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Introduction

Water exchange between the Okhotsk Sea and the
North Pacific Ocean plays an important role in the
formation process of the North Pacific Intermedi-
ate Water (e.g., Talley and Nagata, 1995; Yasuda,
1997). However, the detailed mechanism of the ex-
change has not yet been clarified. We estimate the
rate of the water exchange by using two simple mod-
els. One model is similar to Minato and Kimura
(1980) which is used to estimate the flow rate of the
Tsushima Current, and the analytical result is dis-
cussed by the Island Rule derived by Godfrey (1989),
Pedlosky (1994), and Pedlosky et al. (1997). The
other is a hydraulic theory derived by Gill (1977),
and this hydraulic theory is applied to the Bussol
Strait to estimate the flow rate.

Island rule

We use a single layer of homogeneous fluid over a
passive quiescent fluid (one-and-a-half layer model),
and the Okhotsk Sea and the North Pacific Ocean
are modeled as rectangular basins separated by a
vertical thin wall except for two gaps as shown
in Figure 1: the northern gap corresponds to the
Kruzenshterna Strait and the southern gap to the
Bussol Strait. The islands between these two straits
are replaced with a single island, and this part will
be called “the island” hereafter. The sill depths of
the straits are assumed to be deeper than the bot-
tom of the surface layer. Since we are discussing only
the volume transport, the size of the sea and ocean
is not a determinative factor, except for the integra-
tion route of wind stress over the Pacific Ocean.

A similar model was used by Minato and Kimu-
ra (1980) to estimate transport between the Japan
Sea and the Pacific Ocean. By checking their result,
it 1s found that their estimated transport depends
strongly on their treatment of the friction term near
the strait. They parameterized the frictional effect
by “the effective distance from the channel in which
the pressure gradient is dominant”. This parameter
is not clearly defined, and is hard to estimate from
observations. A different parameterization is used
in this paper.

By using the rectangular coordinates and taking

x eastward and y northward, the horizontal momen-
tum equations of the surface homogeneous layer can
be expressed in the form:
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where @ is the horizontal velocity (u, v),  the vortic-
ity (= 0v/8x — Ju/dy), f the Coriolis parameter, k
the upward unit vector, ¢’ the reduced gravity, and
D the thickness of the surface layer. Diss(#) rep-
resents the dissipation term, and T the wind stress
per unit density divided by the fluid depth. The
first term of the right-hand side of (1) disappears by
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Fig. 1 Schematic view of the model. A square basin
is separated by a thin wall with two gaps. The wall
represents the Kuril Islands, and the northern gap
represents the Kruzenshterna Strait and the south-
ern gap the Bussol Strait. The right larger basin
is the Pacific Ocean, and the left smaller basin the
Okhotsk Sea. The terms y, and ys; denote the lati-
tudes of the northern and southern tips of the island,
respectively, and x4 and z. denote the positions of
the western and eastern coasts of the Pacific. Three
integration contours used in the text are schemati-
cally shown with I, C', and D: the zonal parts of ('
run at y, and ys, and the western meridional part
of D and the eastern part of I should be taken just
at the eastern side of the island coast (x4) of T and
D.
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integrating around the circuit C'in Figure 1, and we
have

o [ . = L
= §,. Diss(@) -di + §,. T -di’ (2)

where di is the infinitesimal vector along C' and di
is the infinitesimal vector normal to C' such that
df' x k = dii. We assume that the flow is steady.
Under the quasi-geostrophic assumption, ¢ is negli-
gible (¢ < f) and the dissipation is also negligible
as the circuit C' does not reach the western bound-
ary layer. D, which is implicitly included in f, can
be approximated by the surface layer thickness av-
eraged over the whole modeled basin Dy under the
quasi-geostrophic assumption. Multiplying (2) by
Dy, we have

(o — f)® = —Dy f b (3)
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where @ is the transport through each channel or
the meridional transport between the island and the
eastern boundary of the North Pacific, and f, and
fs are the Coriolis parameters at the latitudes of the
north and the south ends of the island, respectively.
This corresponds to the Island Rule obtained by
Godfrey (1989). We introduce the Sverdrup stream
function
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where x. is the zonal position of the eastern bound-
ary (Fig. 1). The integral circuit C' can be re-
placed by two circuits, I and D, as shown in Fig-
ure 1. The right-hand side of (3) can be written as
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where y,, (= 48°) and y; (= 46°) are the meridional
positions of the northern and southern tips of the
island, respectively (Fig. 1), and 4 is the position
of the eastern coast of the island. Since the island is
thin, the integration in the first term on the right-
hand side is much smaller than that of the second
term, and (3) becomes
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This is the Island Rule obtained by Pedlosky (1994).

Assuming the Sverdrup balance (4), Ueno (per-
sonal communication) calculated the stream func-
tion in the North Pacific Ocean (Fig. 2) using
the wind field given by Hellerman and Rosenstein
(1983). The resulting value of the stream function
along the east coast of the island is applied to (5),
and the outflow transport through the Bussol Strait
is estimated at about 10 Sv (1 Sv = 10° m3 s™1).
Ueno also estimated the streamfunction in the North
Pacific from the Levitus climatological density field,
under several assumptions (the result is not shown
here). If we use Ueno’s result, the volume transport
through the strait becomes 8 Sv if the reference level
is taken at 1500 dbar and 10 Sv if the level taken at
2000 dbar.
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Fig. 2 Stream function (in Sverdrups) in the North Pacific Ocean which is calculated from the Hellerman
and Rosenstein (1983) wind field under the assumption of the Sverdrup balance. The contour of the stream
function is drawn so that the transport between two adjacent lines indicates 5 Sv, and the value at the east
coast is set to zero.



Hydraulic theory

An example of a density cross-section from the
Okhotsk Sea to the Pacific Ocean is shown in Fig-
ure 3 (Yasuda, 1997). The thickness of the surface
layer (see the depth of 27.0 gp) in the Okhotsk Sea
is much greater than that in the Pacific Ocean, and
a steep slope is seen just at the position of the strait.
If the flow direction is from left to right, this sharp
slope may represent that the flow state changes from
subcritical to supercritical at the narrowest portion
of the strait, and the flow may be controlled by hy-
draulic effect. In the case of the controlled flow and
in the case that the flow is vertically uniform (one-
layer flow), the volume transport and the Bernoulli
function (or energy) are not independent near and
upstream of the strait, and the transport can be giv-
en by the Bernoulli function and by the topography.

Whitehead et al. (1974) extended the idea of
controlled flow in a rotating frame. They consid-
ered the case where potential vorticity is zero, and
discussed the controlled behavior of a bottom flow.
Gill (1977) analyzed a flow with uniform potential
vorticity. Here, Gill’s model is used to estimate the
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Fig. 3 An example of the density cross-section
from the Okhotsk Sea to the Pacific Ocean (Yasuda,
1997). The position of the Kuril Islands is shown
by a black triangle above the figure. The depth in
meters is taken in the ordinate, and the horizontal
distance in kilometers is taken in the abscissa. The
values 6 and A show the horizontal and vertical dif-
ferences used in the Discussion.
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transport through the Bussol Strait. Since the de-
formation radius at the strait (roughly 20 km) is
comparable to the width of the Strait (roughly 20
km for 1000 m depth), the flow would feel the rota-
tion.

The y-axis is taken in the flow direction (along the
center of the strait), and the topography is assumed
to be symmetrical to the y-axis (see Figure 4). The
x-coordinate is taken horizontally and perpendicular
to the y-axis. The right and left coasts are denoted

by # = fw(y). Starting from the steady inviscid
equation of one-layer flow
0% =B, (6)
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where D is the thickness of the layer and ) is the
stream function:

Du = _1/)l‘a
Dv = 1/)y,

¢ is the vorticity (¢ = vy —uy ) and B is the Bernoulli
function
u? + v?
2

Two equations governing the flow of a constant
potential vorticity (f/Do where Do, is the layer
thickness at the center of the far upstream region)
under the assumption that flow varies gradually

enough (v < v and uy, < vy). (See Gill (1977)

B = 4+ g/D.
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Fig. 4 Schematic view of flow through a strait
(Gill’s hydraulic model, 1977). The fluid flows from
left to right in the y direction; x i1s taken perpen-
dicular to y. The coasts are set symmetrical to the
y-axis. The right coast (looking downstream) is de-
noted by = w(y).
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