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A Barotropic Numerical Model for the Wind-driven
Circulation in the Okhotsk Sea

Yoshihiko Seking

Faculty of Bioresources, Mie University

Wind-driven circulation in the Okhotsk Sea is studied by use of a barotropic numerical model. The
monthly mean wind stress over the period of 1961-1975 provided by Kutsuwada and Sakurai® is used. It
is shown that a prominent flow in the Okhotsk Sea is confined to the slope region around the deep Kuril
Basin by the bottom topographic effect. It is also pointed out that the wind-driven circulation is very weak
in summer, but strong in winter, which suggests that the wind-driven circulation dominates in winter, while
the circulation is due to in- and outflow in summer. To see the effect of ice cover in winter, a model with
the wind stress only imposed over the open sea region is examined. This model shows that although the
flow is weak in the northern marginal region, the remarkable wind-driven circulation is formed in most of
the basin by the propegation of the Rossby wave,
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1. Intreduction

The Okhotsk Sea is a marginal Sea in the north Pacific. The major feature of the current system in the
Okhotsk Sea is the in- and outflow of the Oyashio and the Soya Warm Current; the Oyashio flows into the
Okhotsk Sea through the Onnekotan and Mushiru Straits in the Kuril Islands and flows out through the
southwestern straits in the Kuril Islands® (cf. Fig. 1 @)). The Soya Warm Current enters throught the Soya
Strait and flows out through the Kunashiri Strait. So far, there have been many reports on the Soya Warm
Current, 49

However, the observational study on the general circulation in the Okhotsk Sea has not been carried out
well. A few observational evidences are described.®*” Because the Okhotsk Sea is rather shallow, the tidal
current may be prominent in the current system.® Another characteristic feature of the Okotsk Sea is a surface
freezing in winter. The open sea (ice-free region) is found in southeatern region of the Kamchatka Pen.  So,
the surface freezing is considered to give serious influences on the wind-driven circulation in the Okhotsk Sea.

In the present study, the wind-driven cirulation in the Okhotsk Sea is examined as the initial phase of this
study by using a barotropic model and historical wind stress data.” Especially, we investigate the characteris-
tics of the in- and outflow of the Oyashio through the Kuril Islands and of the Soya Warm Current, the

topographic effect of the Kuril Basin and the seasonal change in the wind-driven circulation in the Okhotsk Sea.
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2. The Model

The schematic view of the model ocean is shown in Fig. 1 (b). Coastal topograpgy is simplified so that only
the main features are modeled. To see the specifed effect of the bottom topography, two models with different
bottom topographies are performed (see, Fig. 2). The orthogonal coordinates are taken as in Figs. 1 (b) and 2,
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Fig. 1. (a) Map of the Okhotsk Sea and (b) top view of the model ocean, in which an open sea region
assumed in the present study is stippled.
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Fig. 2. Two cases of the top view of the model ocean, (a) a flat bottom model with a depth of 1000 m and
(b) a simplified bottom model.
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The angle between z axis (y axis) and eastward (northward) is 45°. The basic equations under hydrostatic, the
B-plane and rigid lid approximations are as follows®:
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The notations used in the above equations have the folowing meanings:

¢ : time (sec)

u,v : horizontal component of the velocity in the - and y- directions (cm sec™)

h : depth of the ocean (cm)

z : relative vorticity (sec™%)

) : volume transport function (cm® sec™?)

f : Coriolis parameter (f=fo+ fBex+ B9, fo=9.91X10"%sec™?) (sec™?)

Be By : constant change rate of the Coriolis parameter (f8,=f,=1.41xX10"" cm™sec™?)
T : wind stress vector {(dyn cm™%)

V% . Laplacian operator for the horizontal direction

A,  : constant coefficient of horizontal eddy viscosity (cm? sec™Y)
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Fig. 3. Initial condition of the volume transport function. Contour interval is 0.5 Sv (1
Sv=10 cm¥sec™Y)
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The equations (1) and (2)-(3) are solved numerically with the grid resolution of 41.87 km. A leap frog
scheme is basically used in the finite form of the local change and additionaly an Euler backward scheme'® at
every 20 time step is employed to suppress the growth of computational modes.  Viscous lateral boundaries are
set up. On the basis of the gross feature of the observational evidences®, two in-and outflows of 5 Sv (1 Sv=
102 cm3sec™1) corresponging to the Oyashio and 1.5 Sv to the Soya Warm Current is given at the boundary
(see, Fig. 1 (b)). The initial condition of the volume transport function is shown in Fig, 3.

In order to see the specified roles of bottom topography and wind stress, nineteen runs with different model
characteristics are performed (see Table). In the first phase (Runs 1-4), the dependence on the horizontal
eddy ciscosity is checked by use of a flat bottom model shown in Fig 2 (a). No wind stress is imposed in these
runs and character of the circulation induced by the in- and outflow is examined. In the second phase (Runs 5~
9), a seasonally averaged constant wind stress is imposed. In particular, the effect of the surface freezing in
winter is examnined in Run 9, by imposing the wing stress only over the open sea shown by the stippled area in
Fig. 1 (b). Although there exist some effects of the wind stress depending on the condition of the sea ice, these
parameterizations are left out the future study. In the third phase, runs similar to the second phase but for the
simplified bottom topography (Fig. 2 (b)) are tried.  These runs are employed to see the effect of bottom on the
circulation in the Okhotsk Sea.

Table Wind stress, bottom topography and coefficient of of horizontal eddy viscosity for the experiments.
Blank indicates no change from Run 1.

Run Wind Bottom COQefficient of Remarks
no. stress topography eddy viscosity (cm?s™%)
1 no flat 5% 108 basic model
2 5x 107 viscosity
3 1x108 »
4 5x 10° P
5 spring wind stress wind stress
6 summer wind stress P
7 autumn wind stress P
8 winter wind stress 4
9 winter wind stress wind stress &
over the open sea sea ice effect
10 realistic bottom topography
11 spring wind stress realistic wind stress &
bottom topography
12 summer wind stress realistic »
13 autumn wind stress realistic v
14 winter wind stress realistic P
15 winter wind stress realistic wind stress, bottom
over the open sea topography & sea ice effect.
16 observed in-and outflow
17 realistic observed in-and outflow &
bottom topography
18 summer wind stress observed in-and outflow &
wind stress.
19 summer wind stress realistic observed in-and outflow wind

stress & bottom topography.
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outflow of the Okhotsk Sea.

The steady in-and outflow is given all the previous runs, however, there is a seasonal variation of the in- and

3. Wind stress data

Unfortunately, few observational data are available except for summer.
Therefore, in the last phase, the observed in- and outflow in summer is given at the boundary and four different
models (Runs 16-19) are examined: two no wind cases with a different bottom topography (Runs 16 and 17) and
the other two cases with the summer wind stress (Runs 18 and 19) are performed.

The wind stress used in the present study is shown in Fig. 4. Wind stresses in winter, spring, summer
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Fig. 4. Seasonally averaged wind stress vectors used in the numerical model. Y No value below 0.05
dyne cm™2 is plotted.
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and autumn are estimated by the average of two monthly mean data of January and February, April and May, July
and August, October and November, respectively by use of wind stress data.”’  Fig. 4 shows that, in summer,
wind is very weak. But the wind is strong in autumn and winter. Westerly wind is dominant in autumn and
northwesterly wind monsoon prevails in winter.

Vertical component of curl 7 (zis the wind stress vector) is shown in Fig. 5. In all seasons, complicated
curl 7 distributions are found. An positive curl region in the center of the model ocean in autumn, and
complicated strong positive and negative curl r distribution in winter are particularly noticed.

AUTUMN WINTER

Fig.5. Curl of the wind stress in Fig. 4. Contour interval is 10~° dyne cm™* and the negative curl

regions are dotted. Heavy solid line in the winter panel shows the boundary of the open sea
shown in Fig 1 (b).
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4. Results

Firstly, we see the characteristics of the circulation generated by in-and outflow of the Oyashio and the Soya
Warm Current calculated in the two basic models with no wind stress.  The time change in the volume transport
functions of Runs 1 with a flat bottom and Run 10 with a simplified bottom of the Okhotsk Sea are shown in Fig.
6. InRunl, the in- and outflow corresponding to the Oyashio forms a western boundary current along southern
coast of Sakhalin and northeastern coast of Hokkaido. A clear cyclonic circulation is formed in the Okhotsk Sea.
The cyclonic circulation is almost confined to south of the inflow boundary latitude as the results of zonal
propagation of the Rossby wave. In contrast to this, the flow pattern in Run 10 is quite different; the inflow has
a tendency to flow along the isopleth of the depth and a western boundary current formed in Run 1 is not formed
in Run 10. The predominant circulation is mainly confined to the slope region around the Kuril Basin. For
both runs, no major variation in the flow patterns occurrs after 60 days and it shows that a quasi-stationary state
is attained in about two months.

Secondly, the model dependence on the intensity of the horizontal eddy viscosity is checked in Fig. 7. In
these three models, almost similar flow patterns are found in Runs 3 (4;,=10% cm®sec™) and 4 (4,=5x10°

Fig. 6. Sequential patterns of the volume transport function (a) Run 1 and (b) Run 10. Contour interval
is 0.5 Sv and regions with the negative volume transport function are dotted.
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cm®sec™!). However, the flow pattern of Run 2 (4,=5x107 cm®sec™?) is different and it resembles Munk
solution.™ The width of the boundary current of Run 2 is wider than those of Runs 3 and 4, in which eddylike
flow patterns are more remarkable. If we compare the results of Run 1 shown in Fig. 6 (a) with those of Fig. 7,
it is noted that the flow pattern of Run 1 is almost similar to Runs 3 and 4, except for a small suppression of the
eddy effect. On the basis of minor dependence of the flow patterns on the intensity of eddy viscosity between
Run 1 and Runs 3 and 4 with the smaller eddy viscosity, constant coefficient of eddy viscosity of Run 1 (56X 108
cm?sec™ ) is used in the following models with the seasonally averaged wind stress.

The quasi-stationary state of Runs 5-9 with a flat bottom are shown in Fig. 8. In spring (Run 5), the
prominent southward western boundary current is formed along the eastern coast of Sakhalin and the inner
cyclonic circulation has a transport of 5 Sv, which is approximately as much as the given inflow of the Oyashio.
Wind-driven circulation is rather small in the southern region (see, Fig8 (b)). In summer (Run 6), the
wind-driven circulation is very weak and the dominant current is the in-and outflow of the Oyashio through the
Kuril Islands., The constant in- and outflow with the transport of 5 Sv is assumed in the model, and it is
suggested that the actual circulation in summer is more influenced by the in- and outfiow. If the in- and outflow
is very small, the total flow pattern is approximated by the solution shown in Fig. 8 (b), in which only a weak
anticyclonic circulation is formed along the northern boundary. In autumn (Run 7), the wind-driven circulation
recovers. In particular, a cyclonic circulation with the southward western boundary current is formed in north
of the Sakhalin. In contrast to this, an anticycloic circulation is formed in the southern basin and it yields the

7180 DAYS

Fig. 7. Same as in Fig. 6, but for (a) Run 2, (b) Run 3 and (c) Run 4.
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Fig. 8. (a) Same as in Fig. 6, but for flat models with seasonally mean wind stress. (b) Wind-driven
circulation component in (a) evaluated by subtracting the volume transport function of Run 1 from
that of each Run. Panels marked by spring, summer, autumn, winter and winter* show the
quasi-stationary state of Run 5, Run 6, Run 7, Run 8 and Run 9, respectively.
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Fig. 9.

‘Q”‘\,? WINTER*
(a) Same as in Fig. 8, but for models with the simplified bottom topograpgy. (b) Wind-driven

circulation component in (@), Panels marked by spring, summer, autumn, winter and winter®
show the quasi-stationary state of Run 11, Run 12, Run 13, Run 14 and Run 15, respectively.
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Fig. 10. (a) Observed volume transport in summer estimated by the geostrophic calculation referred to
1000 db, ™

(b) Initial condition of the volume transport function for Runs 16-19. Contour interval is 1 Sv.

Fig. 11. Quasi-stationary flow pattern of Runs 16-19 shown by the volume transport function. (2) Run
16 (left), Run 18 (center) and wind-driven circulation component of Run 18 (right). (b) Run 17
(left), Run19 (center) and wind-driven circulation component of Run19 (right). Contour

interval is 1 Sv.
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northward western boundary current off Hokkaido and off southern Sakhalin (see, Fig. 8 (b)). Because the
anticyclonic circulation has just the opposite circulation to the cyclonic circulation formed by the in- and outflow of
the Oyashio, the western boundary current is weak along southeastern region off Sakhalin. In winter (Run 8), a
wind-driven circulation is very strong. An anticylonic circulation develops in the northern basin and a very
complicated flow pattern is found in the southern basin. The wind-driven circulation in the Kuril Basin is
anticylonic and it generates very weak western boundary flow off Soya Current. It is suggested from Runs 7
and 8 that interaction between the two circulations formed by the in-and outflow and by the wind-driven
circulation is important for the circulation in a marginal sea.  The similar relationship between the in-and outflow
and the wind-driven circulation was pointed out in the circulation of the Japan Sea.’?

If the effect of the ice coverage is included (Run 9), the circulation is not remarkable in the northern region in
comparison with Run 8. However, the flow is developed in almost of the southern basin, This is due to the
propagation of the planetary Rossby wave and it suggests that the wind stress distribution in the open sea
controls wind-driven circulation in the Okhotsk Sea. Because two positve wind stress curl region in the
northwestern region and in the eastern off of Sakhalin are not covered by the open sea (see Fig. 5), the
anticyclonic circulation is relatively weak in Run 9.  Because the wind-driven circulation is very strong in winter,
wind stress distribution over the open sea area is important for the general circulation in the Okhotsk Sea.

The quasi-stationary flow pattern of the models with the simplified bottom topography (Runs 11-15) are
displayed in Fig. 9. The results has a clear contrast to the flat bottom cases shown in Fig. 8. By the effect of
the inclined bottom topography, the volume transport in the northern half basin is decreased remarkably. The
relatively large flow is found in the southern region, and the wind-driven circulation is very weak in all seasons.
It is also shown from Fig. 9 (b) that the wind-driven circulation is confined to the deep region in the Kuril Basin
and it has no interaction with the Soya Warm Current flowing in the shallower region.

Fig. 10 (a) shows the observed volume transport in summer estimated by the geostrophic calculation
referred to 1000 db.*® It is shown that the major inflow and outfiow are carried out in the Uruppu St. and the
Mushiru St., respectively. So the general feature in the in-and outflow pattern is quite different from the
previous runs. The initial flow pattern based on the observational data is shown in Fig. 10 (b). The results of
these runs are shown in Fig. 11. In flat bottom models (Runs 16 and 18), a clear anticyclonic circulation is
formed in a southern region and a clear northward western boundary current is formed. As the wind stress is
very weak in summer, the circulation is not changed by the imposition of the wind stress, In the cases with a
simplified bottom topography shown in Fig, 11 (b), the topographic effect dominates and the main part of the
inflow is confined to the southern Kuril Basin. In particular, the major inflow with the transport of 10 Sv flows
out with a small anticyclonic circulation and it gives no influence on the general circulation. A cycloric circulation
is formed in the southern part of the Kuril Basin by the topographic effect, which differs from those of flat bottom
model. On the whole, it is pointed out that the circulation in the Okhotsk Sea is due to the in- and outflow in
summer, in which the effect of the wind stress is very small.

5. Discussion

The numerical experiment for the wind-driven circulation in the Ohkotsk Sea was performed and some
charactristic features werre obtained. On the whole, very clear seasonal change in the wind-driven circulation
has been pointed out.



37

A Numerical Model on the Okhotsk Sea Circulation

160

150

140

45

—

e T e i
A\
LR

[~ s ==

", S~
,//\\\\/\g\mw\\ow..ﬂ/
AR R B NMSSEZACS
I LAY S NS
\1{3,,”7///1 \\:\Aﬁ.«
t,:_f: \:;\Q/ M/.
/\J/— flé\a\ n/\v...
ll\\\/ll/.\\\ -
e et P %&

J N

180 E

150

140

145

>

E=
o
=)
w
o
o
[=3
o

b

) 451

dyn. m

{

Jun, 1967
Seift Mary

I

(a) Surface current velocity in August estimated by the geostrophic balance referred to 2000

db. 14)

Fig. 12.

Five kinds

(b) Dynamic topography of the 400db layer with relative to 1500 db in June 1967.7

of arrows in (a) noted by 1, 2, 3, 4 and 5 show the current velocity <5 cms™?, 5cms™!-10

ems ™!, 10 cms™?-20 ems™?, 20 cms ™30 cms ™! and 30 cms 1<, respectively.



38 Yoshihiko SEKINE

Although the clear observational features have not proposed vet, a surface geostrophic flow in August'® and
the dynamic topography of the 400 db layer referred to 1500 db in June” are displayed in Fig. 12. Relatively
strong circulation are found in southern Kuril Basin in Fig, 12 (a). This feature essentially agrees with the
results of Runs 6 and 12 shown in Fig. 8 (a) and Fig. 9 (b), respectively, and it indicates that the circulation is
considered as the western boundary circulation trapped in the offshore region by the effect of bottom slope. In
Fig. 12 (b), a clear anti-cyclonic circulation is found in the northern Kuril Basin.  This anti-cyclonic circulation is
simulated in Runs 17 and 19 shown in Fig. 11 (b). It is suggested that the anti-cyclonic circulation is due to the
retrogression of the inflow by the topograhic effect of the Kuril Basin. However, Fig. 12 (a) shows that
prominent currents exist along the western coast of the Kamchatka Peninsula and eastern coast of Sakhalin,
These currents have not simulated in the present models. There is a possibility that the these currents are
formed by the baroclinic structure of the sea, which is not considered in the present model. It is suggested that
inclusion of the density stratification is needed for the further step of modeling of the Okhotsk Sea.

Another shortcoming of the present study is the neglect of seasonal change in the in-and outflow
corresponding to the Oyashio and the Soya Warm Current. As is shown in Figs. 8 and 9, the interaction
between the wind-driven circulation and in- and outfiow is one of essential process in the current system of the
Okhotsk Sea. Therefore, the inclusion of the seasonal change in the in-and outflow in the model should be
needed in the future study.
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