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[1] A new mechanism for driving the water mass exchange between the Okhotsk Sea and
the North Pacific is presented. This exchange flow originates from the East Kamchatka
Current (EKC), a western boundary current of the subpolar gyre, and occurs through the
two deepest straits of the Kuril island chain, the Kruzenshtern and Bussol straits. An inflow
toward the Okhotsk Sea occurs at the northern Kruzenshtern strait and an outflow toward
the North Pacific occurs at the southern Bussol strait. By using the Kelvin’s Circulation
theorem around the island between the two straits, we show that the transport of the
exchange flow entering the Okhotsk Sea is determined such that the frictional stresses
around the island exerted by the bifurcated EKC integrate to zero. This forcing mechanism
is different from the dynamical framework of the widely used ‘‘Island rule.’’ Both an
analytical analysis and 1.5-layer model experiments demonstrate that the strait width, lateral
viscosity, and island geometry are controlling parameters for the exchange flow transport
because they affect the magnitude and length scales of the frictional stresses. Inertia of the
EKC decreases the exchange flow by enhancing the frictional stress along the northern coast
of the Kuril island. Model experiments with realistic topography further reveal that while
the steep continental slopes have minor impact on the exchange flow transport, the
subsurface peninsula located east of the Kuril island works to decrease the exchange flow
by altering the length scale of the frictional stresses and enabling the EKC to flow past the
island.
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1. The Water Mass Exchange Between the
Okhotsk Sea and the North Pacific

[2] The Okhotsk Sea is a marginal sea located at the
north-west corner of the North Pacific. While this sea covers
an area of more than 43105 km2, it is topographically sepa-
rated from the North Pacific by the Kuril island chain. There
are only two major gaps, the Kruzenshtern and Bussol
straits, where the island chain permits an exchange flow
(Figure 1). The Kuril island chain is therefore analogous to a
thin wall that is only about 30 km wide zonally but a thou-
sand kilometer long meridionally. While the magnitude of
the exchange flow is limited, this flow plays an important
role in the North Pacific from the regional to basin scale

circulations. The Okhotsk Sea water is considered one of the
major sources of the North Pacific intermediate water
[Talley, 1993; Yasuda, 1997] and iron that enables the high
productivity in the region [Nishioka et al., 2007].

[3] The exchange flow between the Okhotsk Sea and the
North Pacific originates from the East Kamchatka Current
(EKC) [Yasuda et al., 2002]. The EKC is a western bound-
ary current of the North Pacific subpolar gyre with a trans-
port of about 10–11 Sv [Verkhunov and Tkachenko, 1992].
While part of the EKC enters the Okhotsk Sea, the majority
of this flow continues along the eastern side of the island
chain from the Kamchatka Peninsula to the Island of Hok-
kaido as a western boundary current of the North Pacific
and becomes the Oyashio [Yasuda et al., 2002]. The
exchange flow between the Okhotsk Sea and the North
Pacific is observed to occur mainly across two major gaps
where the island chain cracks more than 1000 m deep and
40 km wide. An inflow toward the Okhotsk Sea occurs at
the Kruzenshtern Strait and an outflow toward the North
Pacific occurs at the Bussol strait [Katsumata et al., 2001,
2004]. While variability of this exchange flow on the sea-
sonal and tidal time scales has been observed, past studies
suggest its annual averaged transport to be around 3–5 Sv
[Yasuda et al., 2002; Nakamura and Awaji, 2004; Katsu-
mata and Yasuda, 2010; Ohshima et al., 2010].

1Earth Simulator Center, Japan Agency for Marine-Earth Science and
Technology, Yokohama, Japan.

2Department of Oceanography, University of Hawaii at Manoa,
Honolulu, Hawaii

Corresponding author: S. Kida, Earth Simulator Center, Japan Agency
for Marine-Earth Science and Technology, 3173-25 Showa-machi,
Kanazawa-ku Yokohama, Kanagawa 236-0001, Japan. (kidas@jamstec.
go.jp)

©2013. American Geophysical Union. All Rights Reserved.
2169-9275/13/10.1002/2013JC009464

1

JOURNAL OF GEOPHYSICAL RESEARCH: OCEANS, VOL. 118, 1–12, doi:10.1002/2013JC009464, 2013

info:doi/10.1002/2013JC009464
http://dx.doi.org/10.1002/2013JC009464


1.1. The Mechanism of the Water Mass Exchange

[4] What are the main processes that drive the exchange
flow between the Okhotsk Sea and the North Pacific?

Understanding its mechanism is important not only for
understanding the oceanic environment of the Okhotsk Sea
and its impact on the North Pacific but also for properly
simulating this exchange flow in general ocean circulation
numerical models. Latest high-resolution general circula-
tion models (GCM) are only just beginning to resolve the
width of the straits and permit an exchange flow.

[5] Katsumata and Yasuda [2010] and Ohshima et al.
[2010] recently found that the transport of the exchange
flow is likely correlated with that estimated from the Island
rule [Godfrey, 1989] on the seasonal cycle. These studies
imply that the open ocean winds are remotely driving the
exchange flow. However, their studies also find the Island
rule overestimating the transport by 1 order of magnitude.
Since the original Island rule aims to estimate the magni-
tude of an exchange flow around an isolated island that is
of planetary scale, direct application of such theory to the
Kuril island chain may have been inappropriate. Moreover,
the Island rule is based on a steady state assumption and is
not applicable for the seasonal time scale. While the con-
nection between the open ocean winds and the exchange
flow may be qualitatively plausible, the actual mechanism
that drives the exchange flow is still an open question.

1.2. The Goal of This Paper

[6] In this paper, we propose that the primary forcing agent
of the exchange flow is the EKC. Since the EKC is a western
boundary current of the subpolar gyre of the North Pacific,
this EKC-driven mechanism is in line with the idea that the
exchange flow is remotely driven by the open ocean winds.
By using the Kelvin’s Circulation Theorem, we show that the
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Figure 1. (a) The bathymetry and coastlines of the Okhotsk Sea and the North Pacific. The East Kam-
chatka Current flows along the Kuril island chain. (b) A closer look of the Kuril island chain. The
exchange flow occurs through the Kruzenshtern strait and Bussol strait. Bathymetric contours shallower
than 1000 m are drawn in black solid lines every 250 m.

Figure 2. A schematic showing an exchange flow, the
EKC, the Okhotsk Sea, and the North Pacific. Model
parameters and the line integral C used in equation (1) are
also shown.
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presence of narrow straits plays an important role in deter-
mining how much of the EKC becomes the exchange flow.

[7] Detailed mechanism of the EKC-driven exchange
flow, including how this mechanism is connected to the
Island rule, will be explained first in section 2. Two sets of
numerical models are then used to test our hypothesis : a
1.5-layer reduced gravity model and a two-layer isopycnal
model. Detailed setup of these models is described in sec-
tion 3. The basic dynamics of the EKC-driven exchange
flow are examined using the 1.5-layer model and the simu-
lation results, including various sensitivity experiments, are
presented in section 4. The impact of bottom bathymetry is
discussed in section 5 using the two-layer model. Summary
and closing remarks are presented in section 6.

2. The Mechanism of an EKC-Driven Exchange
Flow

2.1. An Exchange Flow Driven by a Western
Boundary Current

[8] Let us consider an idealized case, where the North
Pacific and the Okhotsk Sea are separated by two peninsu-
las and an island in between that mimics the Kuril island
chain (Figure 2). The EKC is flowing southward along this
island chain and the flow field is assumed to be in a steady
state. As the EKC flows southward along the northern pen-
insula, it encounters the Kruzenshtern strait and bifurcates
into a component that enters the Okhotsk Sea and the other
that continues southward along the island. The flow that
enters the Okhotsk Sea will circulate and rejoin the EKC at
the Bussol strait. The rejoined EKC will then flow south-
ward along the southern peninsula. If there were no island,
there would be only one strait and the EKC that enters the
Okhotsk Sea will come back out at the same strait. Such
scenario is discussed in Sheremet [2001], where the dynam-
ics of a western boundary current leaping across a strait is
examined. If the Okhotsk Sea is infinitely long in the zonal
direction, then the flow that enters this sea will continue
westward and never return. Such scenario is discussed in
Nof [1995], where an adjustment of a flow through a broad
gap is examined with a focus on the Indonesian Through-
flow. These two scenarios are, however, not directly appli-
cable here because there are two straits and the flow that
enters the Okhotsk Sea circulates and comes back out.

[9] Can we determine how much of the EKC enters the
Okhotsk Sea when there are two straits with an island in
between? In order to answer this question, we need to
understand what causes the EKC to bifurcate. If the dynam-
ics were inviscid [Durland and Qiu, 2003] or if the width of
the two straits were wide such that the EKC does not touch
the island as it turns westward (southward) at the northern
(southern) strait, all of the EKC will enter and exit the
Okhotsk Sea. No bifurcation occurs and the presence of an
island plays no role on the flow field. However, if the straits
are narrow and friction is nonnegligible, then the EKC will
touch the island and exert a frictional stress on the northern
and southern coasts of the island as it squeezes through the
straits. This frictional stress will make the EKC bifurcate
and establish an exchange flow along the straits and a
boundary current along the eastern coast of the island.

[10] The reason why the EKC bifurcates when it exerts
a frictional stress on the island can be shown from the

Kelvin’s Circulation Theorem (Circulation theorem, here-
after). Based on the momentum equation integrated along
an island:
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where C is the line integral around an island (Figure 2), the
Circulation theorem suggests that the sum of the frictional
and wind stresses along an island (the two terms on the
RHS) must balance the tendency of the flow along an island
(the term on the LHS). The notations used in equation (1)
are conventional. dl is the unit vector tangent to the island.
AH is the lateral viscosity coefficient. s is the wind stress.
For a steady state with no wind stress, the tendency and
wind stress terms in equation (1) are zero. With the sole
frictional stress term remaining, equation (1) indicates that
the frictional stress along an island must integrate to zero:
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þ
C

AHr�ru½ ��dl: (10)

Equation (10) implies that when the EKC enters/exits the
straits and exerts frictional stresses along the northern and
southern coasts of an island in a cyclonic sense, there must
also establish a flow flowing along the western and eastern
coasts in an anticyclonic sense so that the sum of the fric-
tional stresses goes to zero. Since an eastern boundary cur-
rent is unlikely to establish on a b-plane, a southward
western boundary current is the one that will establish (Fig-
ure 2).

[11] Using equation (10), we can further estimate the
ratio of a steady EKC bifurcating into an exchange flow
and a western boundary current along the eastern coast of
the island. We will assume that the meridional length scale
of the exchange flow along the northern and southern boun-
daries of the island to be l/2, where l is the width of the
strait. The zonal length scale of the western boundary cur-
rent is taken to be the Munk boundary layer width,
dM 5 (AH/b)1/3 [e.g., Pedlosky, 1996]. Using the exchange
transport U, the transport of the western boundary current
along the eastern coast of the island V, the layer depth H0,
and Lx and Ly, the width and length of the island, respec-
tively, the integral of the frictional stresses around the
island in equation (10) can be scaled and expressed by:
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The first, second, and third terms in equation (2) are the
frictional stresses exerted along the northern, eastern, and
southern coasts of the island, respectively. We have
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assumed that the flow along the western coast of the island
is negligible. Equation (2) can then be expressed as:

0516 � U
l3

Lx2
V

d3
M

Ly; (3)

where equation (3) clearly shows that the Circulation theo-
rem requires the magnitude of the exchange flow and
island’s western boundary current to depend on each other.
By further using mass conservation (U1V 5 Q), an esti-
mate for U is derived:

U5
Q

1116ac23
; (4)

where a is the aspect ratio of the island, Lx/Ly, and c is the
nondimensional width of the strait, l/dM.

[12] Equation (4) shows that the exchange flow U is sen-
sitive to two parameters, a and c, and that U decreases
when a increases or when c decreases. This sensitivity of U
on c is similar to the sensitivity of a western boundary cur-
rent leaping across a gap [Sheremet, 2001]. The sensitivity
of U on ac23 is similar to that of the Island rule when an

island is located close to a wall so that friction enhances
along the northern or southern coasts of an island [Pedlosky
et al., 1997]. Pratt and Pedlosky [1998] also discuss the
role of friction based on the Island rule but in the absence
of a western boundary current from the upstream. As will
be further clarified in the next subsection, it is the presence
of the western boundary current from the upstream in our
case that drives the exchange flow in equation (4). For the
exchange flow across the Kuril island chain, the EKC and
two narrow straits enables us to derive equation (4) and
evaluate the sensitivity of U more quantitatively. We will
discuss how this EKC-driven mechanism and the Island
rule are connected next.

2.2. The EKC-Driven Mechanism and the Island Rule

[13] Theoretical studies on flows around an island pro-
gressed much on what is known as the Island rule [Godfrey,
1989]. In this subsection, we will clarify how the mecha-
nism of an EKC-driven exchange flow put forth in section
2.1, differ from, and connect to, this theory.

[14] One simple difference is in the forcing agent. The
exchange flow in the EKC-driven mechanism requires a
boundary current flowing from the upstream. It does not
depend on whether a wind stress in the open ocean is pres-
ent or not. On the other hand, the exchange flow in the
Island rule is

UIR5
1

qb yN 2ySð Þ

ðyN

yS

ðxW

xE

r3sdx dy; (5)

and requires a wind stress to be present east of an island
(gray area in Figure 3a), [Pedlosky, 1996]. It does not
depend, however, on the wind stress or flow field outside of
this region.

[15] The second difference is that the EKC-driven mech-
anism assumes a different way of balancing the frictional
stresses that are exerted around the island. For the EKC-
driven mechanism, the frictional stress along the northern
and southern coasts of the island balances that along the
eastern coast. For the Island rule, the frictional stress balan-
ces within the eastern coast of the island. In other words,
the frictional stresses along the northern, southern, and
western coasts of the island are assumed zero while the
total frictional stress around the whole island is also zero.
The assumption that frictional stress balances within the
eastern coast of an island is likely to be valid when the
meridional length scale of the island is planetary and much
larger than the zonal length scale of the island.

[16] The third, and most important, difference is that the
EKC-driven mechanism considers the wind-driven
Sverdrup flow congregating at the northern tip of the island
as an incoming western boundary current (Figure 3b). No
such congregation is considered in the Island rule. To clar-
ify the relevance of this difference, we begin by discussing
the Island rule in a rectangular basin with a cyclonic
wind-driven gyre and an isolated island in the interior
(Figure 3a).

[17] As equation (5) shows, the Island rule estimates the
flow around an island based on the spatial average of the
Sverdrup flow east of the island. However, it is also impor-
tant to note that equation (5) contains a component of the
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Figure 3. Two ways the open ocean wind drives an
exchange flow: (a) the Island rule. The circulation driven
around the island is determined by the Sverdrup balance
within the gray area. (b) EKC-driven mechanism. The EKC
is driven by the integral of the Sverdrup balance along the
gray line.
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wind-driven gyre that the presence of an island has no
influence on. As mentioned by Pedlosky et al. [1997], the
validity of equation (5) can be artificially improved by sim-
ply increasing the eastern domain size and increasing the
component of the Sverdrup flow. What the Island rule illu-
minates is how an island perturbs the interior flow field
from that driven in absence of the island. Such island-
driven flow is shown as a dotted line in Figure 3a and its
magnitude at y 5 yN can be estimated by UIR 2 Q, where

Q5
1

qb

ðXE

XW

r3 sðy5yN Þdx (6)

is the zonally integrated Sverdrup flow along the northern
boundary of the island. If the northern boundary of the
island is located where Q is close to zero [e.g., Pedlosky,
1994, Figure 3], then the flow around an island is driven
solely due to the Island rule. However, if the meridional
length scale of an island is small, UIR 2 Q is likely small
because the difference between the spatial average of the
wind stress curl (equation (5)) and that along the northern
latitude of the island (equation (6)) is likely small. The
island-driven flow would be weak and what equation (5)
expresses is simply the zonal transport of a Sverdrup bal-
anced wind-driven gyre (the solid lines in Figure 3a). In
this case of small UIR 2 Q, it is probably best to regard the
flow around the island, UIR, as part of the wind-driven gyre
and not as a flow driven by the presence of an island and
dictated by the Island rule.

[18] The EKC-driven mechanism considers the case when
an island is not an isolated island, but is bounded by two
peninsulas (Figure 3b). In such situation, the Sverdrup wind-
driven gyre circulation can no longer simply go around the
island. A western boundary current will establish along the
peninsula instead with a transport of Q at y 5 yN. When the
straits are narrow, this boundary current will touch the island
and drive an EKC-driven exchange flow. Notice that Q
would be dynamically irrelevant in the case of Figure 3a,
but in the presence of a peninsula, it will interact directly
with the island and affect the magnitude of the exchange
flow. Such role of narrow straits is different from that dis-
cussed by Pedlosky [1994], Pratt and Pedlosky [1998], and
Pratt and Spall [2003] in which the impact of narrow straits
on the Island rule is examined. A western boundary current
from upstream (Q) is absent in these studies. What the EKC-
driven mechanism highlights is a scenario when the
Sverdrup component of the wind-driven gyre interacts
directly with the island and plays a central role in determin-
ing the magnitude of the flow around an island.

[19] The EKC-driven mechanism and the Island rule
complement each other for explaining the dynamics of a
flow around an island. Their roles can be conceptually sum-
marized by the following equation:

UExchange � UIR2Qð Þ1 Q

1116ac23
; (7)

where UExchange is the total exchange transport around an
island. The first term on the right denotes the island-driven

flow, estimable from equations (5) and (6) and corresponds
to the dotted line in Figure 3a. It assumes that the island is
isolated. The second term is the exchange flow determined
from the EKC-driven mechanism. It corresponds to the dot-
ted line in Figure 3b and assumes that the island is bounded
by two straits. If the straits are wide, all of the western
boundary current from the upstream will flow through the
straits so this second term becomes Q and cancels out with
2Q in the first term. The original form of the Island rule
(equation (5)) is then recovered: UExchange � UIR. If the
meridonal length scale of an island is small and the straits
are narrow (i.e., both l and UIR 2 Q are small), the equation
for the EKC-driven mechanism (equation (4)) is recovered:
UExchange � Q/(1 1 16 ac23). We expect that this latter sce-
nario more appropriate for the exchange flow driven across
the Kuril island chain. When UIR and Q are estimated using
the climatological annual mean QuikSCAT wind stress
data [Risien and Chelton, 2008], UIR is about 16 Sv and Q
is about 21 Sv. While a positive UIR value suggests a
cyclonic circulation, its magnitudes is much larger than
that observed for the exchange flow [Katsumata and
Yasuda, 2010; Ohshima et al., 2010]. Moreover, the island-
driven flow at the latitude of the Kruzenshtern trait,
UIR 2 Q, is in this case negative (cf. Figure 3a). These
observational results support the notion that the exchange
flow around the Kuril island chain is better understood as
being EKC-driven, rather than determined by the classical
Island rule.

3. Model Setup

[20] The details of the numerical model experiments are
described in this section (Table 1). A 1.5-layer reduced
gravity model is used for examining the basic mechanism
of the EKC-driven exchange flow. A two-layer model is
used for examining the impact of realistic bottom topogra-
phy, which cannot be examined with a 1.5-layer model.

3.1. 1.5-Layer Reduced Gravity Model

[21] The 1.5-layer reduced gravity model solves the fol-
lowing governing equations:

Du

Dt
2fv1g

0 @h

@x
5

AH

H
r � ðHruÞ; (8)

Dv

Dt
1fu1g

0 @h

@y
5

AH

H
r � ðHrvÞ; (9)

and

Dh

Dt
1H

@u

@x
1
@v

@y

� �
50: (10)

[22] The notations are conventional with u and v as the
zonal and meridional velocities, respectively. g0(5 Dqg/q0)
is the reduced gravity and H (5Ho1 h) is the total

Table 1. The Basic Settings Used in the Numerical Experiments

Experiment CTRL NCTRL SLOPE RTOPO

Model 1.5 layer 1.5 layer HIM HIM
Topography Constant slope ETOPO2
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thickness of the layer, where Ho is the mean thickness and
h is its deviation. Following Katsumata and Yasuda [2010]
and Yasuda [1997], the rh 5 27.5 isopycnal is chosen as the
bottom interface of the water mass exchange with g0 50.01
and H0 5 1000 m. AH is the horizontal viscosity coefficient
set to 200 m s22. Coriolis parameter f is represented by a b-
plane with f 5 1.2 3 1024 s21 at the center latitude of the
domain and b 5 2 3 10211 m21 s21.

[23] The model domain is set to that shown in Figure 4a.
It is a square basin of 1200 km with a resolution of 2 km.
The Okhotsk Sea and the North Pacific are separated by a
wall that mimics the Kuril island chain at x 5 600 km with
two straits and an island in between. This island will be
referred to as ‘‘the’’ island hereafter. The EKC is forced by
prescribing a mass source/sink of Q at the northern/south-
ern boundaries of the North Pacific. The regions close to
these mass source/sink are set viscous (AH 5 1000 m s22)
and are surrounded by a wall so that the formation of b-
plumes [Kida et al., 2008] can be avoided. No-slip and no-
normal flow conditions are used along at the solid
boundaries.

[24] The model parameters are set close to those
observed: Q 5 10 Sv, Lx 5 30 km, Ly 5 300 km, and
l 5 40 km. The role of inertia is neglected at first by exclud-
ing the advection terms and setting H to H0 in equations
(8–10), thus a linear 1.5-layer model. This experiment will
be referred to as the control experiment (CTRL) hereafter
(Table 1). We will vary the model parameters from CTRL
to test how well equation (4) explains the sensitivity of the
exchange flow. The impact of inertia will be examined by
setting the model parameters identical to CTRL but with
the full equations of equations (8–10). This experiment will
be referred to as NCTRL.

3.2. Two-Layer Isopycnal Model

[25] Hallberg isopycnal model (HIM) is used [Hallberg,
1997] for the two-layer isopycnal model. All model param-
eters are set identical to the 1.5-layer reduced gravity
model, such as spatial resolution, reduced gravity, and lat-
eral viscosity. The major differences from the 1.5-layer
model are the inclusion of an active lower layer, barotropic
dynamics, and bottom topography. No external forcing is
applied to the lower layer. The model can handle vanishing
layer thickness and the initial interface is set to 1000 m but
is absent where the bathymetry is shallower.

[26] We will pursue two kinds of experiments using
HIM. One has an idealized continental slope, which will be
referred to as SLOPE (Figure 4b). SLOPE has a constant
slope of 0.05, a representative value of the region. The
bathymetry is 100 m deep at the coastline of the island
chain but becomes 4000 m deep in the interior. The depths
of the two straits are 1000 m. Another experiment has a
realistic bathymetry based on the ETOPO2v2 [2006] data
set but with the island chain slightly rotated so that they
align meridionally. This experiment will be referred to as
RTOPO (Figure 4c).

4. Simulated Exchange Flow and its Sensitivity to
Model Parameters

4.1. The Control Experiment

[27] The 1.5-layer model is initially at rest and is inte-
grated for 8 years. It takes about 6 years for the linear
model to reach a steady state and the flow field on the last
day of year 8 is presented here.

[28] CTRL simulates an exchange flow of 6.4 Sv and a
western boundary current of 3.6 Sv (Figure 5a). The magni-
tude of this exchange transport is somewhat larger than
observations but nonetheless, the general circulation pat-
tern that establishes in the model is analogous to

Figure 4. Bottom topography of the model experiments
used in (a) CTRL and NCTRL (b) SLOPE, and (c) RTOPO.
EKC is forced by a mass source/sink.
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Figure 5. Simulated thickness perturbation contoured every 5 m. (a) CTRL. Linear model results
where parameters are varied from CTRL: (b) AH 5 1000 m2 s21, (c) l 5 60 km, and (d) LX 5 200 km. (e)
NCTRL.
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observations and suggests that the EKC is capable of driv-
ing an exchange flow across the Kuril island chain. The cir-
culation that establishes in the Okhotsk Sea is cyclonic. It
flows zonally from the Kruzenshtern strait to the western
boundary, turns south, and then flows zonally toward the
Bussol strait. The flow is basically flowing along the back-
ground potential vorticity (PV) contours except at the west-
ern boundary. The magnitude of the exchange transport
matches reasonably well with that estimated from equation
(4), which is 8.0 Sv. The exchange flows have parabolic
velocity profiles across the straits, similar to the assumption
made when deriving equation (4), and the western bound-
ary current has a width of the Munk boundary layer. CTRL
support that equation (4) is a reasonable measure for esti-
mating the exchange transport.

4.2. Sensitivity of the Exchange Flow to Island
Geometry, Width of the Straits, and Friction

[29] When AH, Q, l, and Lx are varied from CTRL, equa-
tion (4) is found to represent the sensitivity of the exchange
transport well (Figure 6). For example, when AH is
increased to 1000 m2 s21, c decreases and U decreases to
2.5 Sv (Figure 5b). Larger AH creates broader western
boundary layer while the shear within the strait remains
fixed, so a smaller U is needed to achieve the same fric-
tional stress exerted by V. When l is increased to 60 km, c
increases and U increases to 8.6 Sv (Figure 5c). Wider
strait decreases the shear within the strait, so a larger U is
needed to balance the frictional stress exerted by V. When
Lx is increased to 200 km, a increases and U decreases to
3.2 Sv (Figure 5d). Since the length scale of the frictional
stress exerted along the straits increases, a smaller U is
needed to balance that exerted by V. In contrast, when Lx is
very small (8 km) we find U to increase and become close
to Q (not shown). With less frictional stress exerted along

the straits, less V is induced and most of the EKC becomes
the exchange flow (U � Q). This solution matches equation
(4) when a is taken to zero.

[30] Estimates of the frictional stress along the island
further confirm that the Circulation theorem holds in vari-
ous experiments. In CTRL, the frictional stress exerted by
the exchange flow and the western boundary current are
20.024 and 0.025 m2 s22, respectively, while that along
the western coast is less than 20.001 m2 s22 and second-
ary. The sum of the frictional stress is indeed zero and the
main balance is that between the exchange flow and the
western boundary current. When AH 5 1000 m2 s21 (Figure
5b), the frictional stresses exerted by the exchange flow
and the western boundary current increase to 20.51 and
0.53 m s22, respectively. Although the exchange transport
decreases to 2.5 Sv compared to CTRL, the main balance
of frictional stress between the exchange flow and the west-
ern boundary current remains the same. Model results sup-
port the hypothesis that the Circulation theorem explains
the dynamics of the EKC-driven exchange flow well and
that equation (4) provides a reasonable estimate of its
transport.

4.3. The Role of Inertia

[31] We examine now the role of inertia using NCTRL.
It takes about 6 years for the 1.5-layer nonlinear model to
reach a quasi-steady state and the averaged flow field of
year 8 is presented here.

[32] The exchange flow simulated in NCTRL is 4.8 Sv
(Figure 5e). This is less than CTRL and that estimated from
equation (4). When various parameters are varied from
NCTRL, we find the nonlinear model to generally show
less transport compared to that simulated in the linear
model and equation (4) (Figure 6). The presence of inertia
appears to reduce the magnitude of U. This reduction in U
in the presence of inertia qualitatively matches with the
results of Sheremet [2001] where more western boundary
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current is found to leap across a strait in the presence of
inertia and not enter a marginal sea. When the impact of
inertia is measured using the Reynolds number (Re 5 Q/
(AH/H0)) following Sheremet [2001], the reduction of U
compared to the linear model is indeed found to increase as
Re increases (Figure 7). Note that in order to focus on the
sensitivity to Re, only the experiments where Q and AH are
varied from CTRL and NCTRL are shown. Model results
suggest that the estimate based on equation (4) serves like
an upper limit of the exchange transport.

[33] Why does the exchange transport reduce when iner-
tia is present? We will try to explain this from the Circula-

tion theorem since it does not depend on linearity. Equation
(10) suggests that the transport of the western boundary
transport cannot increase alone because that will only
increase the frictional stress exerted along the eastern coast
of the island and make the sum of frictional stresses go
nonzero. What we find in NCTRL is that the frictional
stress along the northern coast of the island increases sig-
nificantly (Figures 8a and 8b): from 20.013 m2 s22 in
CTRL to 20.044 m2 s22 in NCTRL. Frictional balance is
achieved primarily between the stresses along the northern
coast and the eastern coast (0.055 m2 s22). Frictional stress
along the southern coast becomes secondary (0.004 m2
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NCTRL. (d–f) The flow field and speed near the southern strait. (d) CTRL, (e) NCTRL, and (f) a sche-
matic of the zonal velocity profile in the strait.
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s22) (Figures 8d and 8e). These changes occur because the
northern and southern boundary layer widths change in the
presence of inertia. With a southward momentum of the
EKC, the northern boundary layer is squeezed while the
southern boundary layer is stretched (Figures 8c and 8f).
The velocity shear and frictional stress thus increase along
the northern boundary while they decrease along the south-
ern boundary. The island’s western boundary current will
balance the enhanced friction along the northern coast by
increasing its transport.

[34] The frictional balance of NCTRL suggests inertia
will modify equation (4) as well. The frictional stress along
the southern coast (the last term in equation (2)), which is
part of the frictional balance considered when deriving equa-
tion (4), is no longer significant when inertia is strong. The
spatial scale of the velocity shear in the northern strait is also
no longer l/2. Equation (2) is thus better expressed as:

05AH
U=ðH0 � dN Þ

dN
2

Lx1
2Vð Þ= H0 � dMð Þ

d2
M

Ly

 !
; (11)

where dN is the width of exchange flow along the northern
coast. Using Q 5 U 1 V, equation (11) becomes

U5
Q

11a dN

dM

� �23 : (12)

Equation (12) shows that U will decrease as inertia
decreases dN. When comparing equation (12) to equation
(4), the role of inertia is found to be analogous to narrowing
the straits in equation (4).

5. The Impact of the Continental Slopes and
Topographic Features

[35] The actual Kuril island chain is accompanied by
continental slopes and complex topographic features. Con-
tinental slopes can act as a PV barrier and restrict open oce-
anic flows from entering the strait [Yang et al., 2013].
Friction is required for the western boundary current to
cross this PV barrier before inducing an exchange flow.
Yang et al. [2013] focus on the impact of continental slopes
on the Island rule so a western boundary current from the
upstream is absent. Here, we will focus on how continental
slopes and topographic features may affect the EKC-driven
exchange flow using SLOPE and RTOPO. It takes about 6
years for these model experiments to reach a steady state
and the averaged flow field of year 8 is presented here, just
like NCTRL.

5.1. The Impact of Continental Slopes

[36] In SLOPE, we find an exchange transport of 5.0 Sv
(Figure 9a), which is similar to NCTRL. The basic flow
field is similar to that in NCTRL (Figure 8b) and the pres-
ence of a steep slope appears to affect the exchange trans-
port only moderately (Figure 9b). This is likely because the
region that is affected by the slope lies within the Munk
boundary layer (about 21 km). With a slope of 0.05, the
1000 m isobath (the depth of the straits) exists about 18 km

from the coast. While the slope can change the background
PV contour and make the EKC flow along the bathymetric
contours, the experiment shows that the presence of a steep
slope does not change the width of the EKC much and
significantly alter the exchange flow from that without a
slope.

[37] Further experiments suggest that continental slopes
can affect the exchange flow if the slope is less steep. This
is because a moderate slope will change PV contours near
the coast such that the majority of the EKC will flow out-
side the Munk boundary layer and not touch the island. For
example, when the slope is 0.02, the 1000 m isobath lies
outside the Munk boundary layer and part of the EKC that
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Figure 9. The flow field simulated in SLOPE. (a) The sea
surface height (SSH). (b) The flow field near the northern
strait in SLOPE. Color contours show the flow speed. Bath-
ymetric contours are drawn every 500 m. (c) The flow field
near the northern strait when the continental slope is 0.02.
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flows in deeper depths than the strait (>1000 m) will con-
tinue to flow southward across the strait far from the island
coastline (Figure 9c). With no frictional stress exerted
along the island, an exchange flow is not induced. Part of
the EKC that flows in shallower depth (<1000 m) enters
the strait but aligns along the northern side of the strait and
exerts much less frictional stress along the island. The role
of frictional stresses around an island on inducing the
exchange flow appears much reduced. What the model
shows is that if the continental slope is moderate, the mag-
nitude of the exchange flow depends more strongly on how
much of the EKC exists in shallow depths prior to encoun-
tering the strait.

[38] The reduction in the exchange flow that we find for
moderate slopes is qualitatively similar to the role of topog-
raphy found in Yang et al. [2013]. For a realistic EKC,
however, the steep slopes of the Kamchatka Peninsula and
the deep straits of the Kuril island chain likely enable the
EKC to flow across the PV barrier within a short distance
and establish a boundary current and exchange flows simi-
lar to NCTRL. The impact of the topography is likely
weaker in our study because part of the EKC already exists
in the upstream against the coastline prior to encountering
the strait. The PV barrier to cross the straits for such an
along-coastline flow is much reduced. Around the Kuril
island chain, the depth of the straits (1000 m) is also close
to the depth of the isopycnal interface intersecting the bot-
tom (�1200 m), so the PV barrier that the EKC needs to
overcome is not as significant as that for shallower straits.

[39] SLOPE suggests that the basic dynamics of the EKC-
driven exchange flow remains similar to NCTRL as long as
the continental slope is steep and the straits are deep. The con-
tinental slopes of the Kuril island chain are therefore likely to
play a minor role on the dynamics of the exchange flow.

5.2. The Impact of a Subsurface Peninsula

[40] In RTOPO, we find an exchange transport of 4.1 Sv
(Figure 10), which is about 1–3 Sv less than the previous

experiments. Detailed topographic features of the Kuril
island chain appear to affect the magnitude of the transport
significantly.

[41] One reason why the exchange transport reduces in
RTOPO from NCTRL could be that the strait is no longer
rectangular. With a more parabolic shape, the total area of
the strait is smaller. However, we consider the main reason
to be the changes in Lx and Ly, the length scales of the fric-
tional stress induced by the exchange flow and the western
boundary current, respectively. In RTOPO, the distance
between the Kruzenshtern and Bussol straits is about 230
km, which is shorter than 300 km previously used for Ly.
Moreover, the presence of a subsurface peninsula makes
the EKC bifurcate along the eastern coast of the island
between the two straits (Figure 10). So the actual length
scale of the western boundary current that travels south-
ward along the island is that between this bifurcation point
and the Bussol strait, which is about 200 km. On the other
hand, the distance from the bifurcation point to the Kru-
zenshtern strait increases to 60 km compared to 30 km pre-
viously used for Lx. These changes increase a (in equation
(4)) to 0.3 compared to 0.1 in CTRL and based on equation
(4), such increase would reduce the exchange transport
about 2.3 Sv, which matches with the order of the reduction
observed from CTRL, NCTRL, and RTOPO.

[42] The presence of a subsurface peninsula is found to
change how inertia affects the exchange flow as well.
When the transport of the EKC is increased, we find more
EKC to continue southward rather than turning west and
encountering the island between the Kruzenshtern and Bus-
sol straits (Figure 10). As a result, the exchange flow that is
driven by the EKC also reduces.

[43] RTOPO shows that detailed topographic features
are capable of affecting the magnitude of the exchange
flow significantly. For the Kuril island chain, the subsurface
peninsula is found to limit the exchange flow by changing
the bifurcation point of the EKC. It also alters the role of
inertia by making the EKC flow across the subsurface pen-
insulas and induces less exchange flow.

6. Summary and Remarks

[44] What are the main processes that control the
exchange flow between the Okhotsk Sea and the North
Pacific? In this paper, we presented how the EKC may
drive an exchange flow based on Kelvin’s Circulation theo-
rem around an island that is located between the Kruzensh-
tern strait and the Bussol strait. A scaling estimate of the
exchange transport was further derived (equation (4)) by
assuming that the frictional stresses exerted by the
exchange flow and the EKC east of the island balance.

[45] Numerical experiments based on a 1.5-layer reduced
gravity model revealed that equation (4) quantified the
dynamics of the exchange transport well. The exchange
transport was found sensitive not only to the width of the
strait but also to the magnitude of friction and the aspect
ratio of the island geometry. The role of inertia was found
to decrease the exchange transport by enhancing the fric-
tional stress exerted along the Kruzenshtern strait.

[46] The impact of the continental slope was found to be
minor. As long as the straits are deep and the slopes are as
steep as that found along the Kuril island chain, the
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presence of continental slopes are unlikely to significantly
alter the dynamics of the exchange flow. On the other hand,
the detailed topographic features of the Kuril island chain
were found to affect the magnitude of the exchange trans-
port significantly. The presence of a subsurface peninsula is
likely responsible for such impact since it makes the EKC
bifurcate along the eastern coast of the island. This results
in changing the length scale of the frictional stresses
exerted by the exchange flow and the western boundary
current. The subsurface peninsula also enabled inertia to
make the EKC flow away from the island and to induce
less exchange flow.

[47] Our idealized model study suggests that simulating
the exchange flow between the Okhotsk Sea and the North
Pacific in a GCM is likely to depend not only on resolving
the widths of the Kruzenshtern and Bussol straits but also
on how well the EKC is simulated. Detailed topography as
well as the magnitude of the subgrid-scale eddy-viscosity
will strongly influence the exchange transport and thus,
need careful attention. Selecting a proper lateral viscosity
coefficient near the western boundary current is beyond the
scope of this study, but the dependence of the exchange
flow on this parameter points to the complexity of the
dynamics governing the exchange flow. The basic mecha-
nism of the EKC-driven exchange flow presented in this
work is likely applicable to other locations where the mar-
ginal sea-open ocean exchange flow occur as well. The
presence of western boundary currents and narrow straits
bounding an island are the key requirements. While the
mechanism successfully explains why the Island rule [God-
frey, 1989] overestimates the exchange transport between
the Okhotsk Sea and the North Pacific [Katsumata and
Yasuda, 2010; Ohshima et al., 2010], the impact of time
variability is yet to be explored. We plan to investigate this
problem next.
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