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[1] This study examines some topographic effects on the island rule. We use an idealized
and barotropic model to investigate the throughflow between a semienclosed marginal sea
and a larger oceanic basin that are connected to each other by two channels. Two sets of
experiments are conducted in parallel, one with a flat bottom and the other with a ridge
between two basins. The model results show that the ridge affects the island rule
considerably in several ways. First, the ridge blocks geostrophic contours and restricts a free
exchange between two basins. The bottom pressure torque (or the form drag) is a dominant
term in the balance of the depth-integrated vorticity budget and always results in a
significant reduction of the throughflow transport. Second, horizontal friction promotes
cross-isobathic flows and enhances the throughflow transport over the ridge. This is the
opposite of what friction does in the original island rule in which a friction tends to reduce
the throughflow transport. Third, the forcing region in the open ocean for the marginal-sea
throughflow is shifted meridionally. Last, the topographic effect becomes small near the
equator due to its dependence on f. This may explain why the PV barrier effect is smaller in
the South China Sea than in the Japan/East Sea. The limitation of the barotropic model and

some baroclinic effects will be discussed.

Citation:

1. Introduction

[2] Flows between two oceanic basins, such as the Indo-
nesian througflow (ITF), are important components of the
global ocean circulation. But making in situ observations
can be difficult in some passages due to restrictions by their
bordering countries. It is, therefore, desirable to develop a
method for estimating throughflow transports from more
available observations, like wind stress over the open
ocean. In a seminal study, Godfrey [1989] derived a solu-
tion, which has been commonly called the island rule (IR),
and applied it with some success to the ITF. In a steady
state, the ITF is essentially a flow around a big island—
Australia. The presence of an island provides some mathe-
matical and dynamical conveniences in deriving a balance
of vorticity flux that ties the ITF transport to the wind stress
over the Pacific Ocean. In the original IR, Godfrey used a
steady, linear, and wind-driven circulation model. Topo-
graphic effects were not considered explicitly.
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[3] The IR has been tested in some marginal seas where
topographic variations are large, such as in the Japan/East
Sea (JES) and the South China Sea (SCS) (Figure la). It
comes with no surprise that the IR fell apart when applied
to the Tsushima Warm Current (TSWC) since two main
throughflow straits, the Tsushima and Tsugaru Straits, are
shallower than 200 m [Seung, 2003]. The observed TSWC
transport, about 2 and 3 Sv [Ohshima, 1994; Takikawa
et al., 2005], is one order of magnitude smaller than what
would be estimated by using the IR. The disparity between
the observed and IR-inferred transports in the SCS, how-
ever, is much smaller [Qu et al., 2005; Wang et al., 2006a,
2006b] even though the main exit straits for the SCS
throughflow (SCSTF) are very shallow. The SCSTF enters
the SCS through the Luzon Strait but exits mainly through
the Karimata Strait (<50 m in depth, marked by 6 in Figure
la) and the Mindoro Strait (<200 m, marked by 5 in Figure
la). Regardless the IR applicability there, one would expect
that the same topographic barrier effects that restrict the
applicability of the IR in the TSWC would remain effective
in the SCS case. Why is the topographic restriction smaller
in the SCS?

[4] Few studies have examined the role of topography in
the context of the IR and some fundamental issues remain
to be explored. In this study, we will focus on barotropic
flows with a goal of developing some dynamical insights
that can be applied to three-dimensional models. Some
potential effects of baroclinic processes will be discussed
in section 6. While this study is motivated partly by some
aspects of the JES and SCS throughflows, we are interested
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(top) The bathymetry of the Northwestern Pacific Ocean between the JES and SCS with
schematics of major currents in the region. The SCS throughflow pathways are from Qu et al. [2005].
(bottom) Schematic of the island rule integration. In the classic island rule [Godfrey, 1989], the transport
around the island depends solely on the wind stress along the close line /= CBFEADC and the planetary
vorticity difference between the two extremities of the island, yy and yg. It will be shown in this study
that the topography, if it blocks the PV contours between two deep basins, can dramatically reduce the
transport of the island and is the leading cause for the difference between the observed Tsushima Warm
Current (TSWC) transport and the island rule estimated transport. Our idealized model domain is closed
and, therefore, ignores the net transport through Bering Strait (~0.8 Sv) [Woodgate and Aagaard, 2005].
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in a more general marginal-sea throughflow and will use
idealized bathymetry and forcing. The real applicability of
the IR in both JES and SCS depends on many other factors
that are beyond the scope of this study.

[s] This paper is organized as follows. In section 2, we
will review the IR and discuss some topographic effects. In
section 3, a barotropic model and its results will be pre-
sented to examine some effects of topography and friction.
In section 4, we will discuss how the area of the open-
ocean forcing is shifted when a ridge is placed between two
basins. We will discuss, in section 5, the latitudinal depend-
ence of the topographic effects and explain why topo-
graphic effects weaken in low-latitude marginal seas. The
limitation of our results from a barotropic model and poten-
tial effects from stratification will be discussed in section 6.
A summary will be given in section 7.

2. The Island Rule

[6] Here we will review the derivation of Godfrey’s IR
and extend it to include some topographic effects. Consider
a stratified ocean in an idealized domain like the one that is
shown in Figure 1b. A meridionally elongated island lies
between a marginal sea and an open oceanic basin. The
depth-integrated vorticity equation is:

07 N 1 1 — —
4V (U + Q)] = ——curl.(hVpy) + —curl. (70 — 77)
ot Po Po

(1)

0
where U = / idz is the vertically integrated velocity,
—h

Z = curl.Uis the vertical curl of the vertically integrated

velocity, (=v, —u, is the relative vorticity, k is the unit
vector in the vertical direction, /4 is the depth of the water
column, p, is the pressure on the bottom surface, and
7, and 7/ are the wind stress and the friction, respectively.
The first term on the right-hand side of equation (1) is the
bottom pressure torque (or the form drag) that vanishes in a
flat-bottom model. Both the topographic (through %) and
baroclinic (through p,) effects appear in this bottom pres-
sure torque term. Baroclinic processes also affect the bot-
tom friction because it is induced by a bottom velocity that
consists of both barotropic and baroclinic components.

[7]1 Follow Pedlosky et al. [1997], we can integrate the
vorticity equation (1) over the area bounded by CBADC in
Figure 1b (the area to the east of the island’s east coast)
and use an integration of the depth-integrated momentum
equations around the island BAEFB. The combined of these
two integration yields:

fr+o@ 'ﬁ)ds——%%gpbﬁds
+j}f(”;70”)-7ds 2)

where / = CBFEADC is the integration path in equation (2)
and 7 is the unit vector perpendicular to the integration
path /. If the Rossby number is small, the nonlinear term is
negligible and equation (2) becomes:

i h 7 Tw = T7) =
U-ids~—¢ —(V ~ZdA+7{(7f~ldL 3
]I{f( n)v ?1{%(” )T I Po Y()

[8] The left-hand side term can be rewritten as:

frwma= ([ +f +[ 4] @ -mas—-me

[9] Note that the integration along the solid boundary seg-
ments BFEA and DC is zero because of the no-normal flow
condition. Q is the northward transport between B and C or
between 4 and D. It is also the net cyclonic transport through
the marginal sea. fy and fs are planetary vorticity along BC
and AD. Godfrey [1989] cleverly chose this integration path
to avoid the viscous western boundary layer along the
island’s east coast (i.e., AB in Figure 1b). The friction, i.c.,
the third term on the right-hand side of equation (3), is there-
fore assumed to be negligible. He assumed the depth is con-
stant and so the integral of the pressure torque around a
closed path becomes zero. Equation (3) can be simplified to:

1 - 1
Qisland—mle =7 v %ﬁ dl =—————
polfy = fs) Ji PN —ys) Ji

T - dl
(4)
[10] This is the original form of Godfrey’s IR.

3. Topographic and Frictional Effects on the
Island Rule

[11] In this section, we will discuss some topographic
effects on the IR. If the model has a constant depth 4, the
two basins shown in Figure 1b are connected by geostro-
phic contours f/h, along which geostrophic currents flow
freely. This geostrophic flow will be interrupted by a ridge
between two basins. Ageostrophic processes or external
forcing are needed for cross-ridge exchanges between two
basins. This brings up an interesting question. Does fric-
tion, a major ageostrophic factor, actually promote interba-
sin flows? If so, the friction reverses its role from that in
the original IR in which it always acts to reduce the
throughflow transport [Wajsowicz, 1993; Pedlosky et al.,
1997; Pratt and Pedlosky, 1998 ; Seung, 2003].

[12] A wind-driven barotropic model [Yang, 2007] is
used here to examine these issues.

ou 8’/} (T:u - 7‘;)

i — gty tw L THy
EJru-Vuffv— g6x+ o + I V - (hVu)
v _op (M=) Ay (5)
E—%—u-Vv—fuf—ga—y-i-T—O—TV(hVV)

In .
E-I—V-(uh)fo

where 7 is the SSH, / is the total layer thickness, p is the
density, and 7, is the surface wind stress. A quadratic drag
is used for the bottom stress, i.e.:

7 = oW + )i (6)

where A = 1073 and A, = 500 m? s ! are used for bottom
and lateral frictions in the control run (45 and A will be
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Figure 2. The bathymetry of the idealized model used in the first pair of experiments, (a) one with a
flat bottom and (b) another with a ridge between two basins. The sill depth is 500 m in both straits, the
width of both gaps is 120 km, and the deep basins are 1000 m in depth. It is found that the slope along
the western boundary of the open ocean (right side basin) is an important parameter in the ocean-sea
transport. In this first experiment, the slope is set to be o = 0.05 (%, changes linearly from 500-1000 m
over 10 km distance). A steeper slope will result in a greater transport over the sill between two basins
and this will be discussed more in the paper. (¢) The right plot is the zonal wind stress profile. The wind
stress is applied only from x = 1300 to x = 4000 km and so the marginal sea and the vicinity of the

island are not forced locally by wind stress.

varied in sensitivity experiments). The form of lateral fric-
tion was chosen to ensure that internal dissipation does not
create or destroy momentum [Schar and Smith, 1993 ; Hel-
frich et al., 1999]. The width of Munk layer, (4,/8)"7, is
about 30 km. The model is discretized by using the C-grid
with a resolution of 5 km in space and 10 s in time. The no-
slip and no-normal flow conditions are applied along all
solid boundaries. The model uses the [3-plane centered on
35°N. Most experiments are conducted in pairs, one with a
flat bottom and the other with a ridge between the marginal
sea and the open ocean (Figures 2a and 2b). The IR will be
used to compare with numerical results. The deep basin
depth in this highly idealized model is set to be 1000 m,
which is much shallower than the depth in the deep ocean.
[13] In most experiments, the model is driven by the
same forcing—a zonal wind stress which is shown in Fig-
ure 2¢c. The meridional wind stress is set to be zero every-
where. The forcing is applied only between x = 1300 km
and 4000 km (Figure 2a), so the marginal sea and straits
are not forced locally by wind stress. With this model con-
figuration and wind stress, the IR equation (4) yields a
transport of 15.4 Sv (1 Sv=10°m? s7"). In the first numer-

ical experiment, we use flat bottom (Figure 2a). We have
conducted experiments by using both the linear and the
nonlinear versions of the model. In the linear model, all
nonlinear terms, including the bottom friction, are set to be
zero. The linear model produces a throughflow transport of
14.3 Sv, which is about 93% of what the IR yields (15.4
Sv). The good agreement is expected since the IR can be
derived from the same numerical equation (except that the
numerical model includes friction). In the fully nonlinear
model with a bottom and a lateral friction, the transport is
reduced to 13.5 Sv (Figure 3a shows the sea surface height,
SSH)—about 88% of the IR result (15.4 Sv). Our analyses
indicate that the reduction is due to both the bottom friction
and the nonlinear advection term.

[14] What will happen to the throughflow if a ridge is
placed between two basins in the model? We repeated the
experiments by using the bathymetry shown in Figure 2b. A
meridionally elongated ridge extends from the northern to
the southern boundary and across two straits. The sill depth
is set to be 500 m in both straits. The continental slope to the
east of the island changes linearly from 500 to 1000 m over
10 km distance (the slope o« = 0.05) (Figure 2b). (It should
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(a) The sea surface height (SSH) simulated in the first experiment using a fully nonlinear

model and a flat bottom on the §-plane at 35N. The interbasin transport is 13.5 Sv (enters the marginal
sea through the southern strait) which is about 88% of 15.4 Sv inferred from the island rule (4). A linear
version of the model results in 14.3 Sv (93% of the island rule transport); (b) model result from using a
bathymetry shown in Figure 2b. The transport is 0.87 Sv, much smaller than the flat bottom result or the
island rule transport. The forcing is identical in both cases.

be noted that the slope was represented by two grids only in
this model with a resolution of 5 km. We have repeated the
same experiment by increasing the zonal resolution to 2.5
km. The result is virtually identical to that shown in Figure
3b.) Figure 3b shows the SSH from the nonlinear model run
when forced by the same wind stress shown in Figure 2c. It
is obvious that the interbasin exchange is much reduced. In
fact, the throughflow transport is only 0.87 Sv. This is far
less than that in the flat-bottom run (13.5 Sv) or that from
the IR estimation (15.4 Sv). This indicates that even a mod-
est ridge could significantly reduce the throughflow transport
in a barotropic model.

3.1. Bottom Pressure Torque and Potential Vorticity
Barrier

[15] The bathymetry affects two terms in the vorticity in-
tegral equation (3), the bottom pressure torque (the first term
on the right-hand side of equation (1)) and the friction. The
large discrepancy between the previous two experiments
shown in Figure 3 must be due to either or both of them. The
bottom pressure torque and its physical interpretation have
been discussed in numerous literatures [e.g., Mertz and
Wright, 1992 ; Vallis, 2006]. It exists in either a homogenous
or a stratified fluid and is due to the torque of the pressure
exerted on a varying bathymetry. This term in equation (3)
is zero if the layer thickness is constant along /. In a baro-
tropic model, this occurs if the integration is along a closed
isobath or the model has a flat bottom like the first experi-
ment shown in Figure 3a. In the second experiment, the inte-

gration path / goes over the ridge and, therefore, the bottom
pressure torque is no longer zero. In fact, the dominant bal-
ance in equation (3) is between the integrals of the pressure
torque and the wind stress in the second experiment shown
in Figure 3b according to our diagnoses.

[16] The role of the bottom pressure torque can be illus-
trated clearly in terms of the potential vorticity (PV) [Vallis,
2006]. It acts to steer flows along the geostrophic contours
(f7H) and thus can be considered as a PV barrier that deters
flows over the ridge between two basins. It is worth noting
that a PV conserving water parcel can flow across geostro-
phic contours if the relative vorticity is large enough compen-
sate the change of f/H [e.g., Whitehead et al., 1974]. One can
estimate the magnitude of relative vorticity if the water parcel
conserves its PV that is set in a upstream deep basin, i.e.,

f + Cstrait :f + Cocean f

~ (™)
Hstrait Hocean HOCE(IVI

where (0 = — % is the relative vorticity in a zonal strait
(Figure 2) and the relative vorticity in the ocean, (,ceun, 1S
assumed to be small. The velocity shear in the strait is then
estimated through the PV conservation equation, i.e.,

Ou o Hslmit
a_y _f(l Hocean) (8)

[17] The Tsushima Strait has a maximum depth of about
150 m and 200 km in width. If we use Hy;,;; = 100 m and
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Figure 4. In the flat-bottom island rule, the interbasin transport decreases when the friction increases.

This is supported in our model (see text). But change the viscosity (or the drag coefficient) over the
whole basin affects the strength of the entire gyre. So we ran a series of experiments in which the viscos-
ity is changed only between x = 950 km and 1100 km. (top) In the flat-bottom model, the transport
between two basins decreases when the viscosity increases. (bottom) The model with a ridge, however,
is opposite. The transport increases as the viscosity increases. The flow between two basins needs to
overcome a PV barrier associated with the ridge. Friction is a main mechanism that promotes the trans-

port across the PV isolines.

H,.cqn = 1000 m, the velocity shear in the strait needs to be
about 2 ~ 7.5 x 10735~ 'at 35°N in order to conserve PV.
Repeated ADCP observations across the Tsushima Strait
showed that the magnitude of relative vorticity is more
than one order of magnitude smaller than what is needed
for PV conservation [Takikawa et al., 2005]. So the PV is
not likely to be conserved when going through a broad and
shallow Tsushima Strait. This is different from some other
overflows, such as the Nordic Seas overflows, where the
PV is thought to be conserved when a water parcel over-
flows a sill [Whitehead et al., 1974].

3.2. The Role of Friction

[18] As discussed above, ageostrophic processes could
help overcome the PV barrier and so could potentially pro-
mote a throughflow over the ridge and between two basins.
Friction is a major ageostrophic process and its role is
examined here. We have conducted several experiments
using models with either a flat bottom or a ridge. When ei-

ther Ay or A increases, the throughflow transport decreases
in the flat-bottom model (Figure 2a). In an experiment, for
instance, we increased A from 500 to 5000 m? s~ ! over
the whole model domain while keeping all other parame-
ters including A unchanged. The transport decreases from
13.5 to 8.4 Sv in the flat-bottom model. The results are con-
sistent with the conclusions made by Pedlosky et al. [1997]
and Pratt and Pedlosky [1998] that the friction tends to
reduce the throughflow transport between two basins. The
role of the friction, however, reverses when using the
model with a ridge (Figure 2b). When A is increased from
500 to 5000 m” s~ ', the throughflow transport increases
from 0.87 to 1.3 Sv. So the friction plays an opposite role
in models with and without a ridge.

[19] We note that changing the friction parameters (A4,
or \) over the whole model domain affects the strength of
the gyre in the open ocean. To focus the role of friction in
overcoming the topographic barrier in the vicinity of the
ridge, we have done another set of experiments in which
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Figure 5. The slope on the eastern (oceanic) side of the ridge affects the width and intensity of the
boundary current along the slope. So it affects the magnitude of the friction. A steeper slope narrows and
intensifies the slope current. This results in a stronger shear and lateral friction, as well as bottom fric-
tion. So the transport is larger if the slope is steeper. (top) Three different slopes used in the model. (bot-

tom) The corresponding transport.

either the lateral viscosity 4 or the bottom drag coefficient
A is amplified only in a narrow region between x = 950 and
1100 km. Outside this strip, the parameters are kept at the
same values as those used in the control run (Figure 3), i.e.,
A= 103and 4,=500 m? s~ In this configuration, the
strength of the open-ocean forcing, measured by the gyre
strength, remains virtually the same as that in the control
runs (Figure 3), and the frictional effect on the cross-
isobathic transport is isolated.

[20] Figure 4 shows the model results from both flat-
bottom (top row) and ridge-bottom (bottom row) model runs
with four different viscosity used between x = 950 km and
1100 km. The interbasin transport in the flat-bottom model
decreases from 13.5 Sv in the control run (4, =35 x 10* m*
s ) to 11.7 Sv (Ay=25 x 10° m? sf‘g, 10 Sv (=5 x
10°m? s "), and 7.6 Sv (A;=1 x 10* m* s ). With a ridge,
however, the transport is 0.87, 1.24, 1.52, and 2.0 Sv for
Ap=5%x10°m’s 1,25 x 10°m*s 1,5 x 10° m?*s ™!, and
1 x 10* m? s, respectively. The impacts are qualitatively
the same when the bottom drag coefficient ) is increased.

[21] The experiments show that the role of friction
reverses when a ridge is placed between two basins. It
dampens the throughflow transport in the flat-bottom case,
consistent with previous studies [Pedlosky et al., 1997;
Pratt and Pedlosky, 1998] whereas it alleviates the topo-
graphic PV barrier and promotes transport over the ridge
and between two basins even though it weakens the overall
circulation in the eastern basin. It is interesting to note that
this result is very different from that of Minato and Kimura
[1980] and Seung [2003] who suggested that an enhanced
friction in the shallow Tsushima Strait alone would be re-
sponsible for the small TSWC transport. The PV dynamics
was not considered in their models.

[22] We should point out here that neither lateral viscosity
nor the bottom drag coefficient is well quantified from obser-
vations. The eddy PV flux, explained by Kida et al. [2008,
2009] and Spall [2010], plays a leading role in permitting
flow to cross the isobaths. We caution here that the uncer-
tainty of using the eddy viscosity and drag coefficient values
in this model is large. The results are valid only qualitatively.
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P1

/Pz

Slope

Figure 6. The schematic of how a continental slope
(dashed lines for isobaths) affects the island rule. The east-
ward flow from the interior deflects southward and tends to
follow the f7h contours. Friction and nonlinearity deviate
the flow from f/4 contours. The two thick lines are the
streamlines that connect the two extremities of the island to
the forcing latitudes P; and P, in the interior ocean. The
transport between two basins is forced by wind stress along
the latitudes of P; and P, in the open ocean instead of the
latitudes of the island’s extremities in the original island
rule. The positions of P; and P, are determined by f/h
values in two straits and affected by friction in the slope
region.

4. Continental Slope and a Remote Forcing
Mechanism

[23] Several additional experiments were conducted to
examine the model sensitivity to the slope of the ridge. It
was found that the throughflow transport in the model with
a ridge is sensitive to the slope on the eastern side (facing
the open ocean basin) of the ridge (i.e., off the coast A’ABB’
in Figure 1). Figure 5 shows three examples of using differ-
ent slopes in this region while everything else is kept
unchanged. The transport changes from 0.87 Sv (the con-
trol run) to 0.52 and 0.1 Sv, respectively, when the slope
decreases from a = 0.05 to o = 0.025 and o = 0.0125
(Figure 5). The exchange is basically shut off when « is
smaller than 0.0125.

[24] The slope affects the width and thus the shear of the
current along the continental slope and so the PV dissipa-
tion (the torque of the friction). To examine this, let us
revisit the linear and steady balance of the vorticity in the
slope region,

U-v AN —curl z + curl A—HV - (hVid) 9)
h) “ ph 1 h

where U = hiiis the vertically integrated velocity. The
local wind stress is zero in the model slope region. Equa-
tion (9) states that the transport across PV isolines is driven
by the torque of friction.

[25] When the flow from the interior ocean approaches
the slope on the eastern side of the ridge, the water mass
tends to flow along the geostrophic contours. The magni-
tude and the shear of the current are affected by the width
of the slope, which is defined as

AH

leope - 7 (10)
where « is the slope and AH is the depth change across the
slope. In our model configuration, the isobathic lines are
meridional on the ocean side of the ridge. The meridional
scale is much greater than the width of the slope and the
flow is mainly in the meridional direction along f/H iso-
lines. The vorticity equation (9) can then be simplified to:

- AN 0 vlv 0 [1[0 [, ov

[26] A scaling analysis of equation (11) indicates that the
first and second terms on the right-hand side of equation
(11) are proportional to Ly}, and L2 (or o and o),
respectively. So the torque of the friction available for the
transport across f/h contours decreases with a greater width
Lgiope or a smaller slope o. This may help to explain why
the throughflow transport decreases when the slope
becomes less steep in our barotropic model. When L, >
250 km, the slope extends into the region of wind-stress
forcing (i.e., x > 1300km). Transport across geostrophic
contours is affected by both friction and wind stress. The
sensitivity of the transport to Ly,,. or « is no longer deter-
mined by friction only.

[27] As mentioned in the previous section, both lateral
and bottom frictions are not well quantified in the real
ocean and poorly represented in numerical models like
ours. They are related to small and mesoscale scale fea-
tures, such as eddies. Kida et al. [2008, 2009] used a two-
layer isopycnal model and demonstrated that a dense-water
flow across continental slope is forced by flux of eddies.
Similarly, Spall [2010] used an eddy-resolving 3-D model
and found that transports across isobaths along a continen-
tal slope are carried out mainly by eddies. In Spall’s model,
the intensity of eddies or the eddy transport increases when
the Ly, narrows. Our result is consistent with his finding.
But the agreement is only qualitatively at best since our
model does not include baroclinic processes that are essen-
tial for eddies in Spall’s model.

[28] Figure 5 shows that the transport is nearly zero
when the western boundary current does not intercept the
east coast of the island (the third case where 4;; = 500 m?
s~!and a = 0.0125). If the Lyiope is broad and friction is
small, the flow within the slope region would deviate little
from f/h isolines and the slope current flows southward
before reaching the southern strait. In this case, there is no
current along the east coast of the island and thus no
throughflow between two basins. When the friction is
enhanced, such as in the fourth case shown in Figure 5, the
flow in the slope region deviates more from the /74 isolines
and intercepts the island’s east coast. This results in a non-
trivial transport between basins. The result suggests a lati-
tudinal shift in the open ocean area as illustrated in Figure
6. The flow along the east coast of the island is affected by
gyre circulation within the latitude of P; and P, in the open
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Figure 7. A larger model domain is used to illustrate a remote forcing mechanism. Two zonal wind

stress profiles are used.

ocean (Figure 6). Wind-stress forcing outside this latitudi-
nal range has no direct impact on exchanges through either
strait.

[29] To illustrate this latitudinal shift in the open-ocean
forcing, we ran another set of experiments by using a larger
oceanic domain, one with a ridge as shown in Figure 7a and
another with a flat bottom (4 = 1000 m). The reason for
using such a bigger domain is to permit a larger latitudinal
range, i.e., P; and P, in Figure 6, so that the remote forcing
can be better illustrated. In this set of experiments, we use a
small slope av = 0.0125 on the eastern side of the ridge and a
larger viscosity 4, = 2000 m? s~' (compared with 4, =

500 m? s~ in the control run Figure 3a). Using a larger vis-
cosity allows the remote forcing latitudes, i.e., P; and P, in
Figure 6, to be within the model domain (when A decreases
the cross-PV velocity weakens, so P; and P, moves further
away from latitudes yg and yy). Two sets of zonal wind stress
are used. The first one has a nonzero curl,—d7"/dy, within
the range of —600 km <y <600 km (Figure 7b), whereas
the second one has a nonzero curl in the northern 1/3 of the
domain (i.e., y > 600 km, Figure 7c).

[30] The SSH fields from the flat-bottom model are
shown in the top plots in Figure 8. In the first case with
wind stress shown in Figure 7b, there is an anticyclonic
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Figure 8. (top) The model results of using the flat-bottom model and (bottom) a ridge-bottom model.

There is a large anticyclonic gyre to the east of the island when forced by the first wind stress profile.
The interbasin transport is 11.5 Sv in the flat-bottom model and 0.12 in the model with a ridge. The
island rule transport is 15.4 Sv. In the second wind-stress forcing, there is a cyclonic gyre in the open
ocean north of the marginal sea latitude. The transport in the flat-bottom model is 0.14 Sv—close to the
zero transport inferred from the island rule (4). The transport in the model with ridge, however, is 1.1
Sv. These experiments demonstrate that the forcing region in the open ocean is shifted by the ridge.

gyre just to the east of the marginal sea (Figure 8§, top left).
The exchange transport between two basins is 11.5 Sv,
about 75% of the transport calculated from the IR (15.4
Sv). It is also smaller than the model transport in a previous
experiment that uses a smaller basin with the same wind-
stress forcing (13.5 Sv, Figure 3a). Our analyses indicate
that the use of a larger viscosity (4, =2000 m? s versus
Ay =500 m? s in the standard run shown in Figure 3) in
the whole model domain is the main cause for the weaker
transport. In the second wind-stress profile, the region of
positive curl is moved northward to the northern 1/3 of the
basin as shown in Figure 7c. The open ocean is dominated
by a large anticyclonic gyre in the northern 1/3 of the
model domain (Figure 8, top right). The transport through
each strait is nearly zero (0.14 Sv). The model result is con-
sistent with the IR that gives a zero transport since the wind
stress is zero between yg and yy.

[31] With a ridge between the two basins (Figure 7a), the
exchange between two basins in the model is very different.
The throughflow transport is very small (0.12 Sv) in the
first case with an anticyclonic gyre to the east of the mar-
ginal sea (Figure 8, bottom left). This is consistent with a
previous experiment that used a gentle slope in a smaller
basin, i.e., the third experiment shown in Figure 5. There-

fore, the ridge shields the marginal sea form the wind-
stress forcing in the open ocean. The situation changes
when the open ocean gyre is forced by the second wind
stress profile (Figure 8, bottom right). This forcing induces
a transport of 1.1 Sv exchange between two basins. The
experiments here show a key difference between the IR and
the model with a ridge between two basins. In the original
IR, the transport depends on only the wind stress along the
two latitudinal extremities of the island, i.e., yx and yg in
Figure 1b. But in the case with a ridge the latitudes of the
open-ocean forcing, i.e., P; and P, in Figure 6, is shifted
meridionally. The exact positions depend on a number of
topographic and physical factors, including the slope on the
island’s east coast and frictions. If the flow is inviscid, posi-
tion of P; and P, are determined by f/h values set at the
northern and southern tips of the island.

[32] Does the remote forcing mechanism apply to the Ja-
pan/East Sea? The JES is located between the latitudinal
range of the North Pacific Subtropical and Subpolar Gyres.
Will the result here imply that the TSWC is forced by the
subpolar gyre through the Oyashio Current instead of by
the subtropical gyres through the Kuroshio Current? The
bathymetry to the east of Japan is complicated as shown in
Figure 9a. The Ly, is narrow as slope becomes steep to
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(a) Bathymetry in the vicinity of Japan (from 1/12 degree ETOPS data)
42N

40N
38N
36N {
34N

32N

30N -

129 131E

133E

135E  137E  139E  141E  143E

BT T T T 7 17 1 7
-1000 -900 -800 -700 -600 -500 -400 -300 -200 -100 O

(b) SSH (cm) along the east coast of the island
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Figure 9. The bathymetry around Kyushu and Honshu
between the Tsushima and Tsugaru Straits. Along the east
coast, the slope is steep to the south of 35N. It becomes
gentler to the north of that latitude. (bottom) The profile of
bathymetry along 135.45E. The water depth changes from
0 to 1400 m in about 20 km along the 135.45E (using the
1/12 degree ETOPOS data)—a slope of 0.07, which is
greater than that shown in Figure 3.

the south of 35N. Figure 9b shows that the water depth
changes from 0 to 1400 m over a distance of about 20 km
along the 135.45E (using the 1/12 degree ETOPOS5 data)—
a slope of 0.07, which is greater than what has been used in
the control run (Figure 3b) in this study. With this steep
slope, the Kuroshio Current could probably force the
TSWC effectively. So this remote forcing mechanism is
probably ineffective for the TSWC through JES. Numerical
experiments using a 3-D model indeed show that the
TSWC is forced directly by the Kuroshio Current [Ma
etal.,2010].

5. Latitudinal Dependence of the PV Barrier
Effect

[33] Previous applications of the IR in the SCS [Wang
et al., 2006a, 2006b] yielded transport estimates that are
broadly within the observed one despite of multiple pas-
sages through the Philippines. The throughflow exits the

SCS mainly through the Karimata Strait (<50 m) and the
remaining through Mindoro Strait (<200 m) [Qu et al.,
2005]. It’s beyond the scope of this idealized study to test
the IR applicability in a basin with such a complex geogra-
phy. We are nevertheless interested in why the shallowness
of Karimata and Mindoro Straits do not seem to affect the
throughflow as severely as those in the JES. Does their
proximity to the equator play a role? To examine this, let’s
reconsider the bottom pressure torque:

1 - 1
= B0 =) 714 [+ (7 D)o = 5505

f;\ Vlfﬁgeustrophic : ﬁ)]ds (12)

Q torque

where #geosrophic 1 the geostrophic velocity above the bot-
tom Ekman layer. When a geostrophic current moves to-
ward the equator, e.g., from the Luzon Strait to Karimata
Strait, the pressure gradient decreases because the Coriolis
parameter fbecomes smaller. The bottom torque exerted by
this geostrophic pressure gradient becomes negligible when
the geostrophic current is close to the equator. This can
also be understood in terms of distribution of f74, which is
zero at the equator regardless of water depth 4. In this case,
the ridge is no longer a PV barrier for interbasin flows.

[34] To test this latitudinal dependence, we ran another
set of model experiments with identical forcing and ba-
thymetry as in the first set of experiments shown in Figure
3, except that the S-plane is now moved to 6°N (instead of
35°N in Figure 3). The whole model domain is still in the
northern hemisphere with /> 0. The straits, especially the
southern one, are close to the equator. Figure 10 shows the
SSH field for the flat-bottom and ridge-bottom cases,
respectively. The throughflow transport in the flat-bottom
model (11.6 Sv) is still higher than that in the ridge-bottom
model (6.4 Sv). The impact of the ridge, however, is much
smaller than that in the mid-latitude (Figure 3). The trans-
port inferred by the IR equation (4) is 12.8 Sv on a 3-plane
centered at 6°N and is smaller than 15.4 Sv in the previous
case at 35°N (the IR transport is proportional to 1/3).

[35] The transport with a ridge is still considerably
smaller than the IR transport (Figure 10). We note that the
northern strait is located still considerably far away from
the equator and f is not small (it varies from
f=24x10"tof =2.7 x 1075~ in northern strait). So
the topographic PV barrier is still effective in the northern
strait. In the SCS, the northern strait, i.e., the Luzon Strait,
is deep and so the PV barrier is small even though f'is not
small. To show that, we conducted another set of experi-
ments in which the northern strait is deep (Figure 11a) like
the Luzon Strait. Again, we run the model on (-planes at
both 6°N and 35°N. On the 35°N (-plane, the transport
between two basins is 1.6 Sv, larger than the case in which
both straits are shallow (0.87 Sv in Figure 3b) but still sub-
stantially smaller than the IR transport (15.4 Sv). This indi-
cates that the throughflow transport in a marginal sea
outside the tropics can be effectively blocked by a shallow
sill in one strait instead of in both. On the 6°N [-plane,
however, the throughflow transport reaches as high as 11.2
Sv. It is virtually the same as the flat-bottom model case
(11.6 Sv) shown in Figure 10 and is also much closer to the
IR-estimated one (12.8 Sv). The PV barrier associated with
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B-plane at 6N (flat-bottom, Q=11.6 Sv)
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Figure 10. Same as Figure 3 except that the (5-plane is moved closer to the equator from 25N to 6N.
The difference between the flat-bottom and ridge-bottom models is much smaller than that from 35N (-
plane. The transport from the island rule (4) is 12.8 Sv on this 6N [-plane. There remains a large gap
between the model with a ridge and the island rule solution. This is because f/A variation is no longer
small across the northern strait. So the PV barrier is effective there. If the shallow strait is close the equa-
tor, the result is much closer to the island rule (see Figure 11c¢).

the shallow bathymetry in the southern strait is ineffective
due to the fact that the planetary vorticity is nearly zero
there (f = 3.8 x 10%t0 f = 6.4 x 107%s~! in the southern
strait). In summary, the topographic PV barrier weakens
near the equator.

6. The Limitation of the Barotropic Island Rule
and Some Potential Effects of Stratification

[36] In this study, we have examined some topographic
effects on steady transports through semienclosed marginal
seas. The vorticity equation (1) or a generalized IR equa-
tion (3) can be derived from either a 3-D model or a one-
layer barotropic model. Both the bottom pressure torque,
curl(hVpy), and the bottom friction, 7, are related to the
bottom pressure gradient (or the geostrophic velocity above
the bottom boundary layer). For a 3-D flow, the bottom
pressure consists of both baroclinic and barotropic compo-
nents. In an equilibrium state, the barotropic and baroclinic
pressure gradients tend to cancel each other in the abyssal
ocean below the level of no motion. Both the bottom pres-
sure torque and the bottom friction would become zero,
and the flow above the level of no motion is no longer
influenced by topography and bottom friction. In a baro-
tropic model, both the bottom friction and pressure torque
exist even in an equilibrium state as long as the barotropic
velocity is not zero. In the TSWC case, the topographic
effect likely remains effective since the all connecting

straits to the JES are very shallow (<200 m) and the sills
are above the level of notion. Using a f-plane coastal
model, Brink [1998] showed that the geostrophic flow in a
stratified ocean may have large shear in vertical but the
whole water column is still strongly steered by bottom to-
pography. So this topographic effect may remain effective
even for deep ridges if the cross-slope flows occur on scales
that the planetary 3 is small.

[37] For time-dependent throughflows, the topographic
PV barrier effect could still be relevant in a 3-D flow even
if the bathymetric variation is below the level of no mean
motion (i.e., the long-term averaged velocity is zero). The
depth-integrated transport of an oceanic gyre is estab-
lished nearly instantaneously (on a time scale of days for
an oceanic basin) in response to wind-stress forcing. It
would take years even decades for baroclinic processes to
shut down flows in abyssal oceans and establish a depth of
no motion. Before that, an oceanic circulation would still
interact with the bottom bathymetry and the PV barrier
could still be effective. So it is possible, the topographic
PV barrier below the level of no mean motion would con-
tinue to exert some influences on slowly varying through-
flows on the time scales between the fast barotropic (days)
and slow baroclinic (years to decades) adjustment time
scales. These remain as speculative until they are exam-
ined in a 3-D model. The main purpose of this study is to
develop some basic insights that can be useful for future
investigations.
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Figure 11. This experiment is used to show that the PV barrier in a single strait can be effective in

blocking the interbasin transport. (a) The bathymetry with one deep and one shallow strait; (b) result
from the 35N (-plane; and (c) result from the 6N -plane. On the 35N [-plane, the southern strait repre-
sents an effective PV barrier and so the transport is much smaller than the island rule solution (1.6 Sv
versus 15.4 Sv). On the 6N (-plane, the shallow strait (southern) is very close to the equator, and so the
transport is close to the island rule solution (11.2 Sv versus 12.8 Sv).

7. Summary and Discussion

[38] In this study, we examine some topographic effects
on transports between the open ocean and a semienclosed
marginal sea. We used a one-layer barotropic model that is
forced by a zonal wind stress over the open ocean. In a flat-
bottom model, the modeled transport between two basins
agrees reasonably well with that inferred from the IR. The
throughflow transport weakens substantially once a ridge is
placed between the open ocean and the marginal sea. The
reduction is mainly due to the topographic PV barrier effect

that can be represented by the bottom pressure torque (or
the form drag) in a more generalized IR formulation. Fric-
tion helps overcome the PV barrier and promote the trans-
port from one basin to the other. Using a larger viscosity or
bottom drag coefficient in the model leads to a greater
throughflow transport in the model with a ridge. This is the
opposite of what friction does in a flat-bottom model in
which the friction always tends to weaken the throughflow
transport.
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[39] The slope of the ridge sets the width of the slope
current, affects the shear and velocity along the slope and
thus affects the magnitude of the friction. It is an important
factor that influences the transport between basins. When a
zonal flow approaches the ridge from the ocean interior, it
deflects to be along geostrophic contours. A steeper slope
narrows the current’s width scale and increases its shear.
The friction is enhanced and the transport over the ridge is
increased. We have examined a remote forcing mechanism
that is associated with the presence of the ridge (or trench).
In the original IR, the throughflow transport is forced by
the wind stress solely within the latitudinal range between
the northern and southern tip of the island. Forcing outside
this latitudinal range does affect the IR transport. When
there is a ridge, however, the forcing range is shifted and is
determined by f7/ in two connecting straits and the intensity
of friction.

[40] The PV barrier effect depends on the latitudinal
positions of the connecting straits. If a strait is located near
the equator, the pressure gradient associated with an equa-
torward geostrophic current becomes smaller and so does
the bottom pressure torque. Numerical experiments show
that a shallow sill in a strait close to the equator does not
affect the throughflow transport. We discuss the limitation
of our barotropic model and some potential effects of strati-
fication. The bottom pressure torque is zero if the bottom
pressure gradient vanishes. Deep ridges or trenches below
the depth of no motion do not likely affect steady
exchanges between two basins.

[41] Previous studies have used the TSWC as an exam-
ple to study wind-driven throughflow between an open
ocean and a marginal sea [Minato and Kimura, 1980 ; Nof,
1993; Seung, 2003]. In an influential study, Minato and
Kimura [1980] studied barotropic flows in a domain that
consists of two flat-bottomed basins, a deep open ocean
and a shallow marginal sea, that are connected by two
sloping straits. Their result, however, is very different
from ours. Wind stress is applied only in the open ocean
basin as in ours. They derived an analytical solution by
using the Stommel [1948] solution in the two flat-
bottomed basins and modified it to satisfy flows with two
connecting channels. They made a number of assump-
tions, which include that the flow is uniform across each
channel and the pressure gradient is balanced by friction
in the along-channel direction, in their derivation. The to-
pography affects mainly the friction within two channels.
The analytical solution is complex but the essential dy-
namics is actually rather straightforward. The negative
curl of wind stress in the flat-bottomed ocean basin forces
an inflow at the entrance of the southern strait. This flow
is resisted by enhanced friction in the shallow straits and
marginal sea. So the throughflow transport decreases as
the friction increases. In essence, their solution is an
island rule transport that is weakened by enhanced fric-
tions in the shallower straits and marginal sea. We empha-
size the different roles that topography and friction, i.e.,
the topography blocks geostrophic contours from connect-
ing two basins and friction promotes ageostrophic flow
over the sills.

[42] Nof[1993], on the other hand, considered an invis-
cid througflow in a reduced-gravity model without topo-
graphic effects. He found that the transport is dependent

on the latitude of the connecting strait and the latitude of
the Kuroshio Current’s separation position. Interestingly,
the transport increases toward lower latitude. This was
used to Nof [2000] to explain why the transport into the
Caribbean Sea is much larger than that into the JES.
While this latitudinal dependence is similar to ours, the
dynamics is very different. In our model, the larger trans-
port in a lower latitude is due to a smaller topographic (3
effect or smaller topographic PV barrier. This effect plays
no role in a model without bathymetric variations like
Nof’s model. In a realistic TSWC model, both effects are
likely coexisting and their relationship will be investi-
gated in future studies.
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