
1. Introduction
The Kuroshio in the Shikoku Basin exhibits
two modes, namely, a straight path（blue line in
Fig. 1）and a large meander path（red line in Fig.
1）, as described in STOMMEL and YOSHIDA（1972）.
Both paths enter the Pacific Ocean from approxi-
mately 130° E and 30° N, Tokara Strait south of
Kyushu, and pass north of Hachijojima（33° N）
on the Izu-Ogasawara Ridge, which extends
north-south at approximately 140° E. From the
dynamic perspective, ROBINSON and TAFT（1972）,
using the path equation（ROBINSON and NILLER,

1967）, regarded the large meander path as a
Rossby lee wave that separated from the conti-
nental slope off the south coast of Shikoku（132°
E-135° E）. WHITE and MCCREARY（1976）re-
garded the large meander path as a Rossby lee
wave generated by bypassing Kyushu. They
considered that, since the wavelength of a linear
Rossby wave is proportional to the square root
of the current velocity, a large meander path ex-
ists if the current velocity of the Kuroshio is in
the range where the entire large meander path
（one and half wavelengths）is shorter than the
distance between Kyushu and the Izu-
Ogasawara Ridge; the large meander path does
not appear if the current velocity is higher than
that range.
MASUDA（1982）, using the path equation,
showed that, within a specific current velocity
range, multiple equilibria can exist for which
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there are both straight and large meander paths
through the inlet, that is Tokara Strait and outlet
of the Izu-Ogasawara Ridge at different lati-
tudes. Subsequently, several regional models
driven by inflow and outflow with different lati-
tudes obtained multiple equilibrium solutions in
specific velocity ranges（CHAO, 1984; YASUDA et
al., 1985; YOON and YASUDA, 1987; AKITOMO et
al., 1991）.
TSUJINO et al.（2006）and TSUJINO et al.（2013）
drove the ocean general circulation model with
historical winds and reproduced the Kuroshio
large meander, although it did not necessarily
match the actual period of occurrence. TSUJINO
et al.（2013）noted that the meander tended to
decay as the Kuroshio transport increased. USUI
et al.（2013）also showed that Sverdrup trans-
port in the Shikoku Basin increased at the last
stage of the historical Kuroshio large meander.
YOSHIDA et al.（2014）statistically analyzed the
Kuroshio path in the Quick Bulletin of Ocean

Conditions（QBOC）issued by the Japan Coast
Guard, and proposed another large meander
path（large meander east: LME）whose trough
（southernmost point）is located south of 32° N,
similar to the conventional large meander path
（large meander west: LMW）, but with a much
different longitude. While the trough of the
LMW is located west of the Izu-Ogasawara
Ridge, the trough of the LME is located on the
ridge. Figure 1 shows typical paths for the four
modes of the Kuroshio path classified by YOSHI-
DA et al. in the QBOC. If the southernmost lati-
tude of 136° E-142° E is north of 32° N, the path is
a non-large meander; else, if the southernmost
latitude of 136° E-142° E is south of 32° N, the
path is a large meander. The non-large meander
path passing north of Hachijojima（see Fig. 1）is
the non-large meander north（NLMN）; the non-
large meander path passing south of Hachijojima
is the non-large meander south（NLMS）; the
large meander path passing north of Hachijojima

Fig. 1 Map around the Shikoku Basin and the typical path（solid line）for
four modes of the Kuroshio path based on the QBOC（Quick Bulletin of
Ocean Conditions）; the non-large meander north（NLMN: blue）, non-large
meander south（NLMS: green）, large meander east（LME: black）, and
large meander west（LMW: red）. Dashed line indicates 32° N line. Open
circle indicates Hachijojima, closed circle indicates Cape Shionomisaki.
Color scale is for water depth. ETOPO1 was used for bathymetric data.
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is the LMW, and the large meander path passing
south of Hachijojima is the LME. YOSHIDA et al.
classified the Kuroshio paths from 1970 to 2009
and showed that the LMW accounted for 23 % in
terms of time and the LME accounted for 9 %.
The purpose of this study is to elucidate the
differences in the characteristics of the LMW
and LME. In particular, we will estimate the
characteristic velocities of the LMW and LME
by the path equation and investigate whether
the velocity of the Kuroshio controls the appear-
ance and disappearance of the LMW, as suggest-
ed by WHITE and MCCREARY.

2. Data and method
2.1 Kuroshio path
As the Kuroshio path, the current axis of the
Kuroshio path drawn in the QBOC（Quick Bul-
letin of Ocean Conditions）was used. In the
QBOC, the Kuroshio path fixed at a width of 40
nautical miles（approximately 74 km）is drawn
based on the analysis of the observed data of
current, sea surface temperature, and 200Ȃm-
depth temperature. The QBOC has been issued
twice a month since April 1960, once a week
since April 2001, and daily on weekdays since
August 2006. We used the line data created by
the Japan Hydrographic Association from the
QBOC image data（JAPAN HYDROGRAPHIC ASSO-
CIATION, 2022）. The current axis was defined as
the location of 13 nautical miles（approximately
24 km）from the coastal side of the Kuroshio
path. In addition, since August 2006, we used
only the data issued on Wednesdays, as in the
case of the earlier data.
For all modes in Fig. 1, the Kuroshio seems to
flow along the coast after entering the Pacific
Ocean at 130° E-131° E. For the NLMN, the Kur-
oshio flows along the coast to near Cape Shiono-
misaki（135.76° E）. For the NLMS, the path has
a crest（northernmost point）near Cape Shiono-

misaki and flows southward at a small angle to
the latitude line, and it turns northward with a
trough at 139° E-140° E. For the LME, the path
leaves the coast at 135° E-136° E as a crest and
flows southward, and it turns northward with a
trough at 139° E-140° E. For the LMW, the path
leaves the coast and flows southward with a
crest at 134° E-135° E, and it turns northward
with a trough at 137° E-138° E. For both large
meander paths, the LME and LMW, the path be-
tween the crest and trough has the form of a
sine wave, and it is presumed to be a free Ross-
by lee wave.
Figure 2 shows the mode of the Kuroshio path
in the QBOC from 1972 to 2019. There were
eight large meander periods of LME or LMW
that lasted more than one year（thick solid line
in Fig. 2）. The 8th large meander period, which
began in 2017, continues through 2020 and be-
yond. Figure 3 shows the Kuroshio paths for
each large meander period, and Table 1 shows
the appearance frequency of each path mode
during each large meander period. LME is dom-
inant in 1999Ȃ2001 and 2008Ȃ2009; LME and
LMW are comparable in 1981Ȃ1984 and 1989Ȃ
1991.

2.2 Path equation and its property
The path equation derived by ROBINSON and
NIILER（1967）was used. Assuming that the
current velocity at the sea bottom is zero, the
path equation can be written as follows:

 
   （1）

where  is the characteristic velocity

 
 （ is the current velocity in the path di-

rection）, and   denotes the surface integral
over the cross-section of the path.  is the path
direction from east,  is the coordinate of the

path direction, 
  is the curvature of the path,
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and  is 
  at the initial position of the path

 （the parameters are shown in Fig. 4）.

is the meridional variation 
  of the Coriolis

parameter  . Equation（1）represents the con-
servation of the potential vorticity of a thin jet,
with the first term on the left side representing
the relative vorticity, and the second term on the
left side representing the planetary vorticity.
The characteristic velocity coincides with the
current velocity if the current is spatially uni-
form, and when the velocity has a jet-like profile,
it is positively correlated with the maximum ve-
locity, but it is much lower than the maximum
velocity. ROBINSON and TAFT（1972）varied the
characteristic velocity of the Kuroshio in the Shi-
koku Basin in the range of 0.2Ȃ1.0 m/s and tried

to change the path. Assuming that the initial
curvature is zero, the path is determined by the
initial path direction  and the characteristic ve-
locity  . Figure 5 shows the variation in the
path due to the variation in the initial path direc-
tion  and the characteristic velocity  . If the
initial path direction is in this range, the form of
the path is close to a sine wave, and the larger
the initial path direction, the larger the ampli-
tude and the shorter the wavelength. On the
other hand, the higher the characteristic veloci-
ty, the larger the amplitude and the longer the
wavelength is.
A steady jet with a north-south component fol-
lows the path equation if there is no generation
or dissipation of vorticity owing to contact with
the lateral or bottom boundary. Then, the jet

Fig. 2 Mode of the Kuroshio path（small closed circle and dashed line）.（a）1972Ȃ1995,（b）1996Ȃ2019.
Thick solid line indicates large meander periods of more than one year.
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heads east while meandering as a Rossby lee
wave. This equation does not allow us to discuss
the path near the lateral boundary or in shallow
waters, and therefore, we cannot definitely state

how the western boundary current separates
from the lateral boundary. However, consider-
ing that the western boundary current flowing
from the south along the boundary separates

Fig. 3 Kuroshio path based on the QBOC. NLMN（blue）, NLMS（green）, LME（black）,
and LMW（red）.
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from the boundary as the relative vorticity de-
creases due to the β effect, as shown in Fig. 6,
the latitude of separation point is  where the
path has zero curvature, and the boundary di-
rection becomes the initial path direction .
The separation point is the point where vorticity
is supplied by contact with the boundary imme-
diately upstream and potential vorticity is con-
served downstream of it.

3. Characteristics of large meanders
Figure 7 shows the ten mean paths for the
eight large meander periods shown in Table 1,
along with their standard deviations at the
crests and troughs; for 1981Ȃ1984 and 1989Ȃ1991,
the mean paths of both the LMW and LME were
determined. The mean path was determined as

the mean latitude of the path for every 0.05 de-
grees of longitude from 128° E to just east of the
trough. The mean was taken by excluding the
paths farthest from the mean path until all paths
were within 0. 8 degrees of latitude from the
mean path. The horizontal broken lines in Fig. 7
are the central latitudes of the crest and trough
of each mean path. In our model shown in Fig. 6,
the central latitude coincides with the latitude of
the separation point, because the curvature of
the path is zero there. The 2000 m isobath east
of Kyushu and south of Shikoku extends approx-
imately 60 degrees（from the east）south of 31.5°
N and approximately 30 degrees（from the east）

Table. 1 Appearance frequency of each path mode
during each large meander period.

Fig. 4 Parameters in the path equation.

Fig. 5 Variation in the solution of the path equation
due to changes in（a）the initial path direction 30°
（green）, 40°（black）and 50°（red）for the char-
acteristic velocity 0.25 m/s, and（b）the charac-
teristic velocity 0.20 m/s（green）, 0.25 m/s（black）
and 0.30 m/s（red）for the initial path direction 40°.
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north of 31.5° N. The mean path of the large me-
ander, except for 1975Ȃ1980（LMW）, seems to lie
on the 2000 m isobath south of 31.5° N, and on
the 1000 m isobath south of Shikoku. The sepa-
ration point is the intersection of the central lati-
tude and the mean path. The five LMW separa-
tion points, except 1975Ȃ1980, are on the
transition from the 2000 m isobath to the 1000 m
isobath, and the three LME separation points,
except 1981Ȃ1984, are on the 1000 m isobath
south of Shikoku.
Figure 8 shows the optimal solution of the
path equation fitted to the path between the
crest and trough for each mean path（Fig. 7）.
The solution of the path equation has zero curva-
ture at the central latitudes of the crest and
trough of the mean path. By varying the initial
path direction  in steps of 1 degree, the charac-

teristic velocity U in steps of 0.01 m/s, the combi-
nation of initial path direction and characteristic
velocity that minimizes the root-mean-square dif-
ference in latitude between the mean path and
the solution between the crest and trough in the
mean path was determined. Figure 8 shows that
the solution of the path equation does not fit the
mean path in the west of the crest except
1975Ȃ1980 period. The paths seem to lie on the
1000 m isobath south of Shikoku, which elon-
gates the length between the separation point
and the crest. Although the details are unclear,
it seems that the continental slope strongly af-
fects the path through a mechanism not consid-
ered in the thin jet theory.
Table 2 shows the parameters of the optimal
solution. As typical values of LMW, we use the
mean of the five LMW except for 1975Ȃ1980, and
as typical values of LME, we use the mean of the
three LME except for 1981Ȃ1984. Table 2 shows
the mean and standard deviation for LMW and

Fig. 6 Schematic diagram of the separation of the
western boundary current and the Rossby lee
wave. PV denotes the potential vorticity of the
thin jet separated from the coast,  denotes the
Coriolis parameter at , β denotes the meri-
dional variation of the Coriolis parameter, U de-
notes the characteristic velocity, and H denotes
the height of the water column, which is constant
along geostrophic streamlines in the one-layer re-
duced gravity model. Ud/dy is the relative vor-
ticity. The parameters are shown in Fig. 4.

Fig. 7 Mean path（solid line）and central latitude
（dashed line）of the Kuroshio path. The circles
indicate the crests and troughs, and the thin ver-
tical lines indicate standard deviations at the
crests and troughs. LME（black）, and LMW
（red）. The green line indicates the 1000 m iso-
bath and the blue line indicates the 2000 m iso-
bath. Color scale of water depth is same as in
Fig. 1.
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Fig. 8 Optimal solution（dashed line）of the path equation fitted to the mean path of the
Kuroshio（solid line）. Thin dashed line indicates the central latitude. Black and green
lines indicate LME; red and blue lines indicate LMW. Color scale of water depth is same
as in Fig. 1.
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LME, respectively, and three of the eight param-
eters, characteristic velocity, wavelength, and
elongation, are not significantly different be-
tween LMW and LME（0. 05 ＜ p: probability
value）. The mean central latitude of the LME is
0.42 degrees higher than that of the LMW. The
mean amplitude of the north-south meander of
the LME is 0.10 degrees smaller than that of the
LMW. The mean initial path direction of the
LME is 8 degrees smaller than that of the LMW,
which makes the amplitude smaller.
Figure 9 shows the latitudinal distribution of
the direction（from the east）of the mean path
east of Kyushu and south of Shikoku obtained by

central difference（  

∆ ）, as
well as the initial path direction of the optimal
solution at the central latitude. Both the mean
path direction and the initial path direction de-
crease with latitude. In the central latitude
range, 31.77° N to 32.41° N, except for 1975Ȃ1980,
the decrease in initial path direction with in-

creasing latitude is less than that in the mean
path direction. The initial path direction de-
pends on the central latitude, but differs slightly
from the mean path direction, possibly due to
the effect of the continental slope as well as elon-
gation.
Whether the Kuroshio passes north or south
of Hachijojima depends on the longitude of the
trough, which divides the LMW and LME（see
Fig. 7）. The longitude of the trough is the sum
of the longitude of the separation point, the elon-
gation south of Shikoku and three-quarters of
the wavelength. The mean longitude of the
LME trough is 1. 22 degrees larger than the
mean longitude of the LMW trough（Table 2）.
Since there is no significant difference in wave-
length and elongation between LME and LMW,
the difference in longitude of the trough is gen-
erated by the 0. 76 degreesʼ difference in longi-
tude of the separation point. Although the
wavelength depends on the characteristic veloci-
ty and the initial path direction, there is no sig-

Table. 2 Parameters of optimal solution.
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nificant difference in wavelength between LME
and LMW because there is no significant differ-
ence in characteristic velocity and the depend-
ence on the initial path direction is weak.
On the other hand, the longitude of the LMW
trough for the 1975Ȃ1980 is 0. 90 degrees less
than the LMW mean. The large factors are the
difference in elongation of 0.68 degrees and the
difference in longitude of the separation point of
0.32 degrees. Elongation for the 1975Ȃ1980 peri-
od, when the path does not reach the 1000 m iso-
bath south of Shikoku, is almost zero.
The 1981Ȃ1984 LME and LMW trough longi-
tudes are nearly equal, almost in the middle of
the LME mean and the LMW mean. This sug-
gests that the trough of the 1981Ȃ1984 large me-
ander alternated between LME and LMW paths
because it was located near the boundary longi-

tude where the LME and LMW are divided.

4. Discussion
The initial path direction and characteristic
velocity were estimated by fitting solutions of
the path equation to two types of Kuroshio large
meanders, LMW and LME paths. A comparison
of the five LMWs and three LMEs showed no
significant differences in characteristic velocities
and, therefore, no significant differences in mean-
der wavelengths. The difference in the longitude
of the meander troughs was due to the differ-
ence in the longitude at which the Kuroshio sep-
arates from the continental slope east of Kyushu
or south of Shikoku. This differs from the esti-
mation by WHITE and MCCREARY（1976）, who
suggested that the troughs shift over the Izu-
Ogasawara Ridge due to the increased velocity
of the Kuroshio and the longer wavelengths of
the Rossby lee waves.
As pointed out by YOSHIDA et al.（2014）, at the
last stage of the LMW-dominated large meander
period, the Kuroshio path becomes the LME and
transitions to the NLMS（non-large meander
south）, ending the large meander. This transi-
tion of the Kuroshio path can be seen as a north-
ward shift of the separation latitude from the
continental slope. The increase in Kuroshio vol-
ume transport at the last stage of the large me-
ander period found by TSUJINO et al.（2013）and
USUI et al.（2013）may cause a northward shift in
the separation latitude without an increase in
characteristic velocities.
The path of the Kuroshio large meander devi-
ates from the optimal solution of the path equa-
tion once it passes the trough, and flows north-
ward over the western slope of the Izu-
Ogasawara Ridge for LMW and over the eastern
slope of the ridge for LME, mostly along the iso-
bathic line. However, depths at the deviation
points ranged from 4000 m and deeper in 1975Ȃ

Fig. 9 Direction of the mean path at each latitude
（lines）and the initial path direction of the opti-
mal solution at the central latitude（marks）.
LMW（red）and LME（black）. The dashed red
line and triangle indicate 1975Ȃ1980 LMW. The
gray dashed straight line represents the regres-
sion line for the nine marks except for the 1975Ȃ
1980 LMW.
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1980 to approximately 1000 m near the top of the
Izu-Ogasawara Ridge in some LMEs. This sug-
gests that the deviation from the solution near
the Izu-Ogasawara Ridge is not due to the local
effect of the bottom topography.
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