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A Steady Model of Typical Non-Large-Meander
Paths of the Kuroshio Current*

Masaki Kawabet

Abstract: Conditions south of Cape Shiono-misaki for the nearshore and offshore
non-large-meander (NLM) paths of the Kuroshio Current are studied using a two-
layer reduced gravity model. A steady and non-diffusive state is assumed, and the
conservation laws of Bernoulli’s function and potential vorticity along the current axis
are used. Spatial changes of velocity and depth of the current are imposed as boundary
conditions scuth of Cape Shiono-misaki. These conditions are based on the facts
that are ohserved south of the cape: abrupt acceleration of the Kuroshio and the
spatial change of sea levels. The current paths east of the cape are computed.

This model reproduces well the actual nearshore NLM paths. It also produces
offshore NLM paths west of and over the Izu Ridge, but not east of the Izu Ridge.
Diffusion of vorticity may be important for the eastern part of the offshore NLM
path.

An increase of velocity south of the cape is necessary for producing realistic
NLM paths. The velocity increase accompanies a decrease of current depth owing
to Bernoulli’s conservation, and the depth decrease in turn diminishes the absolute
vorticity owing to the potential vorticity conservation. The velocity increase, on
the other hand, strengthens the negative velocity shear and diminishes the relative
vorticity. If the decreases of the relative and absolute vorticities compensate each
other, the path goes excessively southward owing to the negative curvature south
of the cape. Dominance of the relative vorticity change over the absolute vorticity
change prevents the path from shifting southward and causes the realistic NLM
paths.

The NLM paths need different amplitudes of the changes south of the cape
depending on the velocity and transport of the current, but in any case, the near-
shore NLM path needs larger changes than the offshore NLM path. This property
and the amplitude of the changes are consistent with observations.

1. Introduction Kawabe, 1985). On the other hand, there is a

The variation of the path of the Kuroshio
Current south of Japan can be roughly described
by three typical paths and the transitions between
them (Kawabe, 1985, 1986). Figure 1 shows
the typical paths: large-meander (LM) path and
nearshore and offshore non-large-meander (NLM)
paths. The LM path is located offshore, and the
position is variable in time throughout the area
between Kyashéi and the Izu Ridge (Taft, 1972;
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clear difference of characteristics between the
NLM paths west and east of Cape Shiono-misaki.
They are always close to the coast west and
south of the coape, while they leave the coast
and become variable to the east. The classifi-
cation of NLM paths into the nearshore and
offshore paths is possible only in the eastern
region of the cape (Kawabe, 1985).

A distinct difference is seen also between the
surface velocities of the Kuroshic west and east
of the cape during NLM periods. The mean
velocity on the Kuroshio-current axis during the
NLM period is much larger east of the Kii
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Three typical paths of the Kuroshio south of Japan at mid-depth of

about 500 m: 1. nearshore non-large-meander path, 2. offshore non-large-
meander path, 3. typical large-meander path. K and U indicate tide
stations at Kushimoto and Uragami. M and H are Miyake-jima and
Hachijé-jima. Dotted lines show 500.m isobaths.

Peninsula than west (Masuzawa, 1961; Taft,
1972). The large increase of surface velocity of
the Kuroshio occurs within a small region just
south of Cape Shiono-misaki, according to the
Kuroshio-tracking observations in May 1967, 1968
1970 and 1975 (Konaga et al., 1967; Konaga,
1971; Minami, 1977; Shuto, 1979).

Moreover, there is a clear difference between
the variations of coastal sea levels west of Kushi-
moto and east of Uragami during NLM periods
(Tsumura, 1963; Kawabe, 1980). The sea-level
difference between Kushimoto and Uragami, 7.e.,
the spatial change of sea level at the cape, cor-
relates well with the alternate occurrences of
nearshore and offshore NLM paths (Kawabe,
1989).

These facts suggest a strong connection be-
tween current conditions south of Cape Shiono-
misaki and the NLM path east of the cape.
The abrupt acceleration of the Kuroshio south
of the cape may be important for the determi-
nation of the path east of the cape. The sea-
level difference between Kushimoto and Uragami
may be an important factor or, at least, its
reflection.

In this paper, the effect of the spatial changes
in the current velocity and depth on the NLM

paths of the Kuroshio will be examined, using
a simple steady model. The calculated paths,
which do not pass through the two deep passages
of the Izu Ridge, are considered impossible. This
is because the nearshore and offshore NLM
paths at mid-depth of about 500 m pass through
the gap of the Izu Ridge between Miyake-jima
and Hachij6-jima and through the deep region
just south of Hachij6-jima, respectively (Kawabe,
1985). The conditions south of the cape which
produce realistic paths will be discussed.

2. Model

As noted above, the NLM path of the Kuro-
shio leaves the coast in the eastern region of
Cape Shiono-misaki, whereas it is close to the
coast west of the cape. This suggests that the
diffusion of vorticity east of the cape is less
effective than that west of the cape where the
vorticity of the Kuroshio may be diffused by the
viscous coast, as in the numerical experiments
by Yasuda et al. (1985). Yet, even in the area
east of the cape, momentum and vorticity diffu-
sion may not be neglected in the onshore region
of the current axis owing to eddies advected
from the coast west of the cape and coastal

-eddies formed in the eastern region. Therefore,
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we will not think the onshore part of the
Kuroshic and will consider only the Kuroshio
current on the current axis (to be precise, just
the offshore streamline of the axis) in the eastern
area of the cape, and no diffusion of momentum
and vorticity is assumed. A steady state is also
assumed, since the nearshore and offshore NLM
paths persist for several months. These assump-
tions lead to the conservation of Bernoulli’s func-
tion and potential vorticity along the current
axis.

A reduced gravity model is used; i.e., the ocean
is two-layered with a resting lower layer. The
origin of the coordinates is taken at 135°40'E,
33°N just south of Cape Shiono-misaki, and the
X-axis is taken eastward, the Y-axis northward,
the z-axis downstream along the streamline of
the current axis, and the y-axis perpendicular to
the z-axis (Fig. 2).

Spatial changes of current depth and velocity
are imposed at the origin as boundary conditions.
These are based on observations of sea level and
GEK velocity. The sea level at Uragami is
lower than that at Kushimoto during the NLM
period (Kawabe, 1980). This can be interpreted
that the sea surface at the NLM path of the
Kuroshio falls south of Cape Shiono-misaki, Z.e.,
at the origin of X-Y coordinates taken here.
This implies that, in a two-layer reduced gravity
model, the depth of the Kuroshio current decreases
sharply south of the cape. The decrease of the
depth on the current axis at the X-Y origin will

north
Y
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(33°N, 135°40'E) X

Fig. 2. Coordinates of the model. The origin
of the X-Y coordinates is taken at 33°N,
135°40’E. Small ‘arrows in the z-y coordinates
show the assumed distribution of current veloc-
ity.

be indicated by 4H. The conservation of Ber-
noulli’s function along the current axis is written as

% U+ Ho=-§m+g' (Ho—4H), (1)

or

U=(Us?+2¢' 4H)'/, wy
where U denotes the current velocity, H the depth
of current {depth of the upper layer), and ¢’ the
reduced gravity. The quantities at the origin
(to be more exact, just west of the origin) are
indicated by the suffix 0.

Since the sea-level data imply 4H>0, Eq. (1)
gives U>Up; i.e., the velocity on the current
axis east of the origin is larger than that west,
This agrees with the fact that the Kuroshio
strongly accelerates just south of Cape Shiono-
misaki.

The conservation of potential vorticity along
the current axis is

du
o= W F~1
(ﬂ ayo'*'fﬁo{;o) Ho
=(ﬁ+ﬁY——5§+w)-(HO—AH)-IEC, (2>
where f is the Coriolis parameter, g%the hori-
zontal shear of current velocity, and £ the cur-

vature of the current path. The curvature &
is written as

d?Y dY 2=1—3/2
=g ()]

IS R (3
and ay

where Y=Y(X) indicates the current axis on the

XY coordinates.
O

To estimate 53, O thec urrent axis, the veloc-

ity profile needs to be assumed. Since ‘the veloc-
ity of the Kuroshio decreases almost linearly in
the offshore direction from the current axis, it is
assumed as

u‘=<l+—%>U, (5)
as shown in Fig. 2. The horizontal shear is

Ju U

oL (6)

where L is the current width. Substitution of
Egs. (8) and (6) into Eq. (2) yields
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4P U U
ax TeY+CAH+ -7

—koUo)e U™+ (1+P2)¥2=0. (7)

Equations (3), (4) and (7) are the equations for
&k, Pand Y. The values of £, B, ¢/, ko and Hy
are given as constants in Section (3), and U is
calculated from Eq. (1)’ for given values of U and
A4H. We can find a solution of Egs. (3), (4) and
(7), if L and Lo are obtained.

E_;‘L"BY substituting Eg. (5) into the momentum

equation £ w?+fu=—g’ '@-, the horizontal gradi-

ent of the current depth is given as

oh _ kU* ., U
ay - g(Lgy QIL(f-*_ZEU)y
U
—E;(f+isU).

If we neglect the y-dependence of k, the cur-
rent depth is approximately obtained as

_&U?

- E,—(f+lsU)y+Ho—AH. (8)

h=—

Using Egs. (5) and (8), the volume transport @=
0

hu+dy is given as
~L

Q= U{(’;g],+fU) —(HO—AHiL}

In the same way, current depth and volume
transport at the origin are obtained as

__ &wU? U )
ho=— 3g’L02y 20 La + 25 Uo)y
— o fotmUny+ H, a0
roUsp? foUo
Qo=U°{< 1009’ + >L02+—2—H0L0}
an
Using Egs. (9) and (11), the conservation of

volume transport of the current, Q= Q, gives the
equation of the current width L:

U fU 1
(T()_T+F)L2+_(HO_AH)L
{ K Uo? foUo
lOg'

Moreover, Eq. (10) at y=—L, gives the equation

>L09+ HOLO} a2

of Ly as
60' D—H,

Ly=29 , Y=o
° Us 260U +3f0 ’

a3
where D is the depth of the upper layer on the
offshore side of the current at the origin. Thus,
Ly is determined for a given value of D.
Finally, the unknowns &, L, P, Y are numeri-
cally calculated through the following process,
using Egs. (3}, (4), (7) and (12) for parameters U,

4H and P, <=

Cﬁo: the inclination of current axis
at the orjgin). [1] The position of the current
axis Y at the n-th spatial step (written as Y
hereafter) is computed from Eq. (4) using the

=22 ). [2] P is
) dXn1
similarly computed from the known value of

known value of P,_;

% [3] £~ is computed from Eq. (3) using

n—1.

the value of P, and the approximate value of

IxX given by (Pr—Po)/4X. [4] L. is

computed from Eq. (12) using the value of £.»

51 %
dXa

values of P,,

is computed from Eg. (7) using the
Y. and L,. [6] In order to obtain

the final value of -= , the processes [3] to [5]

dP
dX n

are repeated using the average between the

approximate value in [3] and the computed value

dP
til the difference
7%, T
between the approximate and computed values
becomes small. Then, Pr.; is computed from

in [5] in terms of —

%ﬂ as in the process [2].
The values of P, and Pa.+1 give the positions of
the current axis Y»,; and Yas:. The current
path Y=Y¥(X), thus, is obtained for a set of the
parameters.

This model assumes that the velocity and depth
of the current (accordingly, mass transport also)
are constant along the current axis east of the

the final value of

This implies a—'U=0 on the
oy

current axis owing to the mass continuity, so
that the current axis and its neighboring offshore
streamline are parallel to each other. The require-
ment of parallel streamlines is implicitly extended
to the whole current by the assumption of the
triangle profile of velocity, Moreover, the y-
dependency of streamline curvature is neglected
in the derivation of Eq.(8). These assumptions

coordinate origin.



Model of Kuroshio Non-Large-Meander Paths 59

are satisfied when the current width is much
smaller than the radius of streamline curvature,
i.e., tkLL1. It should be noted that the present
model is valid for currents with small curvature
like non-large-meander paths of the Kuroshio.

3. Constants used in the model

The following values of constants are used:
Fo=0.8x10"1sec™!, f=1.9x10"¥cm™lsec™, ¢'=
2cmsec™?, ko=—3x10"%cm. The f; and B
are the values at 33°N. The & is determined
from the approximate curvature of the NLM
path of the Kuroshio from south of Kyasha to
the Kii Peninsula.

The current depths H, and D are related to
the volume transport € as

gl
Qo= gf“o‘(Dz —Hy?), as
if ko=0. The standard values of FHy and D are
specified as 500 m and 700 m, respectively. These
values give the volume transport of 30x10%m?®
sec™!, which is the approximate transport of the
Kuroshio in the Tokara Strait estimated by the
Hydrographic Department, Japan Maritime Safety
Agency (Ishii et al., 1986).

4. Effect of xo and 4H on the shape of cur-
rent path
The small gradient case of the current axis,

dY\¢* . .
E) =P?L1, is discussed first, in order to
survey the effects of the imposed condition at
the origin on the shape of the current axis.
Equation (7) is linearized to

a&y B,

where

Ly L
To be precise, the current width L depends on
X and Y, since the first term in Eq. (12) involves
rand f. However, if we consider £>«xU as well
as f=fo, L is treated as constant. With this
approximation, the solution of Eq. (15) is

Y=AcosaX+BsinaX—a, (17)

where a=(8/U)"?, and A and B .are integral
coefficients.
For the boundary conditions at the origin

i ,34<CAH+93 ..Q_WUO)‘ (16)

ay
—d?=Po at X=0, 18

it is concluded that

Y=0,
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Fig. 3. Relations of the amplitude A (solid lines) and B (dashed lines) in
Eq. (20) to the decrease of current depth at the origin, 4H. The values
of Us, Hy and D are 100 cm'sec™, 500 m and 700 m, respectively. The
shaded area (dH<—25m) shows impossible cases with imaginary U.
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A=a, B=alPh. a9
Finally, Eq. (17) can be written as
Y=Alcos aX—1)+BsinaX
=a(cosaX—1)+a~! PysinaX. (20)

This indicates that the mean meridional position of
the current axis shifts to Y=—A. The quantity
A is proportional to &y and U, if 4H=0, and is
strongly influenced by the other terms in Eq. (16)
as 4H increases. The amplitude of the sine
term, B, is proportional to the inclination of the
current axis at the origin, P.

36

If the values of Hy,, D and U, are given as
constant, the coefficient A depends on xo and 4H,
and B depends on P; and 4H, ie., A=A (xo,
4H) and B=B (P,, 4H). These relations are
shown in Fig. 3. The coefficient A depends
strongly on both x, and 4H, while B depends on
P, but not strongly on 4H (especially for large
4H). Therefore, the current path for given P,
is almost entirely determined by &y and 4H, and
there are innumerable pairs of #e and 4H giving
similar paths. For example, a pair of (xo, 4H)
=(—~10"fcm™, 16 m) and (—5x10"%cm™!, 36 m)
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Fig. 4. Computed current paths for the following values of P, xo, and 4H:

—-0.1, —10"% cm™!, 15 m {(upper solid),

dashed),
22 m (lower dashed).

—0.1, —5%X107% cm™!, 36 m (upper

3, —10%cm™, 4m (lower solid) and —0.3, —5X107%cm™},
Us, Hy and D are 100 cm sec™®, 500 m and 700 m,

respectively. The 500-m isobaths are shown together with the coast lines.
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Fig. 5. Current paths of ro=dH=0 for seven values of the path inclination

at the origin, Po.

The values of Py are —0.6,

—0.4, —0.2, 0, 0.2, 0.4,

0.6. Us, Ho and D are 100 cmsec™, 500 m and 700 m, respectively.
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Fig. 6. Same as Fig. 5 except for xp=—3%10"% cm™.
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Fig. 7. Classification of paths for values of 4dH and Py (Us=100 cmsec™, Ho=500m, D=

700 m, £o=—3%10"% ecm™). The regions I and II show the paths which collide with the
Izu Ridge shallower than 500 m at the north and south of Miyake-jima, respectively. The
mark @ shows the path which collides with the coastal slope off the Bésé Peninsula after
passing through the gap of the Izu Ridge between Miyake-jima and Hachijé-jima. Circles
show the paths passing through the gap of the Izu Ridge. Triangles are the paths which
pass through the deep area south of Hachijé-jima and do not reach to 32°N. Paths in
the region III are unreal because they reach 32°N. Solid circles and solid triangles show
realistic paths of the nearshore and offshore NLM paths, respectively (see the text for the
criterion of realistic paths).
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for Py=—0.1 and another pair of (x, 4H)=
(—10%cm™!, 4m) and {(—~5Xx10%cm™, 22m)
for Py=—0.3 give similar current paths, respec-
tively (Fig. 4). (Note that Figs. 4, 5 and 6 are
drawn by the procedure mentioned in Section 2.)
The effect of ko on the current path can almost
be replaced by that of 4H,

When both the parameters xy and 4H are zero,
the current for Py,=0 flows directly eastward
from the origin, and the currents for non-zero
Py take sine-like paths, as expected from the
linear discussion (Fig. 5). The contribution of
P? in Eq. (7) can be seen in the difference of the
points crossing Y=0. When & is not zero, the
path for 4H=P,;=0 is similar to cos aX—1 (Fig.
6). A sine-like component as in Fig. 5 is added
to it by non-zerc Ps.

Figure 6 shows that the Kuroshio path goes too
far southward owing to its negative curvature
at the origin if 4H=0 (i.e., U=Uy). The cur-
rent depth and velocity need to be changed at
the origin in order to obtain realistic paths of
the Kuroshio.

5, Conditions at the origin for realistic paths

Figure 7 shows a classification of paths for
values of 4H and P,. The paths in the regions
I and II collide with the Izu Ridge which is
shallower than 500 m. The paths shown by @
pass through the gap of the Jzu Ridge between
Miyake-jima and Hachij6-jima, but thereafter
collide with the coastal slope off the Bésé
Peninsula. The other paths do not collide with

36

the bottom topography. Parts of them pass
through the gap of the Izu Ridge (circles), and
the others pass through the deep areasouth of
Hachijé-jima (triangles and region III). The
region III produces unreal paths which reach to
the south of 32°N. Therefore, parts of the
circles and triangles are expected to show the
conditions which produce realistic nearshore and
offshore NLM paths, respectively.

The criterion of the realistic paths needs to be
determined here. On the basis of the mid-depth
paths of the Kuroshio shown in Kawabe (1985),
it is decided that the nearshore NLM path must
be located between 142°20/E and 143°30’E at
36°N, and that the offshore NLM path must
take a southernmost position between 139°E and
140°E. Moreover, values of P, are assumed to
be more than —0.4, ie., P> —0.4, since the
NLM path at the south and just east of Cape
Shiono-misaki is directed almost eastward. The
paths which satisfy these requirements are shown
in Fig. 8, and the corresponding conditions are
indicated by solid marks in Fig. 7.

The nearshore NLM paths are reproduced
very well, despite the use of a simple model
(Fig. 8). They are very similar to the real paths
at mid-depth. On the other hand, the offshore
NLM paths east of the Izu Ridge do not resemble
the real paths, though they are realistic west of
and over the Izu Ridge. The offshore NLM
path in the real ccean goes northward in the
region east of the Izu Ridge and is located at
nearly the same position as the nearshore NLM

N
35

LA L B B

(W]
[as]
llIIIl!lll

0@

316

,;h”--nluv:.u{:vu.-]unnlunu TTCTT T

ERRE TN TRTS FEERTY SEEEEN AT REY FERETE PR TS FYE

YT T T T [ 7T

Laa Ly

ettt v e o bbbl

S W W

136 137 138 139 140 141 142 143 144 145E 146

Fig. 8. Computed current paths similar to the nearshore and offshore NLM
paths., They correspond to the solid circles and triangles in Fig. 7.
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NLM paths, respectively. Open circles with dashed lines in Fig. 9a show the difference of 4H
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that produce the NLM paths.
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Fig. 10. Relations of 4H (a), difference of 4H
between the NLM paths (b), and U/Us (¢}
to the volume transport Qo inC ase 2 (con-
stant velocity). Us=100 cmsec™!, rp=—3% 107
cm™. Solid lines show the cases with constant
Hy (=500 m) in which the volume transport is
changed by D, and dashed lines are the cases
with constant D(=700 m) where the transport
is changed by Ho. Solid triangles and circles
are for the nearshore and offshore NLM paths,
respectively, Vertical bars in Fig. 10a indicate
the ranges of 4H which produce the NLM
paths.
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Fig. 11. Same as Fig. 10 except for Case 3
(@ and U, are proportional to each other.
Us=100cmsec™! for @Qo=30X10°m’sec™).
The value of Hp is constant (=500 m), and the
volume transport is changed by D. The solid
line in Fig. 10b is shown by the dashed line
in Fig. 11b for comparison.
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path to the east of the Bos6é Peninsula, In order
to reproduce such a large northward component
of the flow east of the Izu Ridge, the path
inclination at the origin Py must be —0.8 or
less in this model. However, such nearly south-
eastward flow at the origin is not realistic. The
offshore NLM path east of the Izu Ridge cannot
be reproduced by a model in which no eastern
boundary condition exists and the potential vor-
ticity and energy are conserved along the stream-
line. The Kuroshio actually may have to pass
east of the B6s6 Peninsula under the restriction
by the large ocean circulation, and the vorticity
may be diffused significantly in the offshore NLM
path east of the Izu Ridge.

6. Dependence of conditions at the origin on
velocity and volume transport of the current
In this section, dependence of the conditions

at the origin on velocity and volume transport

for the NLM paths will be examined in terms
of the current-depth change 4H, the difference
in 4H between the nearshore and offshore NLM

paths, and the velocity ratio U/U,. Figure 9

shows the dependence of the quantities on velocity

30 N
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i i
35 Sv 40
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for the constant volume transport of 30x10% m?
sec™! (Hy=500 m, D=T00m): the transport-fixed
case (called Case 1 hereafter), Figure 10 shows
their dependence on volume transport for the
constant velocity of 100cmsec™!: the velocity-
fixed case (Case 2). The volume transport is
changed by D (solid line) and by H, (dashed
line). TFigure 11 shows the dependence on the
velocity and volume transport which are pro-
portional to each other (Case 3). The value of
H, is fixed at 500 m, and the transport is changed
by D. Case 3 is considered realistic, because
the volume transport of the Kuroshio actually
tends to correlate with the velocity (Nitani,
1975). The case of Uy=100cm sec™ and Qo=
30x 105 m? sec™! (Ho=500m, D=700m) is shown
commonly in all the ceses as standard.

The change of current depth at the origin,
4H, is always larger for the nearshore NLM
path than for the offshore NLM path (Figs. %a,
102 and 11a). The magnitude is enhanced as
velocity or volume transport increases. The value
of 4H in Case 3 is larger at Qo>30X10% m®sec™
(i.e., Us>100cmsec™) and smaller at Qo<<30X
108 m® sec™t (U< 100 cm sec™) than that in Case
2 (Uy=100cm sec™?) (Fig. 11a). This can be
understood from the property that 4H increases
with velocity when the volume transport is fixed.

The difference in 4H between the nearshore
and offshore NLM paths increases with transport
(Fig. 10b), but it does not change with velocity
if the transport is fixed (Fig. 9a). Therefore,
the difference in 4H in Cases 2 and 3 increases
similarly with transport (Fig. 11lb).

The ratio of velocity in the downstream area
to that at"the origin, U/Us, isalways larger for
the nearshore NLM path than for the offshore
NLM path in all the cases, as in the case with
AH. However, unlike 4H, its dependency on
velocity is opposite to that on transport. The
velocity ratio increases greatly with transport as
in 4H (Fig. 10c), whereas it decreases with an
increase of the velocity U, especially for the
nearshore NLM path (Fig. 9b). Therefore, in
Case 3, the effects of velocity and transport
compensate each other, and the velocity ratio
increases only slightly (Fig. 1lc).

In Case 2, all of the quantities (4H, the
difference in 4H between the paths, and U/Uy)
increase with transport, and the rate of increase
is larger in the D-fixed case than in the Ho-fixed

.current axis).

case (Fig. 10). The current is more sensitive to
the change of Hy than to that of D, probably
because Hj contributes to the potential vorticity
on the current axis.

7. Conclusion and discussion

Conditions south of Cape Shiono-misaki for
non-large-meander (NLM) paths of the Kuroshio
Current are examined in terms of spatial change
of current velocity and depth of the Kuroshio.
The model is steady, non-diffusive, two-layered
with a resting lower layer, and is based on the
conservation of Bernoulli’s function and potential
vorticity along the current axis.

If any quantity of the current does not change,
the path goes excessively southward east of the
cape owing to its negative curvature south of
the cape. The spatial change of a current
quantity is needed to reproduce a realistic NLM
path. On the basis of GEK and sea-level obser-
vations, the abrupt changes of current velocity
and depth are imposed at the coordinate origin,
which is taken just south of Cape Shiono-misaki
in the present model. Consequently, realistic
NLM paths that pass through the deep passages
in the Izu Ridge are obtained. The spatial
changes of current velocity and depth in the
region south of the cape are necessary for the
NLM paths of the Kuroshio to have realistic
location and shape.

An increase of the current velocity south of
Cape Shiono-misaki brings about a decrease of
current depth and current width through the
conservation of Bernoulli’s function and volume
transport, respectively. The increase of the
current velocity as well as the decrease of the
current width enhance the. horizontal shear of
velocity U/L and diminish the relative vorticity
south of the cape (U is the velocity on the cur-
rent axis, and L the current width). On the
other hand, the decrease of current depth dimin-
ishes the absolute vorticity f+sU—U/L so as
to conserve the potential vorticity (f is the
Coriolis parameter, and & the curvature of the
If the decreases of absolute and
relative vorticities compensate each other, f++U
is conserved, and the paths similar to those in
Fig. 6 are obtained. The effect of —U/L must

exceed that of the current depth in order to

reproduce realistic NLM paths; the “surplis of
the —U/L.éffect causes the path’‘to have larger
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Coriolis parameter owing to the conservation of
potential vorticity, and the mean position of the
path shifts northward east of Cape Shiono-misaki.
The change in horizontal shear of velocity south
of the cape is very important for reproducing
realistic NLM paths in this model.

The present model produces nearshore NLM
paths very well, while it produces offshore
NLM paths west of and over the Izu Ridge
fairly well. However, as long as a moderate
inclination of the path is assumed at the origin,
it cannot produce the offshore NLM path east
of the Izu Ridge that runs northward to the
B6sd Peninsula. Diffusion of vorticity may be
needed for the eastern part of the offshore NLM
path.

The ratio (U/U,) of current-axis velocity (Us
and U are velocities at the origin and in the
downstream area, respectively) as well as the
decrease (4H) of current depth at the origin
must be larger for the nearshore NLM path than
for the offshore NLM path. The nearshore
NLM path needs greater changes south of Cape
Shiono-misaki than the offshore NLM path.

The velocity ratio U/U, around the Kii Pe-
ninsula can be estimated by GEK data which are
thought to be taken near the Kuroshio-current
axis. Six observations from 1967 to 1975 indi-
cate that the values during the nearshore NLM
path are 1.44 on the average with a range be-
tween 1.25 and 1.71, while five observations
from 1965 to 1971 indicate that the values during
the offshore NLM path are 1.24 on the average
with a range between 1.1 and 1.36. These
mean values correspond to the values of the
ratio at transports of 23X 10%m?sec™! and 29X
108 m®sec™t in Fig. 1lc. On the other hand,
the current-depth change 4H can be compared
with the sea-level difference between Kushimoto
and Uragami by assuming that the sea levels
roughly show the surface height at the Kuroshio-
current axis. The sea-level difference of Kushi-
moto minus Uragami during the nearshore NLM
path is larger by 3.7cm than that during the
offshore NLM path (Kawabe, 1989). This im-
plies that 4H during the nearshore NLM path
is larger by 18.1 m than that during the offshore
NLM path, Figure 11b shows this value at the
transport of 34.5%10° m®sec™!. Thus, the obser-
vational data agree with the model results that
U/U, and 4H for the nearshore NLM path are

larger than those for the offshore NLM path.
They show also that the present model gives
reasonable values of U/l and of the difference
of 4H between the paths. These points suggest
that the results of this model are valid.
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