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An OGCM of the Sea of Okhotsk with a 1/12° horizontal resolution and 45 vertical
levels has been constructed, which successfully represents characteristics of its circu-
lations. This article focuses particularly on an anticyclonic eddy forming off Hokkaido
in the OGCM. It forms in late summer when the warm and saline Soya Warm Cur-
rent Water separates from the northeastern coast of Hokkaido. This eddy is identi-
fied as the eddy studied by Wakatsuchi and Martin (1991) since its location, evolution
and vertical structure are consistent with their description. Numerical experiments
with varying transport of the Soya Warm Current (SWC) have been carried out,
where the transport of the SWC is changed by applying the Island Rule around
Hokkaido. It is shown that the eddy formation depends on the transport of the SWC.
When the transport is large, an eddy forms off the Shiretoko Peninsula. When the
transport is small, however, the saline Soya Warm Current Water does not reach that
area, nor does a distinct eddy form. It is when the inflow transport of the Soya Warm
Current is larger than the outflow from the Nemuro Strait and the Kunashiri Chan-
nel that the anticyclonic eddy forms.

Within the anticyclonic gyre in the Kuril Basin,
mesoscale eddies have been observed, and many of these
eddies are also anticyclonic (WM91; Ohshima et al., 2002;
Ebuchi, 2006). Although it is known that these anticy-
clonic eddies can be classified into several categories
according to their vertical structure (Itoh et al., personal
communication), there is only a small body of literature
on such eddies.

Many eddies in the ocean result from hydrodynamic
(baroclinic/barotropic) instability. In the Kuril Basin,
eddies along the Kuril Islands that have a cold, less sa-
line core may be generated by baroclinic instability asso-
ciated with tidal mixing along the Kuril Islands (Ohshima
et al., 2005). On the other hand, some eddies form when
an inflow of low density water intrudes into a deep basin.
The eddy forming off the Shiretoko Peninsula in fall is
likely to be an eddy of this type. This is one of the few
eddies in the Kuril Basin that have been observed in some
detail. This eddy is characterized as warm, saline water
near the surface, up to about 100 m deep, riding on a cold,
less saline core. WM91 suggested from observations that

1.  Introduction
The Sea of Okhotsk may be divided roughly into two

parts from the viewpoint of the gyre circulation; one is
the central and northern basin with a cyclonic gyre, and
the other is the southern basin, the Kuril Basin, with an
anticyclonic gyre (Wakatsuchi and Martin, 1991, hereaf-
ter referred to as WM91; Ohshima et al., 2002; Simizu
and Ohshima, 2006). Ohshima et al. (2004) showed that
the cyclonic gyre in the central and northern parts of the
basin is primarily driven by the positive wind stress curl
over the basin. On the other hand, the anticyclonic gyre
in the Kuril Basin cannot be explained by the wind stress
curl in the Sea of Okhotsk. The mechanisms underlying
the formation of the anticyclonic gyre in the Kuril Basin
remain to be solved.
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this eddy is associated with the inflow of the warm, sa-
line Soya Warm Current Water (SWC Water) from the
Shiretoko Peninsula of the northeastern coast of Hokkaido
into the Kuril Basin (see Fig. 1 for geometry). Although
their data was limited to two seasons (June/July and Oc-
tober/November) in two years (1977 and 1978), they hy-
pothesized as in Fig. 2 (figure 14 of WM91) that in sum-
mer the lighter SWC Water spreads over the denser water
that comes from the northwestern part of the Sea of
Okhotsk, with the isopycnals of the upper ocean caving
in so that the anticyclonic eddy forms geostrophically.
The eddy observed by WM91 was located around 146°E,
46°N (see WM91’s figure 3). An anticyclonic eddy with
similar seasonal variations to that of WM91 is also ob-
served by the TOPEX/POSEIDON altimeter (Ebuchi,
2006). We refer to this eddy as “the WM eddy”.

Although direct observations in the Sea of Okhotsk
have increased recently, areas and terms of historical data
are still sparse and limited. Numerical modeling is there-
fore an important tool for understanding the circulation
in the Sea of Okhotsk. Several numerical experiments
have been conducted to simulate this circulation. For ex-
ample, Simizu and Ohshima (2006) simulated wind-driven
circulation in the northern basin of the Sea of Okhotsk
well, including the double-core structure of the East
Sakhalin Current (ESC). The evolution of sea-ice has also
been investigated using a coupled ice-ocean model (Ikeda

et al., 2004; Watanabe et al., 2004). However, the previ-
ous models had a relatively coarse resolution, such as 1/
6°, in which eddies are marginally represented. In the
present study we have constructed a high-resolution model
(Okhotsk OGCM) of 1/12° resolution, which therefore
resolves eddies at least in the southern basin of the Sea of
Okhotsk. Further, not only is the resolution high, but the
Soya Strait and some straits along the Kuril Islands are
open in our model. This greatly improves the simulation
of the circulation in the Kuril Basin by allowing exchanges
of water among the Sea of Okhotsk, the Japan Sea and
the Pacific. Owing to these characteristics of the Okhotsk
OGCM, we have succeeded in reproducing various
mesoscale features in the Kuril Basin, including the WM
eddy, as discussed in the following sections.

In the present paper we mainly focus on the forma-
tion and evolution of the WM eddy off the northeastern
coast of Hokkaido. The next section describes the Okhotsk
OGCM. Section 3 outlines circulations represented in the
model. The WM eddy is described in Section 4. An anti-
cyclonic eddy reproduced in the OGCM is compared with
an observed one, and is shown to be the WM eddy. Sec-
tion 5 presents the numerical experiments with various
transports of the Soya Warm Current. A discussion of the
WM eddy formation mechanism is also given there. We
show that the formation of the WM eddy is related to the
transport of the Soya Warm Current. Section 6 is a sum-
mary.

2.  Model
The Okhotsk OGCM is part of the model developed

Fig. 1.  Model domain and bottom topography. Abbreviations
in the panel are as follows: Hok: Hokkaido, JS: Japan Sea,
Kam: Kamchatka, KB: Kuril Basin, KC: Kunashiri Chan-
nel, KI: Kunashiri Island, NS: Nemuro Strait, Sak: Sakhalin,
SP: Shiretoko Peninsula, SS: Soya Strait, TB: Tinro Basin,
TS: Tsugaru Strait.

Fig. 2.  Schematic picture of the WM eddy (from Wakatsuchi
and Martin, 1991).
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for the Japan Coastal Ocean Predictability Experiment
(JCOPE; see http://www.jamstec.go.jp/frcgc/jcope/),
which is based on a general coordinate version of the
Princeton Ocean Model (Mellor et al., 2002). The JCOPE
model is constructed for the North Pacific, and consists
of two components: a high resolution model with spatial
grid of 1/12° and 45 levels is embedded in a low resolu-
tion, basin-wide model with spatial grid of 1/4° and 21
levels. The resolution of the Okhotsk OGCM is the same
as that of the high resolution JCOPE model and the do-
main is from 135 to 165°E and from 40 to 62°N (Fig. 1).
Lateral boundary conditions in the Okhotsk OGCM are
determined by the results of the JCOPE model.

The model employs a z–σ coordinate, which corre-
sponds with a σ coordinate below a certain depth zc (which
is set to H/2, where H is the total depth) and an almost z
coordinate above. The Smagorinsky formula is used for
horizontal viscosity, which gives the viscosity coefficient
proportional to the horizontal grid size and velocity gra-
dient (Smagorinsky, 1963). The proportional coefficient
is chosen to be 0.06. The horizontal diffusivity is one-
half of the horizontal viscosity. The vertical viscosity and
diffusivity are calculated from second-moment turbulence
closure (Mellor and Yamada, 1982).

The bottom topography is created from the 1/12°
data, GETECH DTM5. In addition, the 500-m mesh bot-
tom topography provided by the Hydrographic Depart-
ment of Japan is embedded in the coastal sea around Ja-
pan. The bottom topography is smoothed so that the bot-
tom slope between two adjacent grid points, |H1 – H2|/
|H1 + H2| (where H1 and H2 are depth), is not beyond
0.175. A Gaussian smoother with 1/5° scale is adopted.
This modification reduces the pressure gradient error
(Mellor et al., 1994). The topography of the Kuril Islands
and straits is modified.

The JCOPE model is initiated from a state of rest
with annual mean temperature and salinity (Boyer and
Levitus, 1997). It is driven by wind stress, and heat and
salt fluxes. The wind stress is given by QuikSCAT winds
(Liu et al., 1998), and heat flux fields are calculated from
the NCEP/NCAR reanalysis data combined with the
QuikSCAT winds using the bulk formula. The wind stress
and heat flux are monthly mean climatology for the first
5 years from September 1994 to August 1999, and are
then switched to real-time data thereafter. Salinity at the
surface is restored to the monthly mean climatology
(Levitus et al., 1994) with a relaxing time scale of 30
days.

The Okhotsk OGCM is driven by the same surface
momentum, heat and salt fluxes as those of the JCOPE
model until 16 April 1999. The wind stress is then changed
to that calculated from the European Center for Medium-
Range Weather Forecasts reanalysis data (ERA-40) with
a 1.125° × 1.125° horizontal resolution because the

QuikSCAT wind may not be estimated appropriately over
the sea ice. We use the formulae of Simizu and Ohshima
(2002) to convert the wind velocity of ERA-40 to the
stress. Note that this change from the QuikSCAT wind to
the ERA-40 data does not influence the results regarding
the WM eddy formation. The present study uses monthly
mean climatological wind stress and heat flux. The re-
sults of the model are averaged over 10 days. Note that
the Christian Era in the results is only an index showing
the number of years that have passed since the initially-
set year (i.e. 1994) in the model.

Sea-ice dynamics and thermodynamics are not taken
into account in this model. Therefore, the sea surface tem-
perature (SST) in the model might become extremely low
in winter. In order to avoid this, SST is set to be –1.8°C
while heat flux is set to zero once the SST decreases be-
low –1.8°C. The Okhotsk OGCM does not include tidal
forcing. Although tidal forcing is important in modeling
eddies in the Kuril Basin (e.g. Ohshima et al., 2005), it
does not appear to greatly affect formation of the WM
eddy.

In preliminary runs, the maximum transport through
the Soya Strait was about 0.4 Sv, which was thought to
be too small as the actual transport appears to reach about
1 Sv in summer (cf. Ebuchi et al., 2006). In contrast, the
mean transport through the Tsugaru Strait was slightly
too large. To improve it, a large constant horizontal kin-
ematic viscosity, 5000 m2s–1, instead of the Smagorinsky
parameterization, is employed in the Tsugaru Strait. The
result of this run is described as Case I in Section 5, while
the transport of the SWC of this case is shown in Fig. 3.

We then conducted numerical experiments to inves-
tigate the dependency of the WM eddy evolution on the
transport of the SWC (Section 5). The transport of the
SWC is defined as that flowing through the Soya Strait.
We apply the concept of the “Island Rule” (Godfrey, 1989)
to make the transport increase or decrease compared to
that of Case I. As shown by Liu et al. (1999), a patch of

Fig. 3.  Examples of time series of the transport through the
Soya Strait. A, C, I, L, N denote the cases shown in Table 1.
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wind stress around an island generates circulation around
the island. Its transport is the same as that derived from
the Island Rule after adjustment, i.e.,
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where τττττ is the wind stress, ρ is density, fn, fs are the
Coriolis parameters at the northern and southern tips of
the island, respectively, and CI is a counterclockwise cir-
cuit around the island. Considering the above, we impose
a spatially and temporally constant eastward or westward
wind stress imposed over the Tsugaru Strait to generate a
constant transport, Tlocal, around Hokkaido island. The net
transport around Hokkaido island, THok, then becomes the
sum of Tlocal and the original (i.e. Case I) transport, TI,

T t T t THok I local( ) = ( ) + ( ). 2

Using this formula, we realize various transports of the
SWC by adding the spatially and temporally constant
eastward or westward wind stress over the Tsugaru Strait.
This additional wind stress is expected to have little ef-
fect on the circulation in the Sea of Okhotsk except for
the variation in the transport of the SWC, because the
additional wind stress is free of curl and the Tsugaru Strait
is far from the Sea of Okhotsk. The linear superposition,
(2), is likely to be valid for the flow through the Soya
Strait in the OGCM (see Fig. 3).

Case Soya transport [Sv]

A 0.18
B 0.26
C 0.34
D 0.41
E 0.45
F 0.49
G 0.53
H 0.55
I 0.57
J 0.60
K 0.63
L 0.68
M 0.74
N 0.80
O 0.90
P 0.99
Q 1.1

Table 1.  Transport through the Soya Strait averaged over the
experiment period, 160 days from 16 April to 23 Septem-
ber, in each case.

Varying the transport of the SWC in this way, we
ran 17 experimental cases. The transport of the SWC av-
eraged over the experiment period in each run is listed in
Table 1. Time series of the transport of the SWC in five
cases (A, C, I, L, N) are shown in Fig. 3. As the actual
transport is estimated to be a maximum of about 1 Sv in
summer (cf. Ebuchi et al., 2006), Cases N and L appear
to nearly represent the actual transport.

3.  Overview of Circulation in the Sea of Okhotsk
In this section we briefly describe typical features

of circulations reproduced in the model. In this and the
next section we show the result of Case L since the trans-
port of the SWC in this case approximates the actual one.
In the central and northern part, a cyclonic gyre is formed,
which is weak in summer and strong in winter. Figure 4
shows velocity field and salinity distribution at a depth
of 20 m in summer (Fig. 4(a)) and in winter (Fig. 4(b)). It
is shown that the ESC flowing southward along the east
coast of Sakhalin is weak in summer and strong in winter
in accordance with the seasonal variation of the wind-
driven cyclonic gyre. The seasonal variability in the
strength of the cyclonic gyre is consistent with previous
studies, such as that of Ohshima et al. (2004). Another
feature seen in Fig. 4 is an eastward flow around 47°N,
which may be steered by bottom topography (Fig. 1). This
eastward flow, together with the ESC, constitutes the
southwestern part of the cyclonic gyre. On the other hand,
a northward flow is seen in summer off the southern tip
of Sakhalin (~144°E). This northward flow, with the east-
ward flow around 47°N, forms the anticyclonic gyre in
the Kuril Basin. Some anticyclonic eddies are seen as well.
These features, i.e. the anticyclonic gyre and the anticy-
clonic eddies in the Kuril Basin, were observed by satel-
lite-tracked surface drifters (Ohshima et al., 2002).

It is also shown that two different water masses in-
trude into the area off northeastern Hokkaido. Saline water
of the SWC from the Japan Sea occupies the area in sum-
mer. On the other hand, fresher water carried by the ESC
from the northwestern shelf is dominant in winter. The
water mass change off the northeastern coast of Hokkaido
represented in the model is consistent with the
hydrographic analysis reported by Itoh and Ohshima
(2000). This water mass change is related to the transport
of the ESC and the SWC. Figure 5 shows the seasonal
variations in the transport of the ESC and the SWC, which
are calculated from the model results for two years from
May 1999 to April 2001. Here, the transport of the ESC
is defined as the transport by integrating the southward
barotropic velocity at 53°N from the coast to the point
where it vanishes. The transport of the SWC is defined as
that flowing through the Soya Strait. The seasonal varia-
tions of the ESC and the SWC are simulated quite well
(cf., for example, Matsuyama et al., 1999; Itoh and
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Ohshima, 2000; Mizuta et al., 2003; Ebuchi, 2006; Ebuchi
et al., 2006). The transport of the SWC is large in sum-
mer and small in winter. Although very few direct obser-
vations of the transport through the Soya Strait have been
conducted, Ebuchi et al. (2006) have roughly estimated
the transport from the surface velocity derived from the
high frequency ocean radar. According to this estimation,
it attains the maximum transport of around 1 Sv in sum-
mer. The transport of the SWC in the model is consistent
with this. In contrast, the transport of the ESC is large in
winter and small in summer. The transport of the ESC
attains a maximum of about 10 Sv in February, which
corresponds with the observation reported by Mizuta et
al. (2003).

It should be noted that in Fig. 4(a) the nose of the
SWC Water (shaded), which is defined as the water with
salinity higher than 33.6 according to Itoh and Ohshima
(2000), begins to swirl clockwise around the tip of the
Shiretoko Peninsula around 145.5°E, 44.5°N. We focus
on this eddy in the next section, and show that it is the
WM eddy.

4.  WM Eddy
Figures 6 and 7 show the flow field off Hokkaido at

depths of 20 m and 60 m, respectively. The SWC Water
is denoted by shading. When the SWC Water reaches off
the tip of the Shiretoko Peninsula in July (Figs. 6(a) and
7(a)), it begins to swirl and evidence of an anticyclonic
eddy appears around 145.5°E, 44.5°N. The SWC Water
is not transported out through straits downstream but re-
mains off the Shiretoko Peninsula, so that the eddy grows
there subsequently (Figs. 6(b) and 7(b)). In September,

Fig. 4.  Examples of salinity distribution and flow field at a depth of 20 m (a) in summer and (b) in winter in Case L. SWC Water
is shaded.

Fig. 5.  Seasonal variations in the transport of the East Sakhalin
Current at 53°N (triangles) and the Soya Warm Current (cir-
cles).
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the distinct eddy is finally formed accompanying a cy-
clonic eddy westward (Figs. 6(c) and 7(c)). After that,
the eddy moves northward to become located around
145°E, 46°N (Figs. 6(d) and 7(d)). The location of the
eddy in the model is consistent with that of the eddy ob-
served by WM91 (compare Figs. 6(d) and 7(d) with fig-
ure 3 in WM91).

The flow fields at these two depths are almost identi-
cal, though the speed is a little larger at 20 m than at 60
m. The distribution of the SWC Water shows a few dif-
ferences between these depths. Until September (panels

(a)~(c) in both figures), the SWC Water around the eddy
is distributed more widely at 20 m than at 60 m. In No-
vember (panel (d)), however, the SWC Water is not seen
at 20 m within the eddy around 145°E, 46°N, but is still
seen at 60 m. Moreover, the SWC Water along Hokkaido
retreats from the Shiretoko Peninsula at 20 m, whereas it
remains near the Shiretoko at 60 m.

Figure 8 displays the vertical section of the poten-
tial temperature, salinity, and potential density (σθ) across
the eddy at 46°N on 22 November (see also Figs. 6(d)
and 7(d)). A prominent feature is that the saline SWC

Fig. 6.  Velocity field in Case L at a depth of 20 m off Hokkaido. The SWC Water is denoted by shading. (a) 15 July, (b) 14 August,
(c) 23 September, and (d) 22 November. Note that the eddy around 144.8°E, 45.5°N in panel (a) is not the WM eddy.
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Water rides over less saline water like a lens (Fig. 8(b)).
This saline water is warm (Fig. 8(a)), so it is lighter than
the surrounding water at the same depth (Fig. 8(c)). The
coldest water exists around a depth of 400~600 m (Fig.
8(a)). The vertical structure of this eddy is qualitatively
very similar to that observed by WM91 (see figure 4 in
WM91), but there is a quantitative difference. The coldest
water is less than 1°C in WM91, whereas it is about 2°C
in the model. This is probably because the cold Dense
Shelf Water (Shcherbina et al., 2004) is not formed over
the northwestern shelf since our model does not include

the ice formation processes.
Both the evolution of the eddy shown in Figs. 6 and

7, and the vertical structure shown in Fig. 8 illustrate that
the formation of this eddy is caused by intrusion of the
SWC Water into the Kuril Basin off the Shiretoko Penin-
sula, which is consistent with the discussion by WM91.
Therefore, this eddy may be identified as the WM eddy.

5.  Numerical Experiments
We have conducted numerical experiments to inves-

tigate dependency of the WM eddy formation on the trans-

Fig. 7.  As Fig. 6 but at a depth of 60 m. The region where the depth is shallower than 60 m is light-hatched.
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port of the SWC. The transport of the SWC in each run is
averaged over the experiment period, from 16 April to 23
September, as listed in Table. 1.

5.1  Results
Figure 9 shows the flow field and salinity higher than

33.6 psu, corresponding to the SWC Water, at a depth of
20 m on 23 September for four cases: Cases A, F, I and
Q. Figure 9(a) shows those of Case A, where the mean
transport of the SWC averaged over the experiment pe-
riod is the smallest. In this case, the SWC Water is dis-
tributed only along the coast of Hokkaido west of the
Shiretoko Peninsula. An indistinct eddy (which may be
just a meander) forms at the tip of the peninsula; this eddy
does not include SWC Water at any depth (not shown).
As the transport increases, the eddy becomes distinct and
enlarged, consisting of the SWC Water as in Cases F, I
and Q (Figs. 9(b)–(d), see also Fig. 6(c) for Case L). In
Case Q, the largest transport case (Fig. 9(d)), the SWC
Water is far more widely distributed. The eddy does form
but is skewed; a closed circulation is not well-defined on
account of the large meander of the SWC.

The diameter and location of the eddy on 23 Sep-
tember, the last day of each experiment, are plotted in
terms of the mean transport of the SWC during the ex-
periment period in Fig. 10. Case Q is not included since
the eddy is skewed as shown in Fig. 9(d). We define the
northern and southern edges of the eddy (plus signs in
Fig. 10) as the latitudes of the maximum eastward and
westward velocity across the eddy at a depth of 20 m.
The diameter (dots in Fig. 10) is defined as the distance
between these edges. As the transport increases, its di-
ameter gradually grows, reaching about 80 km. Regard-
ing the eddy location, if the SWC transport is small (<0.55
Sv), the northern edge tends to move northward as the
transport increases, whereas the southern edge remains
at almost the same latitude, around 44.4°N.

In these cases, the eddy forms attached to Hokkaido
or its neighboring island (Figs. 9(a) and (b)). The status
of the eddy changes greatly at around 0.55 Sv. The south-
ern edge of the eddy is separated from the coast (e.g. Fig.
9(c)) and tends to move northward (Fig. 6(d)) if the SWC
transport exceeds 0.55 Sv. Since the transport of the ac-
tual SWC corresponds to that in Cases L~N, the model
predicts that the WM eddy should form away from the
coast, consistent with observations (WM91; Ebuchi,
2006).

Figure 10 indicates that the status of the eddy is cat-
egorized into two regimes; one regime has the WM eddy
attached to the islands, while the other has the eddy sepa-
rated from the islands.

To make the difference between the two regimes
clearer, the calculations in Cases F and I are extended
until November (Fig. 11, see also Fig. 6(d) for the Case

Fig. 8.  Vertical sections of (a) potential temperature, (b) salin-
ity, and (c) potential density (σθ) across the eddy at 46.0°N
on 22 November in Case L. This figure is divided into two
parts; the water structure above 200 m at an expanded scale
and below it at a reduced scale.
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Fig. 9.  Flow fields at a depth of 20 m around the eddy on 23 September of (a) Case A, (b) Case F, (c) Case I, and (d) Case Q.
Waters with salinity higher than 33.6 (SWC Water) are the shaded regions.

L). In Case F, where the transport is less than 0.55 Sv, the
eddy is proved to remain near the islands. On the other
hand, in larger transport cases (e.g. Cases I and L), the
eddy is separated from the islands as expected. There are
two eddies in Case I (right panel of Fig. 11), i.e., one
around 145.2°E, 45.3°N, and the other around 145.8°E,
46.5°N, because the WM eddy is divided into the two in
Case I.

5.2  Discussion
Several theories have been proposed for the forma-

tion of an anticyclonic eddy generated by an outflow of a
low-density, low potential vorticity water (for example,
Kubokawa, 1991; Klinger, 1994; Nof and Pichevin, 1999).
Kubokawa (1991) showed that an anticyclonic eddy forms
if the outflow volume transport of the low potential
vorticity fluid (regarded as low-density fluid) is larger
than a critical value, which is the upper limit of the coastal
flow downstream determined by a frontal wave theory.
In our experiments the eddy becomes large as the trans-

Fig. 10.  Mean transport through the Soya Strait vs. diameter
(dots), and the location of the WM eddy (dotted lines). Plus
signs indicate the northern and southern edges of the eddy.
The definition of the diameter and the edges are described
in the text.
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port of the SWC increases. This reminds us of the theory
of Kubokawa (1991), although, in our case, the down-
stream flow appears to be controlled by the flow through
the Nemuro Strait and the Kunashiri Channel (refer to
Fig. 1 for the geography). We consider that the eddy forms
when the transport of the SWC exceeds that of the straits
downstream. In order to examine this formation mecha-
nism, we calculated transports through these straits. Fig-
ure 12 shows the time series of the SWC inflow from the
Soya Strait (solid triangles) and the outflow from the
straits downstream (solid circles). The panels (a) and (b)
are for Cases A and L, whose flow fields are Fig. 9(a)
(where the eddy does not form) and Figs. 6 and 7 (where
the eddy forms distinctly), respectively.

We first look at Case A (Fig. 12(a)), in which the
transport of the Soya Strait is the smallest. In this case,
we expect that the transport of the SWC inflow is about
equal to that of the outflow since a distinct eddy does not
form. From May to June the SWC inflow balances the
outflow from the straits, as expected. After July, how-
ever, there is an excess of outflow compared to the SWC
inflow. This implies that there is an outflow of waters
other than the SWC Water during summer. The excessive
outflow from other sources, Te, may be estimated as the
difference between the total outflow transport and the
SWC inflow of Case A if we assume that the transport of
the SWC inflow is equal to that of the outflow when a
distinct eddy does not form.

Now we look at Case L (Fig. 12(b)), where the eddy
distinctly forms. The inflow transport of the SWC Water
is large in May to July. However, we also see that there is

excessive outflow in August and September. This sug-
gests that this includes outflow from other sources, as in
Case A. In order to retrieve the net outflow transport of
the SWC Water in Case L, we subtract Te from the total
outflow transport, where we assume that the excessive
transport from other sources is the same as that of Case
A. As we expect, the net outflow (broken line) is smaller
than the SWC inflow.

Figure 13 shows the relation between transport of
the SWC inflow and that of the net outflow from the straits
downstream, where each transport is averaged for the last
half-period of the experiments (80 days). Note that the
transport of the SWC differs from that in Table 1 because
the averaging periods are different. When the transport
of the inflow is small (Cases A~D), the transport of the
outflow is balanced by that of inflow. On the other hand,
the ratio of the outflow to the inflow transport reduces to
0.75 when the inflow transport is larger than about 0.7
Sv. The transition occurs roughly from Case F to Case I.
In conjunction with Fig. 10, we can see that this transi-
tion transport corresponds with the transport for the re-
gime transition in the eddy behavior. This is consistent
with the mechanism published by Kubokawa (1991).
Some readers may think that the geography in Kubokawa
(1991) is too different from ours. However, we should
recall that, in Kubokawa (1991), the transport is control-
led by a frontal wave theory, where the mouth of the strait
is essential. In the present study, on the other hand, the
transport is controlled by flow through straits, so the dif-
ference in the geography is not important in this discus-
sion.

Fig. 11.  Flow fields at a depth of 60 m around the eddy on 22 November of Case F (left) abd I (right). Waters with salinity higher
than 33.6 (SWC Water) are the shaded regions.
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Fig. 14.  Flow fields at a depth of 20 m around the eddy on 23
September in the case where the Nemuro Strait and the
Kunashiri Channel are closed. Cf. Fig. 9(c), which is run
with the same conditions except the geometry of the two
straits. Waters with salinity higher than 33.6 (SWC Water)
are the shaded regions.

As shown in Fig. 13, the increment in the transport
of the outflow due to the additional wind stress over the
Tsugaru Strait tends to be smaller than that of the SWC
inflow. This may be curious from the viewpoint of the
Island Rule because it suggests that the outflow transport
should correspond to the inflow transport. The Island Rule
is valid inasmuch as dissipation and the nonlinearity are
ignored. The differential sensitivity to the additional wind
stress between the transports in the Soya Strait and in the
straits downstream (the Nemuro Strait and the Kunashiri
Channel) implies that ignored terms in the Island Rule
are not negligible in the straits. We do not elucidate this
here, although we suspect that bottom and/or lateral fric-
tion causes reduction of the outflow transport from the
straits adjacent to Hokkaido and redistributes it to remote
straits along the Kuril Islands.

Nof and Pichevin (1999) showed that an anticyclonic
eddy forms to balance the momentum associated with the
southward downstream flow. In our numerical results, the
downstream flow of the Soya Warm Current hugs the coast
of Hokkaido almost southward (Fig. 6), which seems to
be a similar situation to that described by Nof and
Pichevin (1999).

An anticyclonic eddy can also form due to separa-
tion when the coastal current encounters a sharp convex
corner (e.g. Klinger, 1994). The WM eddy in our model
also forms when the SWC encounters a sharp corner, i.e.
the tip of the Shiretoko Peninsula, consistent with the
separation mechanism. In order to examine the effects of
the sharp corner, we conducted an experiment with the
same conditions as those of Case I, except that the both

Fig. 12.  Time series of transport of the inflow (solid triangles)
and the outflow (solid circles). Inflow is defined as the flow
through the Soya Strait, and outflow is defined as the flow
through the Kunashiri Channel and the Nemuro Strait. Net
outflow is plotted by a broken line. For the definition of net
outflow, refer to text. (a) Case A and (b) Case L. Positive
direction is defined as that flowing clockwise around
Hokkaido.

Fig. 13.  Mean transport through the Soya Strait vs. transport
through the straits downstream. Slopes of the two dotted
straight lines are 1 and 0.75, respectively, representing the
ratios of the outflow transport to the inflow transport.
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the Nemuro Strait and the Kunashiri Channel are filled in
(Fig. 14). In this case, the acute point associated with the
Shiretoko Peninsula is changed to a straight coastline with
an obtuse corner at the northern coast of the Kunashiri
Island, as shown in the figure. Comparing Fig. 14 with
Fig. 9(c) (Case I), we can see that the eddy forms at al-
most the same location, independent of the shape of the
Nemuro/Kunashiri straits. Further, the eddy locates up-
stream from the obtuse corner of the Kunashiri. These
results show that an acute angle corner is not necessary
for the eddy to form, although the corner may be a trig-
ger for the eddy formation, whether it is acute or obtuse.

Finally, we note that the depth along the Hokkaido
begins to increase around the Shiretoko Peninsula (Fig.
1). There, the SWC Water ride over the denser water and
the water column of the SWC Water is compressed. Hence,
an anticyclonic eddy tends to form there. This water col-
umn compression is another candidate for the trigger, as
well as the corner of the coastline is.

6.  Summary
We have successfully reproduced various character-

istics of the circulation of the Sea of Okhotsk by a high-
resolution OGCM. In particular, the WM eddy (see Fig.
2) is satisfactorily reproduced in the model. The OGCM
represents the seasonal variations in the transport of the
Soya Warm Current (SWC) and the East Sakhalin Cur-
rent (ESC) well, which leads to the water mass exchange
in the southwestern part of the Sea of Okhotsk off the
northeastern coast of Hokkaido. The area off Hokkaido
is occupied by the saline Soya Warm Current Water (SWC
Water) in summer, while fresher water of the ESC occu-
pies it in winter. The WM eddy forms in late summer when
the low-density SWC Water arrives off the Shiretoko Pe-
ninsula, as discussed in WM91. The structure and evolu-
tion of the eddy in WM91 are simulated well in the
OGCM.

We carried out numerical experiments in which the
transport of the SWC varied. It has been shown that the
WM eddy formation depended upon the transport of the
SWC. When the transport is small, a distinct eddy does
not form. As the transport increases, its diameter becomes
large up to about 80 km, and then the eddy moves north-
ward accompanying a cyclonic eddy westward. It has been
shown that the WM eddy is likely to be formed when the
SWC inflow was larger than the net outflow from the
straits downstream (cf. Kubokawa, 1991).

To improve the simulation of the Sea of Okhotsk,
two processes should be considered. One is the sea ice.
When the sea ice is produced, high density water is formed
due to brine rejection. The cold Dense Shelf Water, the
high density water produced in the northwestern shelf, is
transported southward to the Kuril Basin by the ESC. This
process is not included in our model, so the density strati-

fication may not be represented well, especially in the
southern part of the Sea of Okhotsk. In fact, the coldest
water on the vertical section of the WM eddy in the model
is not as cold as that in WM91, as discussed in Section 4.
In addition, the existence of the sea ice affects the circu-
lation by changing the surface stress. In a low resolution
coupled ice-ocean model (1/2° in the zonal and 1/4° in
the meridional direction), the extent of the sea ice cover
in the Sea of Okhotsk has been simulated quite well (Ikeda
et al., 2004; Watanabe et al., 2004). The simulation might
be expected to improve if the ice model is coupled with
the Okhotsk OGCM. The other process to be considered
is the effects of tides. Tidal processes are thought to play
important roles in modifying water properties (Nakamura
et al., 2000; Nakamura and Awaji, 2004). Strong tidal
currents even induce significant mean transport. In the
North Pacific, it is one of the most important components
in the formation of the North Pacific Intermediate Water.
Tidal mixing is also important in generation of the eddies
in the Kuril Basin (Ohshima et al., 2005). These issues
remain for future work.
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