shades) and mean (contours) of the sea surface height over a 5-yr period for cases (a) PCF1, (b) PCF3,
(c) PCF6, and (d) TOPEX/Poseidon altimetry data (after Kuragano and Kamachi 2000). Contours are 5-yr average sea surface height
and their intervals are 10 cm.
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FIG. 4. Five-year averaged zonal velocity (cm s�1) at 1000 m for cases (a) PCF1, (b) PCF3, and
(c) PCF6. Contour intervals are 2 cm s�1. Shade indicates westward velocity. Thick line in (c) shows
the location of the Emperor Seamounts.
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35°–38°N, but its velocity is less than 20 cm s�1, even for
case PCF6. The subarctic currents between 42° and
45°N are evident in Ro98, and the PCF6 case has such
jets between 40° and 44°N. The PCF3 case also has such
zonal jets though they are weak. South of the Aleutian
Arc, the Alaska stream is shown in Ro98. All of the
PCF1, PCF3, and PCF6 cases have such a jet, and the
strong westward jet is connected to Oyashio and trace-
able as far as Hokkaido in the horizontal map. There is
another eastward jet between the Alaska stream and

the northern subarctic currents in both case PCF6 and
Ro98. In general, the pattern and the location of the
zonal jets in case PCF6 agree with those of the observed
currents. Therefore, we believe that the modeled zonal
jets correspond to something in reality.

b. Linear response to the gyre-scale wind forcing

NS02 argued that Pacific middepth zonal flows are
the response to the surface forcing described in terms of
Rossby modes influenced by diffusion. The steady state

FIG. 5. Zonal velocity at 180° for cases (a) PCF1, (b) PCF3, (c) PCF6, and (d) linear solution. Contour intervals
are 2 cm s�1. Shade indicates westward velocity.
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of the linear shallow-water equation of each vertical
mode outside the western boundary layer is considered:
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where un and un are nth vertical mode of the zonal and
the meridional velocity; 	n is vertical displacement; g is
acceleration due to gravity; f is the Coriolis parameter;
N is buoyancy frequency; 
n, Hn, and cn are nth vertical
mode of the wind stress, the equivalent depth of ocean,
and the speed of gravity wave; k
 is the meridional
wavenumber of wind forcing; and K� and Kh are the
coefficients of vertical and horizontal diffusion. By us-
ing the boundary condition 	n � 0 at x � 0 (at the
eastern boundary), the solution of these equations is
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n). See NS02 for
more details.

Figure 5d shows the zonal flows using the analytical
solution (4) under the annually and zonally averaged
forcing. The figure is not drawn to the south of the 5°N
because the zonal currents are governed by the equa-
torial physics at these latitudes, as described by Mc-
Creary (1981). At lower latitudes, relatively higher
modes survive. The broad pattern of the zonal flow in
the cases PCF1, PCF3, and PCF6 seems to be largely
expressed by wind forcing as in the case of NS02. TR03
also reached the conclusion that wind forcing is a pri-

mary candidate for generating the broad zonal flows in
the Brazil Basin. On the other hand, the analytical so-
lution apparently does not reproduce the zonal jets with
the meridional scale of 3°–5°. The following discussion
focuses on the origin of these jets.

EFFECT OF SMALL-SCALE WIND-FORCING
VARIATION

When there is no diffusion and no viscosity and all
the vertical modes propagate from the eastern bound-
ary, the response to the wind forcing is confined to the
surface and the layer below the thermocline stands still.
The zonal flow appears below the surface layer when
Rossby waves of higher vertical modes are damped dur-
ing propagation from the eastern boundary and only
lower modes remain. Equation (4) indicates that, when
the spatial scale of the wind-forcing variation, inverse
of k
, is very small, the horizontal diffusion effectively
damps the higher baroclinic modes, but the barotropic
flow is not affected since barotropic velocity is much
faster than the baroclinic velocity. Thus, this may ex-
plain why the zonal jets extend below the thermocline.
The response to the gyre-scale wind forcing creates
weak flow below the thermocline since both the baro-
tropic and the gravest baroclinic modes arrive and ba-
sically cancel each other below the thermocline. For the
small-scale wind forcing, even the gravest mode is
strongly damped by the horizontal diffusion owing to
the large k
, leading to more barotropic flow. The
strength of the barotropic flow depends on the curl of
the small-scale wind forcing.

The effect of small-scale variability in wind forcing is
investigated by performing a sensitivity experiment
(case PCF6sine) that adopts a wind forcing changed
artificially. The wind forcing has a zonal component
only and varies sinusoidally with latitude; the wave-

FIG. 6. As in Fig. 4 but for case PCF6sine.
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length is 40° so as not to include any small-scale vari-
ability, but overall properties are the same as for the
PCF6 case (Fig. 2). Linear theory indicates that this
wind forcing cannot create the zonal jets with the me-
ridional scale of 3°–5°.

Figure 6 shows the zonal velocity for case PCF6sine.
There are series of zonal jets with the meridional scale
of 3°–5°, and their patterns are nearly the same to the
east of the date line and at low latitudes. The effect of
the small-scale variability in wind forcing appears in the
area 40°–50°N, 165°–180°E, where the most conspicu-
ous difference between the cases PCF6 and PCF6sine is
found. Though the PCF6 case has clear jets associated
with the subarctic fronts that extend from the east of
Japan to the date line at 1000 m, the PCF6sine case
does not have a strong zonal jet in this area at 1000 m.
Qu et al. (2001) found alternating zonal jets, including
the westward return flow to the north of the Kuroshio
Extension along 155°E. They calculated the vertically
integrated circulation using Hellerman and Rosen-
stein’s (1983) annual-mean wind stress curl and ob-
tained a local minimum of transport at 36°–40°N, sug-
gesting that such a western return flow is required by
the linear Sverdrup dynamics. Therefore, Fig. 6 also

indicates the importance of local stress curl for zonal
jets at these latitudes. The alternating zonal jets are,
however, found west of 165°W and east of the date line
in case PCF6sine at these latitudes, and weak patched
zonal jets are also noticed between them. Overall, aside
from some part of the subarctic currents and the coun-
tercurrents, the zonal jets are formed without small-
scale variations in the wind forcing.

c. Baroclinic instability and the Rhines effect

1) BAROCLINIC INSTABILITY

Spall (2000) examined the interior of the midlatitude
wind-driven circulation using an OGCM with an active
sponge layer in the westernmost region, demonstrating
that disturbance arising from instability of weakly
sheared meridional flow in the interior ocean can lead
to the state of fully developed geostrophic turbulence.
As done by TR03, we examine the growth rate and
structure of the most unstable mode for baroclinic in-
stability by using the southward interior flow in the
subtropics, assuming quasigeostrophy and that the
mean flow is spatially homogeneous. This estimation is
nearly identical to the method of Spall (1994). The spa-

FIG. 7. Five-day-average field of the strength of velocity (cm s�1) at 1000 m for (a) day 3 (average of days 1–5), (b) day 228
(226–230), (c) day 1093 (1091–1095), and (d) 3 Jan of year 53.
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tially averaged southward flow in the subtropical gyre
in the case PCF1 (10°–40°N, 160°E–140°W) is used for
the mean flow, assuming that the flow represents the
basic mean flow. The meridional flow is used since it is
unstable even when weakly sheared in the vertical di-
rection (e.g., Pedlosky 1987; Spall 1994, 2000). The
shear between Ekman layer and the interior is not in-
cluded for the calculation because the shear is only ef-
ficient for the surface-trapped mode (Beckmann et al.
1994).

The estimated most unstable mode in the eastern
North Pacific is oriented 70° to the zonal direction. The
growth rate and wavelength are 2 yr and 150 km and
the inclusion of zonal component does not lead to the
more intense instability. The instability is less intense
and its meridional scale is smaller when compared with
that of TR03 estimated in the deep Brazil Basin (136
days and 343 km). This is presumably due to the dif-
ference in vertical stratification and the vertical profile
of velocities. In the case of TR03, the wavelength of the
unstable mode and the meridional scale of the zonal
jets are comparable, and so the baroclinic instability is
a possible agent for the zonal jets. In the North Pacific,
since the wavelength of 150 km is smaller than that of
meridional zonal jets, it is rather difficult to consider
that the zonal jets are directly created by the baroclinic
instability.

2) INITIAL SETUP OF MESOSCALE EDDIES

Figure 7 displays the strength of velocity at the stage
of the initial setup. The first setup is the geostrophic
adjustment of velocity to the climatological density

field, usually taking a few days. Then, a small distur-
bance is found everywhere in the ocean interior. The
mesoscale eddies fill the area south of 20°N before day
228. The velocity reaches about 1 cm s�1 at 1000 m and
about 0.5 cm s�1 at 2500 m. The vertical structure is
nearly first baroclinic at that time. After 228 days, the
scale of eddies at 5°–20°N slightly decreases while the
velocity increases to about 2 cm s�1 at 1000 m. The
velocity reaches about 5 cm s�1 after day 1093.

The highest eddy activities are, in general, found near
the western and eastern boundary. Nevertheless, the
instability occurs even in the interior ocean. The scale
of the instability in the interior is smaller than the me-
soscale eddies formed in other places of high eddy ac-
tivity. Mostly starting from the western region and
partly from the eastern boundary, the central region is
occupied by numerous mesoscale eddies. The interior
of the eastern half of the subtropical and subpolar gyre
remains nearly free of mesoscale eddies after day 1093.
Figure 7d shows the 5-day mean velocity at 1000 m after
52 years. Now eddy activities spread into the area be-
tween 20° and 50°N and between 180° and 150°W. The
areas of 30–50°N, 160°–140°W and 10°–20°N, 140°–
120°W are still free of large-eddy activities. The overall
characteristics of the eddies are not so different from
those at the third year.

The time series of the power spectrum of the zonal
velocity shows typical evolution of geostrophic turbu-
lence in the interior region (Fig. 8). The geostrophic
adjustment to the highly smoothed initial state leads to
the peak at the lowest wavenumbers (day 3). At day 48,
the higher wavenumber portion gains the energy. At
day 228, the peaks appear in higher wavenumber por-
tion, in particular near the wavelength of about 100 km.
This is consistent with the linear theory of baroclinic
instability. After day 228, the energy cascades up to a
larger scale and the peak reaches the wavelength of
about 300 km in day 1093. The spectrum of day 1093 is
not so different from year 52–57, as the wind-driven
circulation is spun up by then. Using an rms velocity of
5 (10) cm s�1, the Rhines wavelength is 300 (430) km,
which roughly agrees with with the dominant length
scale in the model. This result is consistent with the
scenario of Spall (2000).

Co87 obtained the zonally elongated pattern that
crosses the entire basin in a low-pass-filtered field
where the variation of periods shorter than about 4
months is removed. He concluded that the formation of
the zonal jets is consistent with the Rhines effect. Bo89
obtained a series of zonal jets with meridional size
about 4° in the meridional section. Since the obtained
zonal jets are generally similar, we could consider that
they are essentially governed by the same physics as in
this study. The most striking difference is the fact that
zonal jets in case PCF6 are evident, even in the 5-yr
mean field, whereas such zonal jets are not obtained by
Co87 and Bo89 in a 6-yr mean field but are only found

FIG. 8. Evolution of power spectrum of zonal velocity at 1000 m
between 10° and 50°N from day 3 (average of days 1–5), day 48
(46–50), day 228 (226–230), day 1093 (1091–1095), and years 52–
57. Ensemble average is taken by sampling the date at every 1°
between 160°E and 160°W. The spectra between years 52 and 57
are calculated by averaging for the last 5 yr after calculating the
5-day mean spectra (Sukoriansky et al. 2002).
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in the low-pass-filtered field. The difference may arise
from the introduction of realistic topography.

d. Effect of topography

Figure 9a shows the zonal velocity at 1000 m aver-
aged for the last year of case PCF6flat. As in case PCF6,
a series of zonal jets is clearly found, but the pattern is
somewhat changed. The zonal jets tilt slightly to the
northwest–southeast direction in case PCF6flat, while
in case PCF6 the tilt is slightly to the southwest–
northeast direction. The meridional scale of zonal jets
becomes a little smaller than that of case PCF6. In case
PCF6flat almost all of them basically extend from the
eastern coast to the western coast to the north of 30°N,
while in case PCF6 the zonal jets show a discontinuous
pattern, especially between 160°E and 180° along the
Emperor Seamounts. The meridional section of case

PCF6flat does not show significant difference above
2000 m except that they have a smaller meridional scale
(Fig. 10). The PCF6 case has a fragmented pattern of
the zonal velocity below 2000 m due to topographic
details, but the PCF6flat case does not.

Figure 11 shows the time series of zonal jets along the
date line at 1000 m for the cases PCF6 and PCF6flat.
The zonal jets of case PCF6flat sometimes merge with
the neighboring jets in the same direction and form a
broad zonal current. The broad jets do not persist for a
long time and they usually split within one month.
These mergers and splits occur at about 2-month inter-
vals. On the other hand, such a merger seldom occurs in
case PCF6. Though they show seasonal and interannual
oscillation, zonal jets in case PCF6 north of 30°N re-
main nearly in the same position. In case PCF6flat, in
addition to the merge, the overall pattern to the south

FIG. 9. Zonal velocity (cm s�1) at 1000 m for case PCF6flat averaged over (a) the last 1 yr and
(b) the last 5 yr. Contour intervals are 2 cm s�1. Shade indicates westward velocity.
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of 42°N gradually shifts southward with each jet keep-
ing nearly the same distance from neighboring jets. Ac-
cordingly, the 5-yr average field shows somewhat ob-
scure zonal jets (Fig. 9b); that is, part of the zonal jets
cancel each other during the 5 years. Nevertheless,
there remain relatively strong zonal jets with velocity of
more than 2 cm s�1 north of 42°N in the central and
western Pacific in case PCF6flat. This is the area where
the difference between the cases PCF6 and PCF6sine is
large, suggesting that the effect of local wind forcing is
strong in this area.

The effect of topography in the time series of zonal
jets is especially apparent for the Kuroshio Extension.
The Kuroshio Extension in case PCF6 is confined to a
narrow band and its path extends as far as 180° (Fig.
3c). On the other hand, in case PCF6flat, the strongest
current flowing south of Japan, which is referred to as
the Kuroshio in case PCF6flat, separates unrealistically
south of Japan (Fig. 12). The other part of the Kuroshio
separates east of Japan but its eastward extension is
limited in comparison with that in case PCF6 (Fig. 9b).
There are nearly no fronts far east of Japan and the
zonal jets tend to oscillate in a broad area (Fig. 11b).
The main cause for this difference seems to be the to-
pography south of Japan. In the realistic topography,
the Kuroshio must flow through the narrow gap in the
Izu Ridge, and this may be critical for the realistic sepa-
ration of the Kuroshio and the regulation of the Kuro-
shio Extension. Hurlburt et al. (1996) also displayed
that the Izu Ridge, Izu Trench, and seamounts up-
stream and downstream of these topographic features
have a profound influence on the mean path of the
Kuroshio and its meandering. The Kuroshio Extension
in their model does not follow a steady or realistic path
when the bottom topography is removed.

Do other topographic features influence the zonal
jets? The Hawaiian Islands and the Emperor Sea-
mounts stand out among the topography between 20°
and 50°N where zonal jets are conspicuous. In fact, part
of the zonal jets in case PCF6 shows a discontinuity
along the Emperor Seamounts (Fig. 4c). It may be pos-
sible that zonal jets are created by being constrained by
many gaps between the islands and the seamounts. Al-

though these topographic features, except for the Ha-
waiian Islands, do not reach above 1000 m, the topog-
raphy may block the zonal jets by interacting with the
eddies around them. Ro00 actually reported a large
influence of the Emperor Seamounts on the zonal cur-
rents near the date line. TR03 demonstrated that some
of the zonal flows are related to the gaps in the Mid-
Atlantic Ridge Systems, by displaying that the change
of topography leads to a change in the zonal currents.

Figure 13 shows the zonal jets in the experiment
without the Hawaiian Islands and the Emperor Sea-
mounts (case PCF6seamounts). The zonal jets do not
show a discontinuity across the Emperor Seamounts
and flow straight in the case PCF6seamounts as in case
PCF6flat, showing the influence of the Emperor Sea-
mounts on the zonal jets at least in the vicinity of them.
The pattern of zonal jets in the overall Pacific is, how-
ever, basically the same except for the change just near
the Emperor Seamounts. This indicates that they can-
not be the key factor to create the zonal jets with the
meridional scale of 3°–5°.

There are several fracture zones nearly zonally
aligned, such as the Mendocino Fracture Zone at 40°N
in the eastern Pacific. However, their depths are around
4000 m and should have little impact on the zonal flow
at 1000 m. Though the position of individual eddies is
influenced by topographic features, which is also shown
by Bo89 and Hurlburt et al. (1996), the effect of these
individual topographic features on the annual-mean
zonal jets do not seem to be significant in this study
except in the vicinity of boundary currents.

4. Summary and discussion

Below the thermocline a series of zonal flows is cre-
ated in eddy-permitting models. In meridional sections,
distribution of the global-scale zonal flows shows that
the pattern slants poleward with increasing depth. The
basic pattern for the zonal flows obtained in the differ-
ent resolution models is the same and is largely consis-
tent with observations. When the resolution becomes
higher, however, there appears a series of zonal jets

FIG. 10. Zonal velocity at 180° for case PCF6flat averaged for the last 5 yr. Contour intervals are 2 cm s�1. Shade
indicates westward velocity.
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FIG. 11. Time series of zonal velocity (cm s�1) along 180° at 1000 m for cases (a) PCF6 and (b) PCF6flat.
Contour intervals are 2 cm s�1.
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with a meridional scale of 3°–5° in each broad zonal
flow. The zonal jets stretch vertically as compared with
the broad zonal flow that slants northward with increas-
ing depth. Though some of the zonal jets, such as part
of the Arctic frontal currents, are explained by the lin-
ear response to the local wind stress, other zonal jets
are formed without small-scale variation in the wind
forcing and presumably are created by the Rhines ef-
fect. This is partially confirmed by the fact that the jets
are formed as a consequence of the developed geo-
strophic turbulence that has a spectral peak at the
Rhines scale. In this study, we could not show conclu-

sive evidence that they are created by the Rhines
theory. This is investigated in another study and the
resemblance of zonal jets in the ocean and zonal jets on
giant planets is being clarified (Galperin et al. 2004).

As in the case of Co87 the zonal jets tend to oscillate
vigorously in the meridional direction without topogra-
phy. The zonal jets of the case PCF6flat repeat mergers
and splits with neighboring jets at time scales of less
than a month. On the other hand, such mergers seldom
occur for the zonal jets in case PCF6. The jets remain
nearly in the same position. This is particularly evident
for the Kuroshio Extension. The Kuroshio Extension in

FIG. 12. As in Fig. 3 but for case PCF6flat.

FIG. 13. As in Fig. 4 but for case PCF6seamount.
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case PCF6flat does not have a clear front and fixed
position, while that in case PCF6 has a strong front that
extends as far as the date line. The main cause of this
difference may be the influence of the topography
south of Japan, which is consistent with the results of
Hurlburt et al. (1996). As Ro00 reported, the Emperor
Seamounts also has an influence on the zonal jets
around them. However, the experiment without the
Emperor Seamounts does not cause the overall differ-
ence in the zonal jets, except for the vicinity of the
Emperor Seamounts.

Though it is possible that characteristics of zonal jets
are influenced by the particular choice of model param-
eterization and surface forcing, similar zonal jets with
the meridional scale of 3°–5° below the main ther-
mocline are found in another OGCM developed inde-
pendently at the Meteorological Research Institute (I.
Ishikawa 2003, personal communication). The horizon-
tal resolution of the model is the same as the PCF6 case
but adopts a constant biharmonic viscosity while the
PCF6 case uses a Smagorinsky-like viscosity. The wind
forcing used in this model is derived from the National
Centers for Environmental Prediction (NCEP)–
National Center for Atmospheric Research (NCAR)
reanalysis data, while our study is from the ECMWF
reanalysis data. This model reproduces a realistic Kuro-
shio separation and was used for investigating the for-
mation and circulation of mode waters in the subtropi-
cal North Pacific (Tsujino and Yasuda 2004). There-
fore, we believe that these zonal jets are a robust result,
at least for eddy-permitting z-coordinate OGCMs.
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