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Motivated by an analysis of a satellite sea surface temperature image suggesting that
a train of extra-tropical cyclones induces amplification of the Kuroshio meander, a
regional Kuroshio/Oyashio general circulation model was used to investigate the im-
pact of high-frequency wind on the Kuroshio path variations. Near Japan, the stand-
ard deviation of the wind stress curl can be 10 times larger than the monthly mean, so
the synoptic variations of the wind stress curl cannot be neglected. With the bimodal
Kuroshio case realized in the model, sensitivity tests were conducted using monthly
and daily mean QuikSCAT-derived wind stress forcings. The comparison showed that
the high-frequency local wind perturbed the Shikoku recirculation gyre (SRG) and
caused a transition of the path from straight to meander. The strong anticyclonic
eddy within the SRG triggered the meander in the latter case. The high-frequency
wind perturbed the motion of the eddy that would have otherwise detached from the
Kuroshio, migrated south and terminated the meandering state. The result reinforces
the suggestion from previous studies that the anticyclonic eddy within the SRG plays
an active role in controlling the Kuroshio path variations.

suggests that both straight and meander paths are possi-
ble at intermediate transports, and the transition between
the paths occurs as a hysteresis when the transport
changes. However, recent modelling studies suggest that
the transition between straight and meander paths occurs
even with relatively small change in the Kuroshio trans-
port (Hurlburt et al., 1996; Akitomo et al., 1997; Qiu and
Miao, 2000). It is known that the seasonal variation of
the Kuroshio transport is much smaller than expected from
the Sverdrup transport (Kagimoto and Yamagata, 1996;
Imawaki et al., 2001a), and the observed interannual vari-
ation of the Kuroshio is relatively small, too (Kawabe,
1995; Imawaki et al., 2001b). These recent findings of
relatively constant Kuroshio volume transport suggest that
the Kuroshio’s basic state is almost always bimodal.

The active role of an anticyclonic eddy within the
Shikoku recirculation gyre (hereafter SRG) in causing the
Kuroshio to transition between straight and meandering
path states has been discussed recently on the basis of
both observation and numerical experiments. Ebuchi and
Hanawa (2000), Mitsudera et al. (2001), and Waseda et
al. (2003), showed that a strong anticyclonic eddy exists

1.  Introduction
The Kuroshio has been extensively studied in the past

not only because of its significance in transporting mass
and heat but because of its unique dynamical feature south
of Japan; the current takes two preferred paths, one
straight and one meandering (Masuda, 1982; Kawabe,
1985). Early theoretical work based on stationary Rossby
waves with topographic constraint on the eastern and the
western ends suggested that the meander path occurs at
low-volume transport and the straight path at high-vol-
ume transport (White and McCreary, 1976; Yasuda et al.,
1985). However, later studies indicated otherwise, and it
is now generally recognized that the low-volume trans-
port results in a straight path while the high volume trans-
port results in a meander path (Chao, 1984; Yasuda and
Yoon, 1987; Akitomo et al., 1991). The theoretical work
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within the SRG and actively interacts with the Kuroshio,
causing its amplitude to oscillate as the eddy rotates within
the SRG. As other studies have shown, this anticyclonic
eddy originates from south and east of the SRG, suggest-
ing that an external forcing can trigger the transition of
the Kuroshio path (Akitomo et al., 1991; Endoh and
Hibiya, 2001; Mitsudera et al., 2001; Waseda et al., 2002;
Ebuchi and Hanawa, 2003). Throughout this paper, we
view the Kuroshio system from a regional perspective
where the inflow and outflow of the domain of interest
are specified. “External” refers to perturbations that origi-
nate from outside the domain or from surface flux. Far
less attention so far has been given to the possibility of
the local wind as an external forcing, and we have con-
ducted numerical experiments using satellite-derived
high-frequency wind stress to investigate this possibil-
ity.

This study was originally motivated by an analysis
of the AVHRR image by Nishimura (Fig. 1(a))
(Nishimura, 1998), who observed in April 1983 that a
series of extra tropical cyclones passed through Japan and
coincided with a sequence of cyclonic eddy shedding from
the Kii peninsula inshore of the Kuroshio (Fig. 1(b)).
Nishimura further suggests that these cyclonic eddies
eventually merge as a result of inverse cascading, enlarg-
ing the cyclonic circulation inshore of the Kuroshio and,
eventually, the Kuroshio meanders. He suggests that the
eddy shedding was caused by resonance of the external
atmospheric forcing and the ocean at about 5-day inter-
vals. However, he did not show how the atmospheric forc-
ing excited the flow shedding at the Kii peninsula.

Our previous study (Waseda et al., 2003) using a re-
gional GCM suggested that the shedding of the cyclonic
eddy at the Kii peninsula can be caused when the anticy-
clonic eddy within the SRG approaches the Kii peninsula
(Fig. 2). When the anticyclonic eddy approaches the Kii
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Fig. 1.  a) AVHRR image showing shedding of cyclonic
vorticities from the Kii peninsula; b) Schematic of the cy-
clonic eddy shedding from the Kii peninsula, Both are
adopted from Nishimura (images obtained from http://
www.rs.noda.tus.ac.jp/~kaiyou/eddy.htm).

Fig. 2.  Eddy shedding at the Kii peninsula from the numerical simulation. C1 and Cs represents cyclonic eddies that appear
inshore the Kuroshio. Contours are sea surface elevation; c.i. 0.1 m.
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peninsula, cyclonic eddies are shed inshore of the
Kuroshio (eddy C1 is shed first at day 120 and eddy Cs is
shed at day 125), and eventually merged (see Waseda et
al. (2003) for detailed description). This result suggests
that the shedding of the cyclonic eddies at the Kii penin-
sula may be a result of the interaction of the anticyclonic
eddy in the SRG and the Kuroshio.

The objective of the current research is to investi-
gate the impact of high-frequency, high-wavenumber wind
stress forcing on the Kuroshio path at its bimodal state.
Such impact has not been thoroughly investigated in the
past despite recognition of strong wind stress variability
in the vicinity of the Kuroshio south of Japan. Further-
more, because of the large subdiurnal variability of the
wind system, the magnitude of the daily wind stress de-
rived from the daily wind speed may not have been ap-
propriate in the previous studies because of i ts
nonlinearity. In the following sections we first describe
the nature of the wind stress near Japan and compare
QuikSCAT-derived wind stress, climatological wind stress
and numerical weather prediction model wind stresses in
Section 2. We then describe the numerical setting and
present the experimental results using QuikSCAT-derived
wind stress forcing in Section 3. The focus is on the role
of the anticyclonic eddy within the SRG and how that is
influenced by high-frequency wind forcing. The conclu-
sion follows.

2.  Wind Stress near Japan
We have compared different wind and stress prod-

ucts in the Kuroshio/Oyashio/Extension region (120°E–
170°E, 25°N–55°N): the QuikSCAT-derived gridded wind
and stress (J-OFURO, 1 × 1 degree, daily)*; the ECMWF
operational wind and stress (~1.125 degree, daily)**; and
the Hellerman-Rosenstein wind and stress. The annual
mean wind stresses compare well with each other, as
shown in the scatter digaram (Fig. 3). The wind speed
histograms of the ECMWF operational wind and the
QuikSCAT-derived wind during 2000 and 2001 were

*J-OFURO: Japanese Ocean Flux data sets with Use of
Remote sensing Observations. The gridded wind-stress and wind
vectors were obtained using QuikSCAT level 2 data and the
bulk method based on Large and Pond (1981). The period cov-
ered is from July 1999 through 2001, the spatial resolution is
1.0 degree by 1.0 degree and the temporal resolution is daily.
Details of the construction procedure are described in
Kutsuwada (1998) and Kubota et al. (2002).

**Distributed as ECMWF TOGA Global Advanced Op-
erational Surface Analysis and ECMWF TOGA Global Sup-
plementary Fields respectively. Their description, as well as
the evolution of the ECMWF forecasting system for the period
1985 to the current day can be obtained from the ECMWF web
page (http://www.ecmwf.int/products/data/).

nearly identical (not shown). The means are therefore
consistent among these products.

For the dynamics of the ocean, the variation of wind
stress curl is the most significant measure of the high-
frequency wind perturbation. Because of the variability
associated with the passage of fronts and extra-tropical
cyclones, the standard deviation of the wind stress curl is
an order of magnitude larger than the mean (Fig. 4). Time
variations of the curl would then have intermittent spikes
riding on top of a slowly varying seasonal cycle which is
an order of magnitude smaller than the spikes associated
with synoptic events (Fig. 5). The peak value of the wind
stress curl is on the order of 1.0 × 10–6 kg m–2s–2 which is
equivalent to about O(10–3) cm s–1 Ekman pumping ve-
locity, to about O(0.1) cm s–1 in horizontal velocity if we
consider the ratio of the horizontal and the vertical scales
to be about 100. This is approximately 1/1000 of the maxi-
mum velocity of the Kuroshio current, and randomly per-
turbs the current assuming that the synoptic wind field is
uncorrelated with the underlying ocean.

In addition to such synoptic scale (~days) variations,
temporal changes shorter than the diurnal cycle due to
the propagating gravity waves, deep convection, and
boundary layer turbulence can be crucial factors in de-
riving wind stress from wind speed because of the
nonlinearity of their relation. We now proceed to analyze
the ECMWF product to investigate the significance of
wind stress variations of less than a day. Typically, the
wind stress is derived from the wind speed using a bulk
formula

τ = ρCD|U|2 (1)

where CD itself is a function of wind speed. Since both
CD and U have temporal variations shorter than the diur-
nal cycle, the daily averaged stress is larger than the stress
derived from daily averaged wind speed

〈ρCD|U|2〉  > ρCD〈 |U|〉2 (2)

where < > represents a daily average. To evaluate the
impact of the temporal variations of less than a day, we
estimated the ratio of the left-hand-side term to the right-
hand-side term of (2) as an indicator; I ≡ 〈ρCD|U|2〉 /
ρCD〈 |U|〉 2.

The analysis revealed that the daily averaged wind
stress is about 25% larger than the wind stress derived
from daily mean wind speed (Fig. 6). In this analysis we
have used the drag coefficient suggested by Yelland and
Taylor (1996) which is essentially the same as that of
Large and Pond (1981) and is quite consistent with the
ECMWF parameterization, as documented by Bonekamp
et al. (2002); see their figure 9. The effective increase of
wind stress by daily averaging is a rather surprising re-
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depended only on friction velocity but after 1998 it also
depends on the wave age (ratio of the wave phase speed
to the wind speed). Indeed the wind-wave parameters also
show a strong seasonal cycle (plot not shown), suggest-
ing that the additional variation of the wind stress can
come through changes of the drag coefficient due to wave
age. Therefore, the turbulence in the atmospheric bound-
ary layer is enhanced due to sea surface roughness vari-
ability induced by wind wave.

In summary, it is crucial to pay more attention to the
impact of high-frequency wind forcing at both synoptic
and turbulence time scales when forcing an ocean model,
and the stress should not be estimated from daily mean
wind. We therefore chose to use the J-OFURO product,
which provides the daily mean wind stress as an average
of the stresses in a time-space ellipsoid rather than deriv-
ing wind stress from mean wind vector.

Fig. 3.  Scatter diagram comparing mean wind stresses from Hellerman-Rosenstein (H), ECMWF operational wind (E) and
QuikSCAT derived wind (Q). The units are N m–2. Left: abscissa, H; ordinate E. Center: abscissa, H; ordinate Q. Right:
abscissa, E; ordinate, Q.
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Fig. 4.  Mean and the standard deviation of the wind stress curl in the Kuroshio, the Oyashio and the Extension regions. Right
panel shows the standard deviation, which is an order of magnitude larger than the mean field shown in the left panel (note
that the color scales are different; the unit is N m–3).

sult since contribution from sub-diurnal variation is typi-
cally not taken into consideration in ocean modelling (see
e.g. Jones and Toba (2001)). It is also worth noting the
strong seasonal cycle (50% peak to trough) of this index
I. During the winter, the mean wind speeds and the asso-
ciated variability are much higher than during the sum-
mer in the KOE region. This is probably the reason for
the strong seasonal cycle of the index I. Seasonal cycle
of I has been suggested by Hanawa and Toba (1987), who
have investigated meteorological buoy data south of Ja-
pan. In our study, we have confirmed their finding
analyzing the numerical weather forecast products.

Furthermore, we found a systematic increase of this
ratio (about 4%) in 1998, when the ECMWF operational
model first introduced two-way coupling of wind-wave
model and the atmospheric model. This suggests that the
surface roughness (z0) variations due to wind-wave ef-
fectively increased the daily wind stress; before 1998, z0
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Various sensitivity tests conducted with the model
suggest that the primary control parameter in determin-
ing the Kuroshio path state is the inflow transport. In the
control case, with fixed 35 Sv transport and Hellerman-
Rosenstein annual mean wind forcing (HR, hereafter), the
Kuroshio switches naturally between straight and mean-
der paths. In Figs. 7 and 8, the mean transport stream
functions south of the Kuroshio are presented in the left;
the 10 year mean (from model year 6 to 15) during the
meandering path stage and the 10 year mean (from year
16 to 25) during the straight path stage, respectively.
During the meandering period the transport and the size
of the SRG is much larger than during the straight path
state. This is also depicted in the right-hand-side figures,
which show the scatter plot of the transport stream func-
tion (Ψ) versus barotropic potential vorticity (Q). The
maximum transport is about 90 Sv in the meandering path
stage and is about 77 Sv in the straight path stage.

It is worth taking a closer look at the Ψ-Q diagram,
to understand the mean state of the SRG. For example, a
linear dependence of Q on Ψ suggests that the potential
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Fig. 5.  Time series of wind stress curl at 135°E 30°N from
January 2000 to December 2001. Thin line is the daily mean
wind stress curl and thick line is the monthly mean.
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3.  Impact of QuikSCAT Wind on the Kuroshio Path
We used a Kuroshio-Oyashio model that is a version

of a σ-coordinate primitive equation solver (POM
Blumberg and Mellor, 1983) developed at JAMSTEC
(Mitsudera et al., 1997) to cover the main Kuroshio stream
along the southern Japan coast, the Oyashio current in
the north, and the Kuroshio extension region; the approxi-
mate domain is from 125°E to 170°E, 20°N to 52°N,
configured to have a curvilinear coordinate system in
which the horizontal axes follow the mean geometry of
the Kuroshio stream. The horizontal resolution of the
model varies between 1/6 degrees to 1/12 degrees within
the model domain, and 32 sigma-levels are configured in
depth. The model has successfully run in different set-
tings, for example with various Kuroshio inflow rates.
Hellerman-Rosenstein wind (Hellerman and Rosenstein,
1983), COADS heat flux (Slutz et al., 1985) and the
Levitus monthly climatologies (Levitus, 1982) were used
for the surface boundary conditions, the initial tempera-
ture and salinity fields, and the lateral boundary restora-
tions for the control cases.
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vorticity is advected along the transport stream line which
is a characteristic of the Fofonoff type gyre; see, for ex-
ample, the diagonal cluster of points in the diagram. On
the other hand, in the straight path stage, there is a region
where Q becomes homogenized (between 60 and 70 Sv),
indicating that a weak viscosity is effectively mixing the
potential vorticity within the SRG, as suggested by the
extension of the Prandtl-Batchelor theorem in a rotating
frame of reference (Yamagata and Matsuura, 1981; Rhines
and Young, 1982). Hence, the mean state of the SRG can
be considered as near inertial where the potential vorticity
fluxes by eddy transport, wind forcing and dissipation are
nearly in balance (Niiler, 1966; Marshall and Nurser,
1986).

Next we investigate the time evolution of the
Kuroshio with particular emphasis on the transition be-
tween the meander and the straight path state. At model
year 7, the averaged Kuroshio axis distance from the coast
between the Kii peninsula and the Boso peninsula
(Kuroshio index) increases rapidly and remains large un-
til the end of year 13 (Fig. 9 bottom). After year 14, the
Kuroshio remains straight. Plotted in the top figure is a
time series of the maximum SRG transport defined in the
domain that approximately covers the SRG (shown in Fig.
10). The maximum transport of the SRG appears closely
correlated (0.69) with the amplitude of the Kuroshio me-
ander, suggesting that the strength of the SRG is a criti-
cal parameter in determining the Kuroshio path state.
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Fig. 9.  Top: Time series of the Shikoku recirculation gyre strength defined as the maximum transport stream function. Bottom:
Time series of the Kuroshio Index defined as the mean Kuroshio axis distance (0.7 m sea surface height isoline) between the
Kii peninsula and the Boso peninsula. Thin solid line is from the control run with 35 Sv inflow and Hellerman-Rosenstein
annual mean wind forcing. Thick solid line is from the perturbation run using QuikSCAT-derived daily mean wind forcing.
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Plotted in the thick solid lines of Fig. 9 is the case of
QuikSCAT wind forcing. At year 14 of the control case
(35 Sv inflow), the wind forcing was switched from an-
nual mean HR wind stress to daily mean QuikSCAT-de-
rived wind stress (J-OFURO). While the Kuroshio re-
mains straight after year 15 in the former case, it mean-

ders in year 16 with daily mean wind forcing (thick solid
line, bottom figure). Accompanying the transition from
straight to meander, the maximum transport of the SRG
increases (top figure) as if the strength of the SRG is a
surrogate for the Kuroshio path state. What makes the
maximum transport of the SRG a parameter control the
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path state, and what caused the difference in the SRG
strength in the two cases? The answer is the anticyclonic
eddy within the SRG. As suggested by Mitsudera et al.
(2001), both satellite observation and in-situ observation
suggest that a strong anticyclonic eddy exists within the
SRG and interacts with the Kuroshio. The anticyclonic
eddy was quite strong with maximum surface velocity
around 70 cm s–1 and the horizontal scale around 300 km
or so and rotates within the SRG in a clockwise direc-
tion, causing the meander amplitude to oscillate over a
few months period. When such a strong anticyclonic eddy
exists within the SRG, the maximum transport becomes
quite large.

Now let us look into the temporal evolution of the
sea surface height field from our numerical simulation.
Figure 10 shows the sequence of the sea surface height
(SSH) snapshots at 30-day intervals from day 60 of year
14 for the QuikSCAT daily mean run (first column),
QuikSCAT monthly mean run (second column), and
Hellerman-Rosenstein annual mean run (third column).
Taking a glance at the case of the QuikSCAT daily mean
forcing, we notice that the transition from straight to
meander path occurs when the anticyclonic eddy is
advected along the Kuroshio, from day 60 to 180, just as
suggested by previous studies on the interaction of the
Kuroshio and the anticyclonic eddy (Mitsudera et al.,
2001; Ebuchi and Hanawa, 2003; Waseda et al., 2003).
On the other hand, with Hellerman-Rosenstein annual
mean wind forcing, the same eddy detaches from the
Kuroshio (at day 120) and migrates southward; as a re-
sult, the Kuroshio continues to take a straight path (day
180). The migration of the eddy out of the SRG will co-
incide with the reduction of the magnitude of the maxi-
mum SRG transport (Fig. 9 top). Thus, in this case the
SRG strength decreases because the anticyclonic eddy
migrated away from the SRG. Plotted in the center col-
umn of Fig. 10 is the sequence of SSH in the case of
QuikSCAT monthly mean run. The sequence closely re-
sembles that of the annual mean forcing where the eddy
migrates south (right column), suggesting that the relevant
time scale of the fluctuation of the wind field to perturb
the motion of the anticyclonic eddy was less than a month.

In a previous study, Waseda et al. (2002) have shown
that a small change in the thermocline displacement of
the initialized eddy resulted in its distinct evolution. With
relatively large thermocline displacement the eddy mi-
grated toward the west, but with smaller thermocline dis-
placement the eddy migrated toward the south, advected
by a barotropic eddy pair that grew in time. The study
demonstrated that the eddy in this region is in the frontal
geostrophic regime where the dynamical balance is
achieved between nonlinearity and dispersion. With the
addition of the baroclinicity arising from some kind of
an instability, it makes the evolution of an eddy highly

sensitive to small difference in its scale. It is then con-
ceivable that a perturbation from the high-frequency wind
may cause a large difference in the evolution of the anti-
cyclonic eddy as a result of nonlinearity.

We can now conclude that the difference in the
Kuroshio path evolution between monthly (or annual)
mean wind forcing and daily wind forcing comes from
the difference in the motion of the strong anticyclonic
eddy in the SRG which was perturbed by “local” wind.
To prove that, we have conducted the following additional
experiments: QuikSCAT daily mean forcing west of the
Izu ridge, QuikSCAT monthly mean forcing east of the
Izu ridge; and QuikSCAT monthly forcing west of the
Izu ridge, QuikSCAT daily mean forcing east of the Izu
ridge. The results are summarized in Table 1. These re-
sults consistently support the conclusion that it is the lo-
cal (west of the Izu ridge) high-frequency (less than a
month) wind that is responsible for the transition of the
Kuroshio path to a meandering state. This proves that the
local high-frequency wind perturbed the anticyclonic eddy
and caused it to move distinctly from the monthly (or
annual) mean wind forcing cases.

4.  Summary and Conclusion
Advances in satellite scatterometry, numerical

weather prediction, and data assimilation enabled high-
wavenumber and high-frequency wind and stress prod-
ucts to be made available globally at 6 hourly and daily
intervals. Recently, using scatterometer-derived wind
products, Xie et al. (2001) have shown that the blocking
of the trade wind by high mountains in the Hawaiian is-
lands generates anomalous local wind-stress curl, trig-
gering the generation of an eastward flowing ocean cur-
rent west of the islands. While such study successfully
demonstrates the significance of a high-wavenumber wind
stress to the ocean circulation, few studies have been made
of the impact of the temporal change of the wind stress
on the currents. Will the high-frequency wind impact the
strong Kuroshio current in the western north Pacific where
the temporal variability of the wind stress is quite high as
a result of a series of atmospheric lows and highs passing
by Japan?

To answer this question we first analyzed and com-
pared various wind stress products and then studied the
impact of high-frequency, high-wavenumber wind stress
to the Kuroshio path south of Japan by numerical experi-

Table 1.  Summary of QuikSCAT perturbation runs.

East daily East monthly

West daily meander meander
West monthly straight straight
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ment. The former study suggested that the daily mean
wind stress derived from daily mean wind speed can sig-
nificantly underestimate the wind stress because of the
large subdiurnal variation of the stress. However, not all
the satellite-derived products deliver the mean of the wind
stress vector. Instead of deriving the mean stress using
bulk formula from the mean wind speed, J-OFURO aver-
ages the stress vector at full spatio-temporal resolution.
With the best product available to us, we have proceeded
further to conduct a sensitivity experiment with the re-
gional Kuroshio model.

The results of the numerical simulation showed that
the Kuroshio path evolution differed between the monthly
(or annual) mean and the daily mean wind forcing cases
because of the distinct trajectory of the strong anticyclonic
eddy within the SRG. In the latter case, the high-frequency
wind forcing perturbed the anticyclonic eddy and the eddy
trajectory switched from southward to northward migra-
tion. Because the anticyclonic eddy is highly nonlinear,
the high-frequency wind forcing provides sufficient per-
turbation to alter the motion of the eddy. Such geostrophic
perturbation can come from other sources as well; the
Kuroshio inflow fluctuation and eddies inpinging on the
SRG from upstream and downstream Kuroshio (Kawabe,
1995; Endoh and Hibiya, 2000, 2001; Akitomo and
Kurogi, 2001). The result suggests that it is the strong
anticyclonic eddy within the SRG that controls the
Kuroshio path variations in agreement with the previous
studies by Mitsudera et al. (2001), Ebuchi and Hanawa
(2000), Waseda et al. (2003). When the strong anticy-
clonic eddy is in the SRG it is likely that the Kuroshio is
in a meandering state. Indeed, our study showed that the
correlation of the SRG strength (maximum transport) and
the Kuroshio path state is quite high; further observational
evidence should be provided in the future.

Finally, during the winter, our analysis showed that
the mean wind stress can be 50% larger than the stress
derived from the mean wind speed due to subdiurnal vari-
ation. In the KOE region, the effective increase of the
drag coefficient was between 0 and 50% with a strong
seasonal cycle. Since most of the satellite-derived prod-
ucts only provide wind vectors, using them to estimate
the wind stress may significantly underestimate their
magnitude. To remedy that, one can use the index I esti-
mated in Section 2 to adjust the wind stress derived from
the daily mean wind speed,

τ ρdaily D dailyIC U= ( )2 3.

Here, I incorporates both the temporal variation of the
wind speed and the drag coefficient. As shown in Fig. 6,
index I has a strong seasonal cycle which is not usually
taken into consideration when bulk formula is used.
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