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ABSTRACT

Using an inflow—outflow numerical model, the authors demonstrate that the existence of Koshu Seamount,
located about 200 km to the south of Cape Shiono-misaki, is essential in creating the large meander (LM) of
the Kuroshio. When Koshu Seamount is completely smoothed out, the meander trough propagates away
without being amplified to form the LM. In contrast, nearly the same LM as in the case with full topography is
formed when the foot of Koshu Seamount remains without being smoothed out and also when the foot of
Koshu Seamount is filled in so that the upper part of Koshu Seamount remains. A linear stability analysis
applied to the model output shows that the Kuroshio becomes baroclinically most unstable when the water
depth decreases offshoreward. The authors therefore conclude that the enhancement of baroclinic instability
over the northern slope of Koshu Seamount is a prerequisite to the formation of the LM.

1. Introduction

It is well known that the Kuroshio path south of Japan
shows remarkable bimodal features: namely, the large
meander (LM) path and the nonlarge meander (NLM)
path (Fig. 1; e.g., Taft 1972; Kawabe 1995). The transi-
tion from the NLM path to the LM path is triggered by
the generation of a small meander off the southeastern
coast of Kyushu, which then propagates eastward up to
Cape Shiono-misaki in about 4 months. After passing
Cape Shiono-misaki, the small meander amplifies rap-
idly in about one month so that the Kuroshio loops back
west of the Izu-Ogasawara Ridge, leading to the for-
mation of the LM path. The small meander generated
off the southeastern coast of Kyushu is therefore often
called the “trigger meander” (Solomon 1978).
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Using a primitive equation, inflow—outflow numerical
model that takes realistic topography into account, Endoh
and Hibiya (2001) successfully reproduced the stream
patterns observed during the transition from the NLM
path to the LM path. They demonstrated that the trig-
ger meander amplified rapidly off Cape Shiono-misaki
through the interaction with the accompanying abyssal
anticyclone trapped over the local topographic feature,
Koshu Seamount, which is located about 200 km to the
south of Cape Shiono-misaki. This abyssal anticyclone
was shown to play a crucial role in intensifying the
meander trough in the upper ocean via cross-frontal ad-
vection; the intensified trough further amplified the abys-
sal anticyclone. This suggests that baroclinic instability
over Koshu Seamount is the mechanism dominating
the rapid amplification of the trigger meander off Cape
Shiono-misaki. Current meter moorings deployed north
of Koshu Seamount (Fukasawa and Teramoto 1986) as
well as the Japan Coastal Ocean Predictability Experi-
ment (JCOPE) reanalysis data (Endoh and Hibiya 2009)
support the model results by Endoh and Hibiya (2001).
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FIG. 1. Typical paths of the Kuroshio (bold lines) superposed on
bathymetry of the western North Pacific and the East China Sea
(contours). Contour interval is 500 m. The calculated results in the
area enclosed by the dashed—dotted line are shown in Fig. 2.

Although recent model studies (Miyazawa et al. 2004;
Tsuyjino et al. 2006) support the rapid amplification of the
trigger meander through baroclinic instability as well,
there is conflicting evidence as to whether the existence of
Koshu Seamount is essential in creating the LM path of the
Kuroshio; Endoh and Hibiya (2001) demonstrated that the
meander trough was not amplified to form the LM when
Koshu Seamount was removed, whereas Tsujino et al.
(2006) reproduced the realistic transition from the NLM
path to the LM path using an OGCM with no resolution of
Koshu Seamount. However, this discrepancy is misleading
because topographic configurations in Endoh and Hibiya
(2001) and Tsujino et al. (2006) are different from each
other, as shown in Fig. 2; the configuration of Koshu Sea-
mount was completely smoothed out by Endoh and Hibiya
(2001) (Fig. 2b), whereas Tsujino et al. (2006) used the
configuration retaining the foot of Koshu Seamount fall-
ing into the Nankai Trough northward (Fig. 2c). There-
fore, to obtain a definite conclusion about the role of
Koshu Seamount on the formation of the LM, we have to
clarify the sensitivity of the model results to changes of
the configuration of Koshu Seamount.

In the present study, with the same numerical model as
used by Endoh and Hibiya (2001), we carry out four sets of
numerical experiments where the configuration of Koshu
Seamount is altered in a systematic way, including those of
the control experiments by Endoh and Hibiya (2001) and
Tsujino et al. (2006). We examine the sensitivity of the
model results to changes of the configuration of Koshu
Seamount and obtain a definite conclusion about the role
of Koshu Seamount on the formation of the LM.
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2. Numerical model

A detailed description of the model configuration is
given by Endoh and Hibiya (2001) so that we note here
only several points that are relevant to the present study.
The model domain covers the area from 20° to 40°N and
from 121° to 147°E. The horizontal resolution is 18.5 km
(~Y6°) in both latitudinal and longitudinal directions. In
the vertical direction, we employ 30 levels that are un-
evenly distributed from the sea surface down to the
bottom. The values of parameters are the same as used
by Endoh and Hibiya (2001), except that the coefficients
of the horizontal and vertical eddy diffusivities are re-
duced to be more w1dely accepted values of 100 m* s~
and1x 107> m? s~ !, respectively. The Kuroshio is driven
by specifying the inflow across the southern boundary as
well as the outflow across the eastern boundary; the lon-
gitude (latitude) of the current axis at the inlet (outlet) is
assumed to be 122.5°E (35.5°N). The maximum current
velocity at both the inlet and outlet is assumed to be
2 m s~ !; the resulting volume transport through the Pol-
lution Nagasaki (PN) line in the East China Sea (see Fig. 1)
is about 25 Sv (1 Sv = 10° m® s 1), nearly equal to the
observed average value of about 24.4 Sv (Kawabe 1995).

The experimental procedure is also similar to that
described by Endoh and Hibiya (2001). First, we assume
anarrow jet all the way from the inlet down to the outlet,
and then the model is spun up for 6840 days. Toward the
end of the spinup period, transient responses die away
and a quasi-stationary NLM path is attained. Then,
a Gaussian-type anticyclonic mesoscale eddy with the
maximum tangential current speed of 0.4 m s~ ' at a ra-
dius of 100 km is placed at 26.5°N and 131°E in the nu-
merical model. As demonstrated by Endoh and Hibiya
(2001), the imposed anticyclonic eddy interacts with the
Kuroshio to generate the trigger meander off the south-
eastern coast of Kyushu (see their Fig. 5).

In the present study, we carry out four sets of nu-
merical experiments, in total, with each changing the
configuration of Koshu Seamount (Fig. 2). In experi-
ment 1, full topography is used (Fig. 2a). Experiment 2 is
the same as experiment V by Endoh and Hibiya (2001),
where the configuration of Koshu Seamount is com-
pletely smoothed out (Fig. 2b). The configuration of
experiment 3 is equivalent to the one in the control ex-
periment by Tsujino et al. (2006), where the upper part
of Koshu Seamount is dredged to be flat at a depth of
4350 m so that the foot of Koshu Seamount remains
(Fig. 2¢c). In experiment 4, the foot of Koshu Seamount is
filled in, whereas the upper part of Koshu Seamount
remains (Fig. 2d). All of these numerical experiments
are started from the quasi-equilibrium state attained in
the spinup run with full topography, and the time evolution
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(a) Experiment 1
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(b) Experiment 2
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FIG. 2. Local bathymetry off Cape Shiono-misaki in (a) experiment 1, where bottom topography is derived from
the 5-minute gridded elevations/bathymetry for the world (ETOPOS) dataset (National Oceanic and Atmospheric
Administration 1988); (b) experiment 2, where the configuration of Koshu Seamount is completely smoothed out, as
in the control experiment by Endoh and Hibiya (2001); (c) experiment 3, where the upper part of Koshu Seamount is
dredged to be flat at a depth of 4350 m so that the foot of Koshu Seamount remains, as in the control experiment by
Tsujino et al. (2006); and (d) experiment 4, where the foot of Koshu Seamount is filled in, whereas the upper part of
Koshu Seamount remains. Contour interval is 100 m, and the dashed line shows the 4350-m isobath. Areas with water
depths deeper than 4500 m (shallower than 3000 m) are light shaded (dark shaded).

of the trigger meander off Cape Shiono-misaki is com-
pared between the numerical experiments.

3. Results

Figure 3 shows sequences of the density field at a depth
of 450 m superposed on the abyssal horizontal velocity
field at a depth of 3750 m off Cape Shiono-misaki for all

the numerical experiments. As mentioned above, ex-
periments 1 and 2 reproduce nearly the same results as in
experiments I and V by Endoh and Hibiya (2001), re-
spectively, with small differences resulting from the em-
ployment of the reduced coefficients of the horizontal
and vertical eddy diffusivities. As demonstrated by Endoh
and Hibiya (2001), the trigger meander is amplified to
form the LM through the interaction with the abyssal
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FIG. 3. Sequences of the density field at a depth of 450 m (contours) superposed on the abyssal horizontal velocity field at a depth of
3750 m (vectors) off Cape Shiono-misaki for (a) experiment 1, (b) experiment 2, (c) experiment 3, and (d) experiment 4. Contour interval
for the density is 0.2 kg m . Areas with water depths shallower than 3750 m are shaded.
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anticyclone trapped over Koshu Seamount in experiment
1 (Fig. 3a), whereas the meander trough propagates away
over the Izu—Ogasawara Ridge without being amplified
in experiment 2, where the configuration of Koshu Sea-
mount is completely smoothed out (Fig. 3b). In experi-
ment 3, where the foot of Koshu Seamount remains
without being smoothed out, in contrast, the abyssal an-
ticyclone develops at nearly the same location as in ex-
periment 1, interacting with the trigger meander to form
the LM (Fig. 3c). This indicates that the discrepancy be-
tween the calculated results by Endoh and Hibiya (2001)
and Tsujino et al. (2000) is due to the different way of
isolating the effect of Koshu Seamount; if Tsujino et al.
(2006) had used the configuration of experiment 2, they
would not have reproduced the transition to the LM.
Furthermore, striking resemblance of the results of ex-
periment 4 (Fig. 3d) to those of experiments 1 and 3
implies that the slope of Koshu Seamount from the top
right down to the foot plays an essential role in the
formation of the LM.

To confirm this, a linear stability analysis of the trigger
meander is carried out using the model output before
the anticyclonic mesoscale eddy is placed. We employ
the formulation based on a quasigeostrophic equation
for a continuously stratified fluid (Tsujino et al. 2006)
where a horizontally uniform mean flow [U(z), V(z)] is
assumed, bearing in mind that this is just the first-order
analysis because the Kuroshio actually has a horizontal
shear as well. Substituting a plane wave perturbation,

d(x,y,z,t) = F(z)explilkx + ly — wt)], (1)

into the linear quasigeostrophic equation
2
<3 + Ul Vi) Vi + i<f° a‘ﬁ)} + B%
ot ox ady 0x

az\ N2 oz
L9 0 (f3 0UN|_a|o (f5 oV
ax|az\ N? a9z dy |0z \ N2 oz

where N is the buoyancy frequency and f, + By is the
Coriolis parameter, we obtain an eigenvalue equation,
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where w and F are the eigenvalue and the corresponding
eigenvector, respectively; K = vk2 + I2; and U = (Uk +
VI)/K. Equation (3) is numerically solved with the
boundary conditions
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FI1G. 4. (top) Growth rate and (bottom) downstream phase speed
as a function of the wavelength 277/K for the most unstable mode,
which are calculated by applying a linear stability analysis to the
model output. The colored lines indicate the calculated results for
y = —0.002 (red), 0 (black), and 0.002 (green). Note that the positive
(negative) value of y means that the water depth increases (de-
creases) offshoreward.
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where v is the gradient of a bottom slope perpendicular
to the mean flow. The squared buoyancy frequency N>
is derived by taking a horizontal average of density
within the area of 32°-33.5°N and 134°-135.5°E, whereas
U(z) and V(z) are calculated by taking the projection of
the horizontal velocities averaged within the same area
onto the direction of the vertically integrated velocity of
them.

Figure 4 shows the calculated growth rate and down-
stream phase speed of the most unstable mode for y =
—0.002 (red), 0 (black), and 0.002 (green). Note that the
positive (negative) value of y means that the water
depth increases (decreases) offshoreward. For the typical
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wavelength of the trigger meander (277/K = 300-420 km),
we can find that the Kuroshio becomes most unstable
over the negative bottom slope, although the downstream
phase speed is fairly independent on the bottom slope.
The sensitivity of the growth rate to the bottom slope is
qualitatively consistent with the results of the present
numerical experiments, indicating that the enhancement
of baroclinic instability over the northern slope of Koshu
Seamount is a prerequisite to the amplification of the trig-
ger meander and hence the formation of the LM path of
the Kuroshio.

4. Concluding remarks

There is an argument on whether the existence of
Koshu Seamount, located about 200 km to the south of
Cape Shiono-misaki, is essential in creating the LM path
of the Kuroshio south of Japan (Endoh and Hibiya 2001;
Tsujino et al. 2006). Using a primitive equation inflow—
outflow numerical model, we have demonstrated that
this discrepancy is caused by the different way of iso-
lating the effect of Koshu Seamount. When the config-
uration of Koshu Seamount is completely smoothed out
as in the control experiment by Endoh and Hibiya
(2001), the meander trough propagates away over the
Izu-Ogasawara Ridge without being amplified to form
the LM. In contrast, nearly the same LM path as in the
case for the full configuration of Koshu Seamount is
formed when the foot of Koshu Seamount remains
without being smoothed out as in the control experiment
by Tsujino et al. (2006) and also when the foot of Koshu
Seamount is filled in so that the upper part of Koshu
Seamount remains. These results imply that the slope of
Koshu Seamount plays an essential role in the formation
of the LM. In fact, a linear stability analysis applied to
the model output has shown that the Kuroshio becomes
baroclinically most unstable when the water depth de-
creases offshoreward, qualitatively consistent with the
results of the present numerical experiments.

The main conclusion derived from these results is that
the enhancement of baroclinic instability over the north-
ern slope of Koshu Seamount is a prerequisite to the
formation of the LM path of the Kuroshio. This is con-
sistent with the observed result that the transition from
the NLM path to the LM path occurred only when the
amplitude of the small meander off Cape Shiono-misaki
was large enough for the meander trough to reach over
the northern slope of Koshu Seamount (Ambe et al.
2009).

Although the amplitude of the small meander in the
present numerical model is strongly dependent on the
strength of the imposed anticyclonic mesoscale eddy
(Endoh and Hibiya 2001), the reanalysis data during the
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transition from the NLM path to the LM path in 2004
show that the interaction between the Kuroshio and the
approaching mesoscale eddies is much more complicated
than previously thought (Usui et al. 2008; Miyazawa et al.
2008). More in situ observations combined with numeri-
cal studies are indispensable to clarify the generation
mechanism of the trigger meander.
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