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ABSTRACT

In the two decades following 1975, the Kuroshio path south of Japan was observed to oscillate interannually
between a straight path state and a meandering state. This bimodal condition is in sharp contrast to the decade
prior to 1975 when the Kuroshio remained consistently in the straight path state. In situ observations in the
upstream East China Sea indicate no obvious correspondence between the magnitude (or the temporal change)
of the inflow transport and the Kuroshio path, suggesting the Kuroshio’s path alternations in the recent two
decades may not be externally determined by the upstream inflow. Using a two-layer primitive-equation model
of the North Pacific driven by observed climatological surface wind data, the authors propose that the Kuroshio
path oscillation since 1975 can be explained by a self-sustained internal mechanism of the Kuroshio current
system. The proposed self-sustained oscillation is maintained by the accumulation of the low potential vorticity
(PV) water carried northward by the upstream Kuroshio. This accumulation of the low-PV anomalies strengthens
the Kuroshio’s southern recirculation gyre and presses the Kuroshio to flow along the coast. The strengthening
of the southern recirculation gyre increases the vel ocity shear of the straight-pathed K uroshio and leads eventually
to the meander path development due to baroclinic/barotropic instability of the system. As the meander of the
Kuroshio path grows, detachment of cyclonic eddies mixes coastal-origin, high-PV water offshoreward, weak-
ening, as aresult, the recirculation gyre. The above cycle will restart after the low-PV water is replenished from
the south and the recirculation gyre spins up again. For the past two decades, this internal oscillation has been
operative because the upstream inflow is relatively large due to the decadal increase in the wind-driven Sverdrup
transport. In the decade before 1975 when the upstream inflow was small, the internal oscillation would cease
because the dissipative forces are able to remove the southern-origin low-PV anomalies without resorting to
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Kuroshio Path Variations South of Japan: Bimodality as a Self-Sustained

instability and the meander development.

1. Introduction

The Kuroshio and its extension in the northwestern
corner of the subtropical North Pacific is one of the
oceanic regions where the largest eddy variability is
observed. This was realized in many studies of ocean
variability based on in situ observations (e.g., Wyrtki
et al. 1976) and, more recently, from satellite altimetric
measurements. From the viewpoint of large-scale ocean
circulation, the high eddy variability in the Kuroshio
region is expected. Being a return flow compensating
for the wind-driven subtropical interior circulation, the
Kuroshio originates at a southern latitude (~15°N; see
Fig. 1) where the ambient potential vorticity (PV) is
relatively low. For the Kuroshio to smoothly rejoin the
Sverdrup interior flow at the higher latitude of 30°—
35°N, theanomalously low PV acquired by the Kuroshio
in the south has to be removed by either dissipative and/
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or nonlinear forces along its western boundary path. For
anarrow boundary current such as the Kuroshio, scaling
analyses show that the dissipative force alone is not
sufficient to remove the low PV anomalies (Pedlosky
1987; Cessi et al. 1990). The consequence of the Ku-
roshio’sinability to effectively diffusethe PV anomalies
along its path is the accumulation of the low PV water
in the northwestern corner of the subtropical gyre, which
generates a mean anticyclonic recirculation gyre and
provides an energy source for flow instability.

That the recirculation gyre is an inseparable part of
the Kuroshio system is well demonstrated by lowered
acoustic Doppler current profiler (ADCP) measurements
from arecent WOCE cruise across the Kuroshio south-
east of Japan (seeline P10 in Fig. 1). Figure 2, adapted
from Firing (1998), shows the surface-to-bottom profile
of the eastward velocity from this WOCE cruise. The
volume transport of the eastward-flowing Kuroshio, that
is, the unshaded areashown in Fig. 2,is130 Sv (Wijffels
et al. 1998: Sv = 10° m3 s~t). Compared to the max-
imum Sverdrup transport of about 50 Sv in the sub-
tropical North Pacific (Hautala et al. 1994), this east-
ward transport of the Kuroshio is more than twice as
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Fic. 1. Mean sea surface dynamic topography relative to 1000 dbar. Units are centimeters. Based on the
climatological data sets of Levitus and Boyer (1994) and Levitus et a. (1994). Line P10 denotes the lowered
ADCP section of the WOCE P10 cruise. Line PN denotes the repeat hydrographic section in the East China

Sea by Japan Meteorological Agency.
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Fic. 2. Eastward velocity profile from lowered ADCP measure-
ments on the WOCE P10 line southeast of Japan in Nov 1993 (see

Fig. 1). Unitsare centimeters per second and westward flow is shaded.
Adapted from Firing (1998).

large. Notice that this large eastward transport is due to
the presence of the westward recirculating flow south
of the Kuroshio, also known as the Kuroshio Counter-
current. Though weak in its surface speed, the lowered
ADCP measurements show that this westward recir-
culating flow has a strong barotropic component and
has a total volume transport reaching 80 Sv. Clearly, a
better understanding of the Kuroshio variability requires
knowledge of this recirculating component of the Ku-
roshio system.

On the interannual timescale, the well-known Ku-
roshio variability south of Japan is its bimodal path
fluctuations. Figure 3, adapted from Taft (1972), is a
classical picture depicting the Kuroshio bimodal path
patterns. The straight path in the upper panel of Fig. 3
denotes when the Kuroshio flows closely along the Ja-
pan coast and the meander path in the lower panel of
Fig. 3 signifies when the Kuroshio takes a detouring
offshore path. Once formed, both the straight and me-
ander paths can persist over a period ranging from a
few yearsto adecade. In contrast, the transition between
the two paths is rapid, often taking place over a period
of several months (e.g., Kawabe 1986).

Notice that in addition to this dichotomous view of
the Kuroshio path changes, several authors have argued
that the Kuroshio south of Japan may take additional,
relatively stable paths; one such example is when the
Kuroshio path loops southward over the | zu Ridge (near
140°E) rather than being confined to the west of the Izu
Ridge as depicted in Fig. 3b. For details, see Kawabe
(1985) and Shoji (1972).

As a meandering path of the Kuroshio can vary spa-
tially, one way of indexing the Kuroshio path fluctua-
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Fic. 3. Examples of the bimodal Kuroshio paths south of Japan. Adapted from Taft (1972).
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tions is to use the mean distance of the Kuroshio axis lications by Japan Maritime Safety Agency (1955-79,
from the Japan coast averaged from 132° to 140°E. A  1977-85, 1986-92, 1993-97) and using Kawai’s indic-
statistical data analysis by Kawai (1969) showsthat the ative for the Kuroshio axis, we plot in Fig. 4a the time
16°C isotherm at the 200-m depth represents well the series of the Kuroshio path index over the past 42 years.
Kuroshio axis south of Japan. Using all available pub- The solid dots in Fig. 4a indicate the seasonally aver-
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(b) Kuroshio transport in the upstream East China Sea
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FiG. 4. (8) Time series of the Kuroshio path index from 1955 to 1997. The Kuroshio path index is defined as the
offshore distance of the Kuroshio axis (inferred from the 16°C isotherm at the 200-m depth) averaged from 132° to
140°E. Closed dots denote the seasonal index values and the solid line indicates the annual average. Data sources for
the path index are based on temperature maps published by Japan Marine Safety Agency (1955-97). (b) Time series of
the Kuroshio transport along the PN line in the East China Sea. The transport values have been low-pass filtered by the
one-year running mean averaging. Data provided by M. Kawabe (1998, personal communication). Shaded areas indicate
the large meander periods when the Kuroshio path index exceeds 1.5°. Tick marks along the time axes indicate the

beginning of a year.

aged index values and the thick line connects the an-
nually averaged indices. A low index in Fig. 4a denotes
astraight path of the Kuroshio and a high index denotes
an offshore meandering path of the Kuroshio.

The observed Kuroshio path variations, especially the
large meander events of 1959-62 and 1975-79, have
motivated many data analysis and modeling studies. An
early and influential study was that of Nitani (1975)
who analyzed repeat hydrographic data across the Ku-
roshio in the region of 137°-139°E and found that the
large meander of 1959-62 took place when the Kuro-
shio had a low eastward transport. Nitani's analysisin-
spired the early modeling studies by White and Mc-
Creary (1976), Chao and McCreary (1982), and Yasuda
et al. (1985). In all these modeling studies, the coast of
Japan, that is, the northern boundary in their respective
inflow—outflow models, was considered to be zonal. The
Kuroshio was shown to take a meander (straight) path
when the inflow transport of the Kuroshio was set to

be small (large); the meandering path was interpreted
dynamically as a stationary Rossby lee wave generated
by Kyushu Island. In the parameter space of interme-
diate inflow transport, both Chao and McCreary (1982)
and Yasuda et al. (1985) found multiple equilibrium
states in which the meandering path and the straight
path coexist. The selection between the two paths was
shown to be dependent on the time history in the inflow
transport change (also see Masuda 1982).

Because of the presence of recirculating westward
flows flanking the Kuroshio, it became clear later on
that Nitani’s calculated Kuroshio transport in the down-
stream region of 137°-139°E may not reflect the true
inflow transport of the Kuroshio. Analyses of the sea
level data across Tokara Strait by Kawabe (1980) and
the geostrophic transport of the Kuroshio in the East
China Sea by Saiki (1982) reveal that the upstream Ku-
roshio transport during the 1959-62 and 1975-79 me-
ander events was, in fact, greater than that in the
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straight-path years. These data analysis results reversed
the outcomes of more recent modeling studies on the
Kuroshio path bimodality. By incorporating into the
models the realistic inclination of the Japan coast (~20°
to the due east), all of the recent studies demonstrate
that the Kuroshio takes a meander path when the up-
stream inflow transport V, is large and a straight path
when V, is small (Chao 1984; Yoon and Yasuda 1987;
Yamagata and Umatani 1989; Sekine 1990; Akitomo et
al. 1991, 1997). Multiple equilibrium states are present
in al these modeling studies under the intermediate in-
flow boundary condition. With regard to the dynamics
underlying the Kuroshio path bimodality, the ** consen-
sus’ from these modeling studies can be summarized
as follows. When the upstream inflow transport V, is
small, the Kuroshio takes a straight path and the vor-
ticity balance isthat of the Munk-type viscous boundary
layer. When V, is large, the positive vorticity is gen-
erated along the Japan coast, which produces and main-
tains the presence of a downstream meandering path. In
the intermediate V, range, the transition from the me-
andering state to the straight-path state and vice versa
are triggered by the changes in the inflow transport.

It is worth pointing out that the previous modeling
studies of the Kuroshio path dynamics have all sought
the correspondence between the magnitude of the inflow
transport and the Kuroshio path pattern. With longer in
situ observational data now available, it is possible to
reassess this correspondence. In Fig. 4b, we plot, after
Kawabe (1995) and M. Kawabe (1998, personal com-
munication), the time series of the Kuroshio transport
in the upstream East China Sea over the past 40 years
(see Fig. 1 for the location of the repeat hydrographic
section). The shaded areas indicate the large meander
periods in which the Kuroshio path index shown in Fig.
da exceeds 1.5°. In terms of the transport magnitude,
the 1959-62 event clearly corresponds with a large in-
flow transport in the East China Sea. This correspon-
dence between the path pattern and the transport mag-
nitude becomes, however, less obvious after 1975; there
are times such as 1980-81, 1986, and 1992-97 where
the inflow transport was large, but no meanders were
present. If we assume that the inflow Kuroshio transport
after 1975 falls in the multiple equilibrium regime, pre-
vious studies have suggested that the transition from a
straight path to a meander path would require an in-
crease in inflow transport. Such an increase did occur
before the events of 1975-79 and 1990, but not before
the events of 1982—85 and 1987-88. In other words, the
correspondence between the Kuroshio path and the mag-
nitude and/or the temporal change of the upstream in-
flow transport is not conclusive based on the long-term
available observational data.

One signal that stands out in the time series of Fig.
4b is the one with a decadal timescale. Specifically, the
inflow transport in the upstream East China Sea prior
to 1975 was low on average, whereas the mean level
of the inflow transport increased after 1975. This de-
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Fic. 5. Time series of the annual mean Sverdrup transport at 30°N,
130°E. The wind stress data are based on the Comprehensive Ocean
Atmosphere Data Set. Horizontal solid and dashed lines indicate
means and standard deviations for 1966—75 and 1976-85, respec-
tively. Tick marks along the time axis indicate the beginning of a
year. Adapted from Yasuda and Hanawa (1997).

cadal signal in the inflow transport is a manifestation
of the decadal Sverdrup transport change in the sub-
tropical North Pacific. For example, Fig. 5 shows the
time series of the annually averaged Sverdrup transport
at 30°N, 130°E, the point where one finds the largest
Sverdrup transport in the subtropical North Pacific
(adapted from Yasuda and Hanawa 1997). For the de-
cade before 1975, Fig. 5 revealsthat the Sverdrup trans-
port in the subtropical North Pacific was on averagelow
with a mean value of 39 Sv. After 1975, the Sverdrup
transport jumped to a mean level of 47 Sv, a 20% in-
crease over what was observed in the preceding decade.
Comparing the Kuroshio transport in the East China Sea
in the decade prior to 1975 and that since 1975 in Fig.
4b reveals asimilar 20% increase (22.5 vs 27.0 Sv). For
other aspects of the North Pacific decadal change in
association with the 1975 climatic shift, the reader is
referred to Trenberth (1990), Qiu and Joyce (1992),
Miller et al. (1994), Deser and Blackmon (1995), Deser
et al. (1996), and Nakamura et al. (1997).

Another point worth emphasizing is that most of the
previous modeling studies on the Kuroshio path dynam-
ics have used inflow—outflow regional models. The in-
flow velocity profiles were often chosen arbitrarily, in-
cluding both uniform and parabolic inflow profiles. Giv-
en that the recirculation gyre is an inseparable part of
the Kuroshio system as we noted above, the regional
model may not be able to realistically capture the Ku-
roshio’s recirculation gyre whose structure depends crit-
icaly on the low PV input from the southern latitude.
Indeed, arecent study by Marshall and Marshall (1992)
demonstrated that the intensity of the recirculation gyre
depends sensitively on the velocity profile imposed at
the inlet of an inflow—outflow regional model.

In light of the new observational results presented
above, we decideto revisit the dynamics of the Kuroshio
path bimodality from a perspective different from the
previous studies. In this study, we adopt an ocean gen-
eral circulation model that incorporates the realistic
North Pacific coastlines and bottom topography and is
driven by observed monthly climatological wind stress-
es. In so doing, we avoid possible dynamic effects due
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to boundary condition specifications in the inflow—out-
flow regional model. While recognizing that the Ku-
roshio since 1975 is in the multiple equilibrium state,
we argue that the observed oscillations between the
straight and meander paths are not necessarily a result
controlled deterministically by the temporal changesin
the upstream Kuroshio transport. Rather, the observed
alternations of the Kuroshio’'s two states are proposed
to be due to a self-sustained internal mechanism in-
volving the evolution of the southern recirculation gyre
and the stability of the Kuroshio current system. Dif-
ferent behaviors of the observed Kuroshio path changes
on the decadal time scale will also be addressed in this
study.

2. Model description

The numerical model used in this study isatwo-layer
primitive-equation model, in which the upper ocean of
density p, overlies the abyssal ocean of density p,. With
the interface between the two layers representing the
main thermocline, this model is the dynamically sim-
plest model that allows for baroclinic instability and the
inclusion of ocean bottom topography. Both of these
features are likely to be important for the Kuroshio path
variability. Because of the large variations both in the
thermoclinetilt associated with the Kuroshio and in bot-
tom topography and because our model domain includes
the whole North Pacific basin, the primitive-equation
model is more appropriate for our purpose than a model
based on quasigeostrophic dynamics.

In the two-layer primitive-equation model, the gov-
erning equations can be written as follows:

au Ty u
a_tl +u,-Vu, + fk X u, = —Vp, + oh + Weh_:
+ A Vau,, (D)
oh,
S0t V() = KR+, @)
Mz |, -Vu, + Tk X u, = —Vp, + g'Vh, — w2
at h,
+ A, V2u,, 3
ah,
ry + V. (h,u,) = K,V2h, — w,, 4

where u, is the ith-layer velocity vector, h; isthei-layer
thickness, k is a unit vector in the vertical direction, A,
(K,) is the coefficient of the horizontal eddy viscosity
(diffusivity), f is the Coriolis parameter, 7, is the sur-
face wind stress vector, p, isthe reference water density,
g = (p, — p.)9/p, is the reduced gravity, and p, is the
surface pressure divided by p,. In Egs. (1)—(4), w, de-
notes the entrainment velocity and is operative when
the upper-layer thickness h, becomes shallower than a
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prescribed ‘‘ entrainment depth” H, (McCreary and Lu
1994):

_ (He - hl)zlteHe’ hl = He

e = {O, h, > H,, ®)

where t, is a specified relaxation time. Following
McCreary and Lu (1994), we choose H, = 75 mand t,
= 1 day. For the North Pacific model adopted in this
study, w, is nonzero only in the subarctic region north
of 44°N.

To minimize effects of specifying artificial boundary
values, the model domain is chosen to include the Pa-
cific Ocean from 10°S to 60°N. The model basin is
bounded to the west by the Asian continent and to the
east by the North and South American continents. The
model has realistic coastline geometry that is deter-
mined by the 200-m depth contour. In specifying the
model’s bottom topography, we used the NOAA'SETO-
PO-05 dataset. The topography data was first interpo-
lated to the model grid and smoothed thereafter with a
five-point smoother. We set the maximum ocean depth
at 6000 m and the minimum depth at 800 m, such that
the bottom topography is confined to the lower layer of
the model ocean.

Equations (1)—(5) are solved in finite difference form
using the energy-conserving scheme described in Se-
mtner (1986). As in Semtner (1986), the rigid-lid ap-
proximation is adopted. In solving the Poisson equation
for the transport streamfunction, we replaced the suc-
cessive over-relaxation (SOR) method by the more ef-
ficient blackbox multigrid solver developed recently by
de Zeeuw (1990). Along the model’s open southern
boundary, a free-slip condition is used. A no-slip con-
dition is used along the coast or marginal seas (depth
< 200 m). The model grid has the resolution of % by
¥ . Thisrelatively high resolution is necessary to ensure
that the Kuroshio southeast of Japan separates at the
observed latitude of 35°N. For a detailed discussion on
how the horizontal grid resolution and other physical
parameters in layered models can influence the sepa-
ration of the Kuroshio, the reader is referred to Hurlburt
et a. (1996). The initial upper-layer thickness of our
two-layer model is 250 m and g’ = 0.023 m s2. These
two values are chosen such that the first-mode baroclinic
Rossby waves in the model propagate at speeds similar
to those determined from historical hydrographic data
(e.g., Emery et a. 1984) and that the modeled upper-
layer thickness matches the observed 26.4 o, surface.
The 26.4 o, surface lies at the base of the ventilated
thermocline of the North Pacific (e.g., Huang and Qiu
1994). The horizontal eddy viscosity and diffusivity co-
efficients in the model are A,, = 800 m2 st and K,, =
80 m? s, respectively.

The model ocean isinitialized at rest and spun up by
the monthly climatological wind of Hellerman and Ro-
senstein (1983). It reached a statistical steady state after
30 years of time integration. After the spinup, we in-



2130

(a) Modeled mean upper layer thickness (m)

<

L L R
100°W 80°W

o
120°E  140°E  160°E  180°

SN LA L B B B
160°W 140°W 1R0°W

(b) Climatological upper layer thickness (m)

LIS O s B s B L S B s s e |

120°E 140°E 160°E 180° 160°W 140°W 120°W 100°W 80°W

Fic. 6. (@) Mean upper-layer thickness field from the long-term
model integration. (b) Depth of the 26.4 o, surface based on the
climatological dataset of Levitus and Boyer (1994) and Levitus et a.
(1994).

tegrated the model for an additional 36 years and the
model results from these years are used in the following
analyses. In addition to this base model case, we ran a
case in which we reduced the magnitude of the Hell-
erman and Rosenstein wind stress by 25% (see section
4). The initial condition for this reduced wind case is
the 30th-year state of the base model case.

3. Model results and analysis
a. Large-scale mean circulation

Before discussing the Kuroshio path variability, we
note that the two-layer primitive-equation model de-
scribed in section 2 adequately simulates the basin-scale,
wind-driven circulation pattern of the North Pacific. Fig-
ure 6 compares the mean upper-layer thickness field de-
rived from the model to the depth of the 26.4 o, surface
computed from the climatological datasets of Levitusand
Boyer (1994) and Levituset al. (1994). In both the model
and the observations, the westward-flowing North Equa-
toria Current is found to bifurcate at 14°N along the
western boundary with its northern branch forming the
Kuroshio. Offshore of the Kuroshio south of Japan, both
Figs. 6a and 6b show the presence of the southern re-
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circulation gyre near the same geographical location. In
the subpolar gyre north of 40°N, the 26.4 o, surface is
close to the base of the winter mixed layer. As a resullt,
it is subject to the surface buoyancy forcing that is absent
in our present model. For the wind-driven circulation in
the subpolar gyre, a more meaningful comparison is be-
tween Fig. 6a and the sea surface dynamic height field
shown in Fig. 1.* Asin Fig. 1, Fig. 6a shows that the
subpolar circulation in the North Pacific consists of two
subgyres, the Alaskan gyre east of 170°W and the western
subarctic gyre west of 170°W. Both figures show that the
western subarctic gyre extends northward into the deep
basin of the Bering Sea.

Discrepancies between the model and the observa-
tions exist as well. In the Kuroshio Extension east of
Japan, while the main body of the modeled Kuroshio
Extension flows eastward as in the observations, Fig.
6a shows that a branch of it curves northward and joins
the eastward flow of the Subarctic Front along 42°N.
This northward branch is not an observed feature of the
Kuroshio Extension and is due to the fact that the east-
northeastward penetration of the modeled Kuroshio Ex-
tension is too weak. This deficiency is likely due to the
grid resolution used in our present model (%° X %°). A
recent study by Hurlburt et al. (1996) indicates that the
simulation of a realistic zonal penetration of the Ku-
roshio Extension requires a grid resolution as high as
Y6 - When the grid spacing is reduced from %° to %’
while keeping other model parameters the same, Hurl-
burt et al. show that the Kuroshio Extension remains a
narrow inertial jet beyond the Shatsky Rise and that the
eddy kinetic energy level associated with the meander-
ing jet compares much more favorably with observa-
tions. Despite this problem of our modeled Kuroshio
Extension, we believe that the large-scale gyre circu-
lation of the North Pacific is adequately simulated and
that the model captures the essential features of the Ku-
roshio system in the region south of Japan.

b. Modeled Kuroshio path bimodality

To examine the time-varying features of the Kuroshio
south of Japan, we plot in Fig. 7 the Kuroshio path
index from the multiyear model output. As in Fig. 4a,
the Kuroshio path index is defined as the distance of
the Kuroshio axis from the Japan coast averaged from
132° to 140°E. Despite the climatological wind forcing,
Fig. 7 shows that the modeled Kuroshio path variability
isdominated by interannual changes. A spectral analysis
shows that the path oscillation has a preferred timescale
of 4.0 yr, although individual events are highly chaotic.
For example, in both model years 42 and 61, the Ku-
roshio shifted to the meandering state and stayed in this

tUnder the two-layer approximation, the modeled upper-layer
thickness contours can be regarded as streamlines of the surface-layer
flow.
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Fic. 7. Time series of the Kuroshio path index from the two-layer primitive-equation model. The model
is driven by the monthly, climatological wind stress data of Hellerman and Rosenstein (1983). The
Kuroshio path index is defined here as the mean distance of the Kuroshio axis from the Japan coast
(132°-140°E). Tick marks along the time axis indicate the beginning of a year.

state for the consecutive 5 years. Notice that as in the
observations, transitions between the two path statesin
the model take place in a relatively short time period
(i.e, <lyr).

(a) ULT: straight path composite
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(b) ULT: meandering path composite
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Fic. 8. Composite upper-layer thickness field for (&) the straight
path years and (b) the meander path years.

Figures 8a and 8b show the upper-layer thickness
fields composited from the straight path years (the Ku-
roshio path index < 1.8°) and the meander path years
(the Kuroshio path index > 2.5°), respectively. It is
interesting to note that the two states of the simulated
Kuroshio paths bear close resemblance to the observed
bimodal Kuroshio paths presented in Fig. 3. To provide
a general idea of how the modeled Kuroshio path
evolves, we plot in Fig. 9 a sequence of the upper-layer
thickness field encompassing the meander event of year
34-35 (see Fig. 7). Figure 9a shows the Kuroshio in its
typical straight path state prior to the meander devel-
opment. Figure 9b shows that a meander emergesin the
Kuroshio path. This meander grows steadily in ampli-
tude in subsequent months (Figs. 9c and 9d) and it even-
tually breaks off to form an isolated cold-core eddy (Fig.
9e). Figure 9f shows that this detached eddy drifts west-
ward and a new meander startsto develop. Thismeander
sheds the second cold-core eddy after itsamplitudefully
grows (Fig. 9g). Following the detachment of this sec-
ond cold-core eddy, the Kuroshio path returns to the
low-path-index state (Fig. 9h).

It is worth mentioning that similar detachments of
isolated cold-core eddiesfrom fully devel oped Kuroshio
meanders were detected in in situ observations. Figure
10 shows three such cases during the Kuroshio's 1975—
79 meander event reported by Nishida (1982). In all
these cases, the meandering K uroshio path was observed
to become meridionally elongated prior to the break-off
of the cold-core eddies. According to Nishida (1982),
the cold-core eddy of May 1977 (Fig. 10a) moved north-
westward in the subsequent two months and was ab-
sorbed later by a newly formed upstream meander. The
detachment of the cold-core eddy in August 1979 (Fig.
10c), on the other hand, signaled the end of the 1975~
79 meander event. As will be discussed in section 4,
the detachment of these cold-core eddies carries coast-
originated high-PV water offshoreward and isimportant
in the regulation of the modeled path oscillations.
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Fic. 9. Sequence of the upper-layer thickness (h,) field encompassing the meander event around model year 35 (Fig. 7). The contour
interval for the thickness field is 50 m and regions with h, <350 m are stippled.

c¢. Path fluctuations versus instability Because of this ambiguity in interpreting the energy
conversion rates for the regional energy budget, we will
instead examine the lower-layer kinetic energy (K,) in
a region south of Japan. Previous studies by Holland
and Lin (1975) and Holland and Haidvogel (1981) show
that barotropic and baroclinic instability in the two-layer
ocean models is characterized by a sharp rise in K, and
adrop in K, (the upper-layer kinetic energy) following
the instability.2 Physically, the rise in the lower-layer
‘o - ; o kinetic energy is due to the downward momentum trans-
glrvigﬁ:?;%npln;o?;l S,itmhre)lilonvera onrate between P and fer resulting from baroclinicinstability. Figure 11 shows
' 7 L the time series of K, averaged in the box south of Japan
{P, P’} = —p,g'¢hiu; - Vhy), (6) (25°-35°N, 132°-140°E). Notice that though open, this
(see Holland and Lin 1975) where overbars denote time box is eff_ectlvely isolated to the east due to the presence
averages, primes denote deviations from the time av- ©f 12U Ridge. In other words, the K, changes seen in
erage, and angle brackets denote the spatial average. Fig. 11 Iar_gely reflects the vertical energy transfers due
For an open boxed region, unfortunately, the conversion 10 Instability. . L
rates, such as the one defined in Eq. (6), do not dis-  Comparing the K, time series with that of the Ku-
criminate between energy conversions and the energy roshio path index (Fig. 7) reveals that the transition in
fluxes through the open boundaries (Harrison and Rob-
inson 1978). For the Kuroshio region south of Japan,
say from 25° to 35°N, 132° to 140°E, the eddy energy 2 In both of these studies, the model domain is small and the energy
fluxes through the open eastern boundary are substantial  conversion rates, calculated in the closed model domain, can be
(see Fig. 9). uniquely interpreted.

A useful tool for gaining a better understanding of
the variability of oceanic flowsis analysis of energetics.
Given the spatial and temporal inhomogeneity of the
circulation, an ideal way of examining the Kuroshio path
fluctuations is to look into the conversions between the
mean and eddy potential energies (P and P’) and be-
tween the mean and eddy kinetic energies (K and K’)
in a boxed region south of Japan. In the two-layer prim-
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Fic. 10. Examples of the observed cold-core eddy detachment from fully-developed Kuroshio meanders. (a) 20-30 Apr (solid line) vs
20-30 May (dashed lines) 1977; (b) 3-15 Mar vs 28 Mar—9 Apr 1979; (c) 18 Jul-1 Aug vs 8-23 Aug 1979. Redrawn from Nishida (1982).

the Kuroshio from a straight path state to a meadering
state is nearly always accompanied by a sharp rise in
K,. From the studies of Holland and colleagues, this
implies that the development of the Kuroshio meanders
is preceded by the occurrence of baroclinic instability.
That the baroclinic instability takes place at alate stage
of the Kuroshio’s straight path state is also supported
by signals seen in the vertical shear of the alongshore
Kuroshio, (U, — U,), where U, = u, cos23° + v, sin23°
denotes the flow speed parallel to the Japan coast. As
shown in Fig. 12a, the mean vertical shear of the Ku-
roshio south of Japan undergoes a gradual buildup while
the Kuroshio isin its straight path state. It is likely that
the straight-pathed Kuroshio eventually becomes bar-
oclinically unstable when (U, — U,) exceeds athreshold
value.

What, then, causes the gradual increase in (U, — U,)
when the Kuroshio is in the straight path state? As we
noted in the introduction, the eastward flow of the Ku-
roshio is closely connected to the anticyclonic recir-
culation gyre to its south. Many theoretical and mod-
eling studies in the past have shown that the southern

recirculation gyre in the wind-driven subtropical cir-
culation is due to the accumul ation of low-PV anomalies
carried northward by the western boundary current (e.g.,
Cessi et al. 1987; Ireley and Young 1988; Boning 1986;
Spall 1996a,b; and Liu 1997). The equilibrium state of
the recirculation gyre, as shown in these studies, de-
pends on the magnitude of the low-PV anomaliestrans-
ported by the western boundary current and the size of
subgrid-scale eddy dissipation. When the latter is in-
sufficient to offset the low-PV anomalies, the recircu-
lation gyre will increase in intensity and the dispersal
of the excessive low-PV anomalies is accomplished
through the flow instability. We believe that our modeled
Kuroshio is in such a parameter regime where the low-
PV anomalies transported from the south are not being
effectively removed from the region south of Japan.
Indeed, alook into the upper-layer vorticity (£,) in the
region south of Japan reveals that when the Kuroshio
is in the straight path state, the area-averaged ({;) has
in general a decreasing trend, indicating a regional ac-
cumulation of the low-PV anomalies (see Fig. 12b). The
low-PV anomaly accumulation spins up the anticyclonic

Ky (1073 J/m? )

S - SR
30 35 40 45

50 55 60

model year

Fic. 11. Time series of the lower-layer kinetic energy, K, = p,h,(u3 + v3)/2, averaged in the Kuroshio
region south of Japan (25°-35°N, 132°-140°E). Shaded periods indicate when the Kuroshio is in the
meandering state (i.e., the Kuroshio path index in Fig. 7 >2.0°). Tick marks along the time axis indicate

the beginning of a year.
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(a) U;—U, averaged in the Kuroshio region

model year

(b) Upper layer vorticity in the Kuroshio region
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Fic. 12. (a) Time series of the vertical shear in the alongshore Kuroshio current, (U, — U,), where ()
denotes the spatial average in the area from 132° to 140°E and from 0.5° to 3.5° offshore from the Japan
coast. (b) Time series of the upper layer vorticity ¢, averaged in the Kuroshio region of 25°-35°N and 132°—
140°E. For both time series, a low-pass Gaussian filter with an e-folding scale of 80 days was applied to
remove high-frequency signals. Shaded periods indicate when the Kuroshio is in the meandering state (i.e.,
the Kuroshio path index in Fig. 7 >2.0°). Tick marks along the time axes indicate the beginning of a year.

recirculation gyre and increases the eastward flow in the
upper-layer Kuroshio. With the vertical shear increases
in the alongshore Kuroshio, this|eads eventually to bar-
oclinic instability of the straight-pathed Kuroshio sys-
tem.

4. Discussion and conclusions

The notion that the Kuroshio path modality could be
a result of multiple equilibrium states has been recog-
nized by many previous theoretical and modeling stud-
ies. As we reviewed in the introduction, when the Ku-
roshio isin the multiple equilibrium regime, the existing
studies have emphasized the importance of inflow
changes in determining the path transitions from one
state to the other. In other words, the Kuroshio path
variability has been considered ahysteresis phenomenon
controlled externally by the upstream inflow fluctuations
and dependent on the history of the existing path.

The result of this study indicates that the Kuroshio’s
bimodal path fluctuations are not necessarily regulated
by the external inflow changes. It suggests the existence
of a self-sustained mechanism in the Kuroshio current

system that can generate bimodal path variations on an
interannual time scale. This mechanism can be briefly
summarized as follows (Fig. 13). Being the western
boundary current for the subtropical circulation of the
North Pacific, the Kuroshio carries northward low-PV
water of southern origin. In the “reentry” region south
of Japan, the inability of dissipative processesto remove
the low-PV anomalies intensifies the offshore recircu-
|ation gyre, forcing the Kuroshio to flow along the Japan
coast. As the intensification of the recirculation gyre
progresses, the vertical velocity shear of the Kuroshio
increases, leading eventualy to the development of a
meander path due to baroclinicinstability of the straight-
pathed Kuroshio. Through shedding of cyclonic cold-
core eddies offshoreward, the meandering Kuroshio
mixes high-PV water of coastal origin into the recir-
culation gyre, thereby reducing the intensity of the an-
ticyclonic recirculation gyre. Once the Kuroshio is in
its meandering state, its return to the succeeding straight
path state has to wait for the re-strengthening of the
offshore recirculation gyre. The restrengthening of the
recirculation gyre is a slow process; it depends on the
gradual accumulation of low-PV anomalies replenished
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Fic. 13. Schematic of the self-sustained oscillation mechanism of
the Kuroshio current system.

by the upstream Kuroshio in excess of eddy dissipation.
After the recirculation gyre intensifies, the cycle de-
scribed above would start again.

On the interannual timescale, we note that the ob-
served Kuroshio transport in the upstream East China
Sea has remained at a relatively constant level since
1975 (Fig. 4b). Given the weak correspondence between
the changes in the upstream inflow and in the Kuroshio
path, we suggest that the observed alternations of the
Kuroshio path following 1975 (Fig. 4a) may be better
understood as a manifestation of the above self-sus-
tained oscillation. Because many of the dynamical pro-
cesses listed in Fig. 13 are strongly nonlinear, the os-
cillation is likely to recur aperiodically. Indeed, the
modeled Kuroshio path index of Fig. 7 showed that the
duration of the meander state and the time interval be-
tween the two consecutive meander states varied from
event to event.

While quantifying the explicit dependence of the os-
cillation timescale upon the upstream Kuroshio trans-
port is beyond the scope of this study, we did carry out
one additional model run in which we reduced the sur-
face wind stress forcing over the entire model domain
by 25% after model year 30. In this reduced wind forc-
ing case, the mean Sverdrup transport evaluated at 30°N
and 130°E is 40 Sv, the level corresponding to that
observed in the decade from 1965 to 1974 as shown in
Fig. 5. The solid line in Fig. 14 shows the Kuroshio
path index obtained from this model case. While small-
amplitude path fluctuations are abundant, the Kuroshio
remains in the straight path state after the initial period
of adjustment. This model result can again be explained
by the dynamics of the southern recirculation gyre.
When the basinwide surface wind forcing is weak, the
upstream Kuroshio inflow becomes small. If the dissi-
pative forces south of Japan are sufficient to remove the
excess low-PV anomalies transported from the south,
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Fic. 14. Time series of the Kuroshio path index from the model
driven by the monthly Hellerman and Rosenstein wind stress data at
the 75% level. The initial condition for this reduced wind forcing
case is the 30th-year state of the base model case. Tick marks along
the time axis indicate the beginning of a year.

the Kuroshio will remain in the straight path state with-
out instability and meander development. As such, the
relatively weak surface wind forcing over the North
Pacific Ocean during the decade of 1965-74 likely ex-
plains why the Kuroshio remained in a straight path
state for the long ten-year period before 1975 (Fig. 4a).

In the self-sustained oscillation proposed above, we
emphasized the dynamic role played by the Kuroshio’'s
southern recirculation gyre. The importance of recir-
culation gyres in contributing to the multiple equilib-
rium states of a western boundary outflow has been the
subject of several recent studies (e.g., Jiang et a. 1995;
McCalpin and Haidvogel 1996; Spall 1996a,b). In par-
ticular, Spall’s (1996a,b) study identified adecadal-time-
scale internal oscillation in the Gulf Stream, as a result
of the Gulf Stream’s interaction with the underlying
deep western boundary current. In his model, the Gulf
Stream switches back and forth between a low energy
state with weak northern/southern recirculation gyres
and short penetration scale and a high energy state with
stronger recirculation gyres and longer penetration
scale. Asin Fig. 13, the Gulf Stream oscillation ismain-
tained by the spinup and spindown of the recirculation
gyres and by variations in the stability property of the
surface boundary outflow. The contributing processes
of the oscillations are, however, different. For example,
the Gulf Stream oscillation depends critically on the
presence of the deep western boundary current, which
supplieslow-PV water to the southern recircul ation gyre
when the Gulf Stream isin the high energy state, subtly
changing the stability property of the Gulf Stream. For
the Kuroshio, the low-PV water supply is solely from
the upstream upper-layer inflow. Of fundamental im-
portance for the Kuroshio path oscillation is the pres-
ence of the Japan coast acting as a solid northern wall.
The wall prohibits the formation of a northern recir-
culation gyre as in the Gulf Stream (Hogg et al. 1986),
and confines the Kuroshio in a straight path state when
the southern recirculation gyre spins up.

The two-layer model is admittedly an over-simplified
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representation of the Kuroshio current system. No at-
tempt is made in this study to simulate the observed
Kuroshio path index time series (Fig. 4a) by using avail-
able interannually varying wind stress data. It is our
hope that the results from this study provide insight into
the dynamical processes crucia for the Kuroshio path
bimodality that can be further explored in future ob-
servational and modeling studies.
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