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ABSTRACT

The Soya “Warm Current” (SWC) flows through a shallow strait between the Japan Sea and the Sea of
Okhotsk. The SWC has a jet structure downstream of the strait along the northern coast of Hokkaido with
a maximum speed exceeding 1 m s~ ' at its axis in summer and fall. A surface cold belt with a subsurface
doming structure forms offshore of the SWC axis. Mechanisms of the cold belt formation are discussed from
a point of view of resonant interaction between a barotropic stratified flow and a shallow sill and subsequent
baroclinic adjustment along the SWC. When a stratified current rides a slope upstream, the thermocline
displaces upward greatly and outcrops owing to resonant generation of internal Kelvin waves if the upper
layer is thinner than the lower layer. The control section, where a Froude number is unity, occurs “upstream”
from the sill crest when the ambient inflow has a barotropic flow component. These upwelling features closely
resemble those along the southwestern coast of Sakhalin Island. The SWC then flips from an upwelling-type
to a downwelling-type structure; in doing so, it transits from the west coast of Sakhalin to the east coast of
Hokkaido. It is this transition that leads to the offshore doming structure, which propagates downstream as

a vorticity wave, manifesting the cold belt at the surface.

1. Introduction

The “Soya Warm Current” (SWC) flows along the
east coast of Hokkaido in the Sea of Okhotsk (Fig. 1a).
It originates in the Japan Sea where the flow is broad
and relatively weak. As it passes Soya Strait north of
Hokkaido (see Fig. 1b), however, the current acquires
a jetlike structure in summer and fall with a maximum
speed exceeding 1 m s ' at its axis (Ebuchi et al. 2006;
Matsuyama et al. 2006; Fukamachi et al. 2008). The flow
of the SWC is nearly barotropic near the coast, while
a baroclinic structure becomes evident around the jet
axis at about 30 km from the coast. Seasonal variations
are distinct in the SWC, in which the surface current is
strongest in summer while it is nearly absent in winter.
The SWC is driven by the sea level difference between
the Japan Sea and the Sea of Okhotsk; the basinwide
wind stress distribution over the North Pacific is re-
sponsible for the mean sea level difference, while the
alongshore wind in the Sea of Okhotsk is responsible for
the seasonal variations (e.g., Tsujino et al. 2008).
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One of characteristics of the SWC is that it accom-
panies a cold water belt at the surface offshore of the
SWC axis along the Hokkaido coast (Fig. 1a, see also
Matsuyama et al. 2006; Ishizu et al. 2006, and references
therein). The cold belt is apparently generated along the
southwestern coast of Sakhalin Island upstream of the
strait and extends southward along the SWC. Further,
a subsurface doming structure develops below the sur-
face cold belt, as shown in Ishizu et al. (2006). Therefore,
subsurface cold water outcrops to form the surface cold
belt. This cold belt tends to exist throughout summer
and fall, which is important for biological production in
the region (Mustapha et al. 2009). We note that it is not
likely to be driven by wind because the mean wind
stress is weak in summer (<0.01 N m™').

In this paper, we investigate the formation of the cold
water belt from a point of view of hydraulics at Soya
Strait, which is shallow with a depth of 50 m, and sub-
sequent baroclinic wave adjustment downstream along
the SWC. The cold belt forms offshore of the SWC
during summer when the current is strongest (Ebuchi
et al. 2006; Fukamachi et al. 2008), incorporating a sub-
stantial barotropic component (e.g., Matsuyama et al.
2006). Further, a shallow seasonal thermocline is present
at a depth of ~30 m in the Japan Sea where the current
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F1G. 1. (a) Satellite image on 21 Aug 2001 showing the Soya
warm current (SWC) and the surface cold belt offshore. The black
arrow indicates the SWC (adopted from Ishizu et al. 2006). (b)
Bottom topography and geometry around Hokkaido Island.

originates. Hydraulic control associated with the SWC
occurs if a long wave, whose phase speed is close to zero
with respect to topography, exists in such a flow con-
figuration. One of the candidates is an internal Kelvin
wave along the Sakhalin coast because it propagates
against the SWC with a phase speed O(1 m s~ ) relative
to the current. As seen later, shoaling of the thermocline
near the Sakhalin coast is likely to occur owing to gen-
eration of internal Kelvin waves forced by a stratified
barotropic flow interacting with topography.

Baroclinic response of a stratified barotropic flow to
topographic forcings was considered first by Pratt and
Armi (1990) for a contracting lateral-wall geometry with a
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flat bottom. They found that, in addition to usual controls
at topographic extremes such as minimum widths, points
of control may also occur remotely from the extreme
when a net depth-integrated throughflow is present. They
called this control the “remote control.” We will show
that the remote control causes upwelling in response to
bottom topographic forcing, providing as the thermocline
is shallow, using a two-layer analytical model (section 2)
and numerical experiments of a simple channel model
(section 3). As seen in Fig. 1a, the cold belt originates off
the southwestern Sakhalin coast apparently, which is up-
stream from the shallowest part of Soya Strait, suggesting
that upwelling would take place by the remote control.

The surface cold belt and the subsurface thermocline
shoaling develop downstream subsequently along the
SWC off the coast of Hokkaido. The mechanism of the
downstream development is another subject to be dis-
cussed in the present study. As noted before, this is not
generated merely by advection of the cold surface water
from upstream, but by outcropping of cold water from
below. Ishizu et al. (2006) suggested that the cold water
upwells due to the Ekman pumping from the bottom
boundary layer associated with cyclonic vorticity be-
tween the nearshore strong current and offshore calm
water. However, stratification over the sloping bottom
may shut down Ekman pumping due to the thermal wind
balance within a few days after spinup of the overly-
ing current (Chapman 2002). It is doubtful, therefore,
whether Ekman pumping remains strong enough to
pump the cold water up to the surface. In this paper, in-
stead, the subsurface doming is shown to be a conse-
quence of adjustment by baroclinic waves that propagate
downstream from the upwelling region (section 3).

In the remainder of this section, we will describe re-
sults of a realistic general circulation model (GCM) by
Uchimoto et al. (2007), which represents the SWC and
the cold belt quite realistically (henceforth referred to as
the Okhotsk GCM). It is useful to observe the realistic
model results to extract dynamical essences of the cold
belt formation because current measurements are lim-
ited in reality, and even hydrographic measurements are
nearly absent along the Sakhalin coast.

The Okhotsk GCM is a part of the model developed
for the Japan Coastal Ocean Predictability Experiment
(JCOPE) (e.g., Miyazawa et al. 2008), based on a general
coordinate version of the Princeton Ocean Model (POM)
(Mellor et al. 2002). The resolution of the Okhotsk GCM
is /12° with the domain from 40° to 62°N, 135° to 165°E
covering the entire Sea of Okhotsk. Detailed description
of the model was given in Uchimoto et al. (2007).

Figure 2a displays SST and a depth-averaged (baro-
tropic) flow along the Okhotsk coast of Hokkaido re-
produced in the Okhotsk GCM. The surface cold belt
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offshore of the SWC is represented quite well in the
simulation, although it is marginally resolved since the
Okhotsk GCM has Y12° resolution. Temperature differ-
ence between the cold belt and SWC water is typically
~2°C, somewhat weaker than that in reality. The SWClis
strengthened as it flows over a sill topography in the
strait and becomes a jetlike flow along Hokkaido Island.
There is also a coastal flow along the west coast of
Sakhalin. A smooth transition of the SWC from the
Sakhalin coast to the Hokkaido coast is likely a result
of adjustment by shelf waves, as discussed in Ohshima
(1994), responding to a sea level difference between the
Japan Sea and Sea of Okhotsk. Net transport of the SWC
is 0.8 Sv (Sv = 10°m® s~ ') in summer in this model,
which is comparable with (but smaller than) the observed
transport (e.g., Ebuchi et al. 2006). Depth-averaged speed
is typically 0.6 m s~ ' in the strait.

Cross sections of potential temperature off Sakhalin
and Hokkaido are displayed in Figs. 2b and 2c, respec-
tively. On the Okhotsk coast of Hokkaido (Fig. 2c),
SWC water warmer than 18°C flows along the coast.
There is a sharp decrease of potential temperature to
5°C, which is the Okhotsk water, resembling observa-
tions. The current axis is present at this temperature
transition zone with strong vertical and horizontal shear.
The cold water offshore of the axis shows a doming
structure and the thermocline water (~15°C) outcrops
to the surface at about 143.3°E, consistent with obser-
vations (see, e.g., Ishizu et al. 20006).

Potential temperature upstream from the strait is
shown in Fig. 2b. The seasonal thermocline is seen at
a depth of ~30 m. The thermocline shoals toward the
Sakhalin coast, manifesting an upwelling structure. A
typical horizontal scale of the upwelling is ~10 km in the
offshore direction, which is characterized by the internal
Rossby radius. Therefore, the upwelling structure is
likely to be caused by internal Kelvin waves along the
Sakhalin coast. Published observations in this region are
extremely limited. An exceptional observation was pre-
sented by Nakata et al. (1996) in which the shallow sea-
sonal thermocline and upwelling structure with a scale of
baroclinic Rossby radius was clearly observed.

The above numerical results suggest that dynamics of
the cold belt formation should be characterized by a shal-
low sill, a net depth-averaged (barotropic) throughflow,
and ambient shallow stratification corresponding to the
seasonal thermocline. In the following sections, we con-
sider a rotating channel model in which a barotropic
stratified flow interacts with a localized sill. A model
with straight coastlines is discussed here, so a topographic
extreme is present at the crest of the sill. This model is
simple enough to be tractable analytically (see section 2).
Numerical experiments of the cold belt formation are
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FIG. 2. (a) Surface cold belt simulated in the GCM; the monthly
mean SST in August (color shade) and the depth-averaged flow
field (vectors) are shown. Contours denote depths. Red lines in-
dicate sections shown in Figs. 2b,c. (b) Cross section of potential
temperature (color shade) and alongshore velocity (white contour)
off the coast of south Sakhalin upstream from Soya Strait. Tem-
perature contour interval is 1.5°C. Velocity contour interval is
0.1 m s where southward flow is denoted as positive. (c) As in
(b) except off the coast of Hokkaido downstream from the Soya
Strait.
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then discussed, using a simple model configuration in
section 3 that is comparable to the analytical model. In
section 4, characteristics of hydraulic solutions and com-
parison between the simple model and the above GCM
results are briefly discussed.

2. Hydraulics of a barotropic stratified flow
over a sill

a. Forced nonlinear internal Kelvin waves

In this section we discuss mechanisms of intensive up-
welling along the southwestern coast of Sakhalin Island
using a simple channel model. We consider a straight
channel with width L and bottom topography A(x) sit-
uated on an fplane, as shown in Fig. 3, where x, y, and z
denote the along-channel, cross-channel, and vertical
directions, respectively; y = 0 is defined at the center of
the channel so that the left-hand (right hand) wall facing
downstream is located at y = L/2 (y = —L/2). Although
this is an f-plane model, we shall consider positive y di-
rection as northward for convenience. Therefore, the
left-hand wall is referred to as the northern wall (see
Fig. 3), corresponding to the Sakhalin coast in the Soya
Strait configuration. The isolated topography has maxi-
mum height 4,, at x = 0, while & — 0 as x — *o. The
channel is filled with two-layer fluid whose density in
each layer is p; (i = 1, 2), where the subscripts 1 and 2
represent variables of the upper and lower layers, re-
spectively. We presume that a barotropic flow u(x, y) is
present in the channel (Fig. 3). The configurations of
the model are similar to those of Pratt and Armi (1990),
although in the present model it is variable bottom to-
pography h(x), rather than contracting coastlines, that
makes the barotropic flow field u7(x, y) evolve along the
channel.

The momentum and continuity equations become, with
a semigeostrophic approximation where a long wave is
considered in the along-channel direction,

u; ou. ou. .
By P W 0P W)
ot Lox Loy ! ax py
a p:
fu, = —=4, 2
T 2)
and
a_di N du,d; N dv,d, ~ 0, 3)
ot ox ay

where u; and v; represent the along-channel and cross-
channel velocities respectively, d; is thickness of each
layer, and p is typical density assumed as a constant: p; is
the pressure in each layer such that
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FIG. 3. Definition sketches of the present two-layer model with a
sill topography: (top) cross-channel section and (middle) side view.
Note that 7 is defined on the northern wall. Dashed line indicates
interface position if barotropic flow would override the sill without
baroclinic response. (bottom) Plan view. Net depth-averaged flow
ur(x, y) is assumed.

p, D ,
=Tt g Bl.’z(al2 + h), 4
Py Po

where pr is pressure at the top where a rigid lid is as-
sumed, g’ is reduced gravity, and / is the bottom topog-
raphy, as in Fig. 3. Further, §; ; is the Kronecker delta for
which 6, ; = 1,if i = j, while §; ; = 0, otherwise.

It is assumed that potential vorticity (PV) is constant
in the upper and the lower layers. As the simplest case,
we assume a uniform barotropic inflow, uz(—«, y) =
U, = const, with a constant thickness in each layer,
D; (i = 1, 2), to be imposed far upstream where 7 — 0.

We thus obtain
1 B w _f
d. (f dy > D, )

L L

from PV conservation with the semigeostrophic approx-
imation. Equations (2), (4), and (5) reduce to

2
82d2 4y _ [z —h) ©)
9?2  RZ gD, ’
where R is the Rossby radius of deformation
R = gD, 5 _ DD, 7)
27 7* D, +Dy
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and z7 = dy + d, + h = D1 + D, is the total depth of the
channel. Equation (6) gives the structure of the inter-
facial variations such as

(dy, — d,_)sinhAy
2sinhAL/2
N (dy, +d,_ — 2A,(z; — h))cosh)y
2 coshAL/2
+ Ay (zp — h), (8)

d, =

where d>, (d>—) denotes thickness of the lower layer
along the northern (southern) wall at y = L/2 (—L/2),
and A denotes R™'. The parameter A, = D,/z7 is the
scaled lower-layer thicknesses as x — —o. Then d; can
be found from dy = 77— d> — h. In (8), Ay(z7 — h) is the
thickness change of the lower layer associated with the
barotropic flow riding over the sill, if baroclinic distur-
bances were absent. A similar solution to (8) was ob-
tained by Pratt and Armi (1990) for a flat bottom case
with coastline contractions in which the Ay(z7 — k) term
was not included. It is known that, with the constant PV
in each layer, only internal Kelvin waves can exist along
the walls where the phase speed is negative (positive) on
the northern (southern) wall.

From the upper- and lower-layer momentum equations
(1), Bernoulli functions yield

B =PI s d ) P12
i, 2 i2\% ) )

along the walls where v; = 0. Further, since the stream-
functions along the wall are constant in both layers, not
only the Bernoulli function of each layer but the differ-
ential Bernoulli function

1 :
AB=32—Bl=§(u§—u%)+g(d2+h) 9)

should also be conserved along the walls.

Here we consider the behavior of d, . on the northern
wall at y = L/2 using (9). It is convenient to define an
interfacial displacement 7 at the northern wall such that

n(x) =d, + A, (z; — h(x)), (10)
where the second term of the right-hand side (rhs) of
(10) corresponds to the interfacial displacement by the
barotropic flow. That is, n denotes the displacement by
internal Kelvin waves, which is purely baroclinic (see
Fig. 3). Then, the velocity at the wall y = L/2 becomes, in

terms of barotropic velocity uy. = uy(x, L/2) and the
interfacial displacement 7,
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A g'A
w (v, LI2) = uy, + 2;' n (11)
and
A g'A
uy(x,L12) = up, — 1777, (12)

where A; = D/z7 (i = 1,2) is the scaled depth at x — —oo.

Now, coupled behavior between n(x) and ur, may
be discussed based on conservation of the differential
Bernoulli function (9) and conservation of volume trans-
port. We suppose that the Rossby radius is much smaller
than the channel width, that is, R < L, which simplifies
(8) and (9) greatly. In this case, dy — Ay(z7 — h) ~ M(x)
expA(y — L/2) near the northern wall for R < L, rep-
resenting an internal Kelvin wave structure. Further,
total transport through the channel is dominated by the
barotropic flow for R < L because transport associated
with the baroclinic flow is O[(R/L)?]. Therefore, we may
view this problem as a baroclinic response of internal
Kelvin waves to an imposed barotropic current as a forc-
ing so as to conserve the differential Bernoulli function
(9) along the wall. This assumption is adequate for Soya
Strait where L ~ 50 km and R = 10 km.

Substituting (10), (11), and (12) into (9), we finally ob-
tain the differential Bernoulli function such that

A u AB
D 2 _ _ T+ + _ + —
55 " (1 . )n {g' (Ayzp + AR)| =0,

o0

(13)
where

2 7 (14)

is the scaled depth difference between the lower and
upper layer. As we will see later, this is an important
parameter that determines interface behavior. In (13) c..
is defined by

gD, (15)

which is the phase speed of internal Kelvin waves in still
water with depth as x — *oo.

The evolution of the internal Kelvin wave associated
with the Bernoulli function is then found by substituting
(11) and (12) into (1) and by taking the difference be-
tween the upper- and lower-layer momentum equations

so that
d
o _ Cmi(Aé) -0
ot ox\ g
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along the northern wall (where v; = 0). This may further
yield

an an _ dup, n oh

_+ —_ —_— = _
g T T gy T Ty Yy (16
where
A
= 1—2Ly]. 17
Cx c:)c( Dwn) (17)

Equation (16) represents internal Kelvin waves forced
by barotropic flow changes and the topographic varia-
tions as in the first and second terms in its rhs, respec-
tively. The internal Kelvin wave propagates upstream
with phase speed —cg (17) against the barotropic flow.

Equation (17) indicates that cx depends on 7. Further,
the sign of Ap is important for determining the phase
speed, where Ap, is positive if the upper layer is thinner
than the lower layer from (14). We suppose Ap > 0 in
this paper unless otherwise specified, because this con-
dition apparently represents a shallow seasonal thermo-
cline in summer. With this condition, cx decreases as n
increases; that is, the phase speed against the flow de-
creases if the thin upper layer becomes thinner. This is
attributed to the fact that the phase speed of the internal
Kelvin wave takes the maximum value when the upper
and lower layers have the same thickness. As seen in the
following sections, the dependence of cx on 7 is impor-
tant for resonant generation of internal Kelvin waves and,
consequently, hydraulics of the barotropic stratified flow.

b. Control solutions

Hydraulic control occurs when the above resonant
condition is realized. Characteristics of the control
may be derived from (13) by defining a nondimensional
functional J as follows:

J(F;x) = (1—F) +2B*— K(x),  (18)
where
A u
F ==Ly It 19
b (19)
is a Froude number,
A
B* = _—D(Aé - DZ) (20)
D _\g
is a scaled Bernoulli constant along the wall, and
2
2A AR
K(x) — <1 _ UT+()C)> + Dﬁl (x) (21)
c., .
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J
J=(1-Fr) 2+2B*-K(x)

N Fr
I 2B*K(x)=0
Fr=1

(a) (b)

FI1G. 4. Schematic plots of functional J in terms of F, (and there-
fore m): (a) two solutions can be obtained at J = 0, one of which
is subcritical (F, < 1) and the other is supercritical (F, > 1), and (b)
functional J for a critical flow case, in which the / minimum equals
0 at a critical section x = x,; x, is derived from 2B* — K(x.) = 0.

The Froude number (19) may be represented as F, — 1 =
(ur+ — cg)lc, and is therefore considered as a scaled
phase speed of the internal Kelvin wave.

In Eq. (18) J = 0 gives two solutions with respect to
F, (and hence 7) as in Fig. 4a, one of which is subcritical
(F, < 1) and the other is supercritical (F, > 1) if 2B* —
K(x) < 0. The flow becomes critical when J minimum
coincides with zero at F, = 1 (see Fig. 4b) so that the
subcritical and supercritical solutions merge smoothly.
The critical amplitude 7. should then become

(22)

from (19), where ur. is barotropic flow at the control
section. If we consider an upwelling favorable condi-
tion, as presumed above, then n.Ap > 0, and therefore
the critical barotropic flow speed uz.(x) should be less
than c...

Points of control may be derived by (21). From (13) we
have J = 0, and hence

K(x) = (1-F,)* + 2B*. (23)

This indicates that K(x) should be minimum where F, is
unity because B* is a constant (see Figs. 5a,b). This de-
termines i, as well as the location of the control section
X, which in turn determines 7. from (22). Further, the
minimum K value should be the scaled Bernoulli con-
stant 2B*, as in (23), because F, = 1 at the control sec-
tion. The shape of K(x) depends on detailed structures
of ur.(x) and h(x), as well as the sign of Ap. Specific
numerical results will be discussed later in following
sections (e.g., see Fig. 8).

Here we note some general characteristics of the con-
trol solution. As noted above, uzr,(x) increases as it
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FIG. 5. Schematic plots of K for a critical flow: (left) K with re-

spect to x [see (21)] and (right) K representing J = 0 [see (23)].

Critical section occurs where K(x) is minimum, corresponding to

F, =1.(a) Case with Ap > 01in which the upper layer is thinner than

the lower layer and (b) case with Ap < 0 in which the lower layer is
thinner.

climbs up the sill. Increasing u7 implies that the first
term of K in the rhs of (21) is a decreasing function
upstream. On the other hand, the second term (the to-
pographic term) increases as x increases if Ap is positive,
that is, when the upper layer is thinner than the lower
layer [see (14)]. Therefore, a control section with a K(x)
minimum occurs upstream from the crest for a positive
Ap (see Fig. 5a). Indeed, taking the derivative of K with
respect to x at the control section, we have

) ) e

ox D, | c,\ ox ax
where the subscript ¢ denotes values evaluated at the
critical section. Since both duy,/dx and dh/dx are posi-
tive for x < 0 and 7, should be positive for an upwelling
situation, 0K/dx = 0 is realized upstream from the crest.
This corresponds to the remote control discussed first in
Pratt and Armi (1990).

Suppose that this upwelling situation occurs where
Ap > 0. In this case, the flow is subcritical for x < x, as in
Fig. 5a, because ck increases toward upstream direction
as the upper-layer thickness is greater than that at the
control section. In addition, uz is slower than uz. up-
stream. Both of these flow features result in uy, — cx <
0 for x < x.. On the other hand, the flow is supercritical
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for x > x. because of the reversed reason. Hence, for
an upwelling situation, transition from a subcritical flow
to a supercritical flow occurs smoothly at the control
section where ur, — cx = 0. We will see such a remote
control in numerical results in the following sections
(see, e.g., Figure 8).

It should be noted that the remote control occurs only
when the barotropic flow uy is present [see (24)]. Oth-
erwise, K has no minimum upstream.

In the case for Ap < 0, K(x) becomes minimum at x =
0 because both terms in rhs of (21) take minimum values
there (Fig. 5b). Therefore, the sill crest is the control
section in this case, which is a conventional control
solution. Further, 1. < 0 from (22), indicating that the
interface deepens as x increases. Therefore, characteris-
tics of criticality are sensitive to the thickness ratio be-
tween the upper and lower layers, attributed to the
dependence of phase speed of internal Kelvin waves on
layer thickness.

In conclusion, intense upwelling occurs by nonlinear
interaction between a stratified barotropic flow and a sill
when the upper layer is thin like the seasonal thermo-
cline in summer. If the interfacial displacement due to
resonance becomes so large that the upper-layer thick-
ness vanishes, that is, d; = 0 or

n =24z, —h), (25)

then the cold lower-layer water outcrops at the surface.

3. Mechanisms of cold belt formation in a simple
numerical model

a. Model configurations

To investigate the upwelling mechanisms discussed
above and subsequent formation of the surface cold belt
downstream, we conducted numerical experiments using
a primitive equation ocean model. The model is formu-
lated with the Princeton Ocean Model (e.g., Blumberg
and Mellor 1987) with horizontal resolution of 5 km
and 21 o levels. Since the internal radius is ~10 km, this
horizontal resolution does not resolve eddies. Neverthe-
less, the resolution was good enough for long-wave ad-
justment problems as seen later in this section.

The model configuration is similar to Fig. 3, where the
channel is situated on a rotating frame with f=10"* s 1.
The channel length is 1000 km (=250 km < x <750 km),
and the width L is 120 km (—60 km < y < 60 km). The
channel is wide enough so that the internal Kelvin waves
on one wall do not interact with those on the other wall.
The wide channel configuration enables us to compare
numerical results directly with the theory in section 2.
A total depth z7 of 200 m is used as a standard case,



NOVEMBER 2011

MITSUDERA ET AL.

2127

FIG. 6. Numerical result of the surface velocity field on day 30 for the inflow speed
U = 0.2 m s~ ! sill crest located at x = 0.

although a typical vertical scale of the SWCis 100 m (see
section 4b); we used somewhat deeper channels so as to
show that the cold belt forms without bottom boundary
layer processes as conjectured in Ishizu et al. (2006).

A Gaussian sill with a height 4,,, of 100 m and a half-
width of 50 km is located about x = 0. Inflow (as well as
initial) potential temperature distribution is

T(z) = 12 + 8tanhé(z — z,), (26)
where zis —50 m and £ ! is 50 m for the standard ex-
periment. Salinity S is set uniform in the entire domain
with § = 33.0. Therefore, inflow stratification is hori-
zontally uniform with a sharp thermocline, resembling
the two-layer configuration discussed in the previous
section. A uniform inflow 7= Uy = 0.2 m s~ 'isimposed
at the upstream end of the channel at x = —250 km.
Baroclinic inflow is zero initially, although a radiation
condition is applied for internal waves so that internal
displacement is allowed at the western and eastern
boundaries after adjustment by internal Kelvin waves.
In conjunction with the density profile, inflow PV is uni-
form on isopycnal surfaces. This implies that only the
internal Kelvin waves could exist, as seen in the pre-
vious section. We note, however, that horizontal viscosity
is present in the numerical model, which is in fact im-
portant for PV production in the channel as we shall see
later. We recall that the wall at y = L/2 (y = —L/2) was
referred to as the northern (southern) wall for conve-
nience (see Fig. 3).

b. Coastal jet and cold belt

Figure 6 shows a horizontal distribution of surface
currents. Even though the inflow is uniform upstream,
it is deformed and tends to be concentrated adjacent to
the northern wall as it climbs the sill. A strong jetlike
current with width ~50 km occurs upstream of the crest;
a boundary layer, similar to a western boundary layer of
the Munk-layer type, forms against the northern wall,
although in this case topographic Rossby waves on the
sill slope, rather than planetary waves on a 3 plane, are
responsible for forming the boundary layer (Wang and
Huang 1995). The current is then separated from the

coast around the crest and deflected southward, influ-
enced by topographic contours, retaining the jet struc-
ture. A boundary layer also forms on the southern wall
downstream of the sill so that the coastal current is kept
narrow and strong on the southern wall. The surface
current speed achieves 0.9 m s~ !, which is similar to the
SWC velocity.

Figure 7 shows sea surface temperature (SST) distri-
butions on day 5, 10, and 20. A surface cold belt appears
along the northern flank of the coastal jet, consistent
with satellite observations (e.g., Figure 1). The cold water
first appears on day 2 upstream of the sill crest. It then
extends downstream along the coastal jet with time. SST
becomes steady once the cold SST head passes. This be-
havior resembles adjustment by long waves.

A potential-temperature cross section downstream at
x = 250 km is shown in Fig. 8a. The thermocline is lifted

Day 5
‘c 100 \
> 0
—200 0 200 400 600
X (km)
Day 10

O - I
—200 0 600

—200 0 200 600
x (km)
I | e
13 14 15 16 17 18

F1G. 7. SST evolution on (top) day 5, (middle) day 10, and (bottom)
day 20: sill crest located at x = 0 km.
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FI1G. 8. (a) Cross-channel section of potential temperature (con-
tour) and alongshore velocity (shading) at x = 250 km, downstream
of the sill crest: contour interval for potential temperature is 2°C,
and the velocity scale is indicated at the bottom. (b) As in (a) ex-
cept for the section at x = —110 km, which is a location of the
critical section upstream from the crest. Thick dashed line at about
a depth of —180 m denotes bottom on the slope.

greatly, centering around y = 40 km where the cold belt
forms on the surface. This doming structure corresponds
well with observed temperature sections (e.g., Matsuyama
et al. 2006; Ishizu et al. 2006) and those in the OGCM
(Fig. 2c). The coastal current flows between the dome
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FIG. 9. Potential temperature along the northern wall at y = L/2:
the 12°C contour is indicated by a thick solid line, corresponding
to the interface of the two-layer model. Contour interval is 2°C and
the dashed line denotes shape of the interface derived from the
theoretical two-layer model based on conservation of the Bernoulli
function.
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and the southern coast. Isotherms are inclined there,
corresponding to substantial baroclinicity in the coastal
current. The 6° and 8°C contours stand even vertically.
This feature can also be seen in the observations.

¢. Remote control upstream and surfacing of
thermocline water

Next, we look at the response of the interface up-
stream. Figure 8b displays a cross-channel section of
potential temperature at x = —110 km. As shown later,
this is a critical section in the present model setting.
There is an intensified upwelling adjacent to the north-
ern wall with a scale of the Rossby radius (~10 km),
consistent with an internal Kelvin wave formation. Since
the 12°C contour is the center of the thermocline, we
may regard it as the interface of the two-layer model.
The 12°C contour is lifted to a depth of 17 m toward the
wall from the initial depth of 50 m. This corresponds to
a stationary internal Kelvin wave.

Figure 9 displays a temperature distribution along the
northern wall. The 12°C isotherm is displaced about
20 m at the inlet, indicating that the internal Kelvin
wave propagates upstream and lifts the thermocline,
as discussed above. The displacement of isotherms be-
comes greater toward the top of the sill, with the ther-
mocline sharpened. The upper thermocline outcrops
upstream of the sill crest. The isotherms then deepen
rapidly downstream of the sill crest along the wall, re-
turning to the initial depths.

Next, the nondimensional parameter K(x) is esti-
mated by (21). The barotropic flow, u% = u,_ /c_, on the
northern wall in (21) is derived from the numerical
model as shown in Fig. 10a, where c.. is estimated by (15)
with the density corresponding to the top and bottom
levels; this gives g’ = 2.45 X 1072 m s~ 2 so that ¢,. =
0.96 m s~ '. The maximum barotropic velocity in a di-
mensional value is u7, = 0.81 m s ! at x = —50 km.
Correspondingly, «% has a maximum value 0.84 upstream
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F1G. 10. Nondimensional parameters in terms of longshore po-
sition x: (a) u% (dotted line) and K (solid line) and (b) the Froude
number F, evaluated from the numerical results (long dashed line)
and F? derived from conservation of the Bernoulli function (solid
line). The dashed line denotes F, derived from 7 corresponding to
sea surface. Outcrop of the interface based on conservation of the
Bernoulli function occurs at the intersection between F? and sea
surface.

from the sill crest. Note that u is smaller than unity
everywhere, indicating that the critical flow would not
occur unless nonlinearity due to n becomes large enough
to reach n = ..

Then, K(x) is obtained by (21) using 3 above. It is
found that K(x) becomes minimum at about x = —110 km
(Fig. 10a). This is a control section x. in the present
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experiment. The minimum value of K is equivalent to
the scaled Bernoulli constant 2B*, as in (20), which is
0.39. As expected from (24), the control section occurs
upstream from the u% maximum, where both of u;* and
h increase as x increases.

Finally, we estimate the Froude number (19) using the
numerical results where the 12°C isotherm is considered
as the interface of the two-layer model. In Fig. 10b, F, is
calculated directly from (19) by evaluating n and u;
from the above numerical experiment. A theoretical
estimate F? using the Bernoulli function (23) is also
displayed. Froude numbers F, and F5 correspond well
with each other, although the location of the control
section in the numerical result is shifted downstream
slightly. This confirms that the barotropic flow in the
numerical model becomes critical with respect to the in-
ternal Kelvin wave upstream of the crest, and the inter-
facial displacement in this case is hydraulically controlled.

As discussed in section 2, the interfacial displacement
of the two-layer model is found from the Bernoulli
function (13). The interfacial displacement may be es-
timated theoretically by (19) and (23), which is repre-
sented by a broken line in Fig. 9. It corresponds well with
the 12°C contour of the numerical result. Outcropping
is estimated to occur around x = —85 km according to
the hydraulic theory (25), which is upstream compared
with the numerical results. Nevertheless, overall struc-
ture of the interfacial displacement is well represented
by the hydraulic theory.

In Fig. 10b, F, decreases rapidly downstream from x =
—50 km along the coast. The barotropic flow separates
from the northern coast around this position, as in Fig. 6.
Therefore, the flow along the wall is no longer super-
critical, and hence the internal Kelvin wave cannot
propagate downstream farther. Instead, the interfacial
displacement is separated from the coast together with
the barotropic flow, manifesting the cold belt at the
surface.

d. Downstream development of the cold belt

The surface cold belt was simulated well with this
simple channel model (Fig. 7). Since the thermocline
water outcrops to the surface, surface frontal waves may
be related to formation of the downstream cold belt
[cf. Gill and Schumann (1979) and Dale and Barth (2001)
for a two-layer model with zero PV, or infinitely deep,
lower-layer inflow]. It is not obvious, however, whether
the surface frontal wave would always propagate fol-
lowing the barotropic current like the cold belt along the
SWC.

To understand propagation characteristics of the in-
terfacial displacement, it is instructive to consider a deep-
channel case in which the thermocline does not outcrop
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FIG. 11. Cross-channel section of potential temperature at
x = 250 km for the deep-channel case, contour interval 2°C.

to the surface, where the surface frontal waves are ab-
sent. We conducted a numerical experiment with z; =
500 m. The cross-channel temperature section shows
that, even though the channel is deep, we can see a lifted
thermocline at around 40 km from the southern coast on
the northern flank of the coastal current (Fig. 11). This
seems somewhat puzzling on first glance because the
inflow should have uniform PV and, therefore, it would
not support any waves interior of the channel except for
internal Kelvin waves along the walls.

The top panel of Fig. 12 displays barotropic PV distri-
bution of the depth-averaged flow to understand propa-
gation of the upwelling signal in the interior of the channel.
It was found that intensive barotropic PV production oc-
curs in a boundary layer along the northern wall upstream
of the sill crest associated with the coastal jet. The coastal
jet then separates from the northern wall around the crest,
accompanying the high PV region associated with the
current shear along the northern flank of the barotropic
flow. Such a strong shear zone can also be seen in the SWC
on its northern flank (Matsuyama et al. 2006).

This results in breaking uniformity in the PV distri-
bution, implying that a waveguide forms in the interior
of the channel. That is, vorticity waves can propagate
along this waveguide.

The bottom panel of Fig. 12 shows a displacement of the
12°C isotherm for the deep-channel case. The effects of
the barotropic flow on the interfacial displacement, Ay(z7
— h), is removed from the second-layer thickness so that
a purely baroclinic response n can be seen. Comparing
between the top and bottom panels of Fig. 12, the in-
terface and its head propagates along the barotropic flow
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FIG. 12. (top) Barotropic potential vorticity X107 (color shading)
and barotropic velocity field (vectors) in the deep-channel case at
day 10 and (bottom) the 12°C isotherm interface displacement
(color shading) and geostrophic contours in the deep-channel case.

where the PV gradient is high. This indicates that the
subsurface doming structure is produced by propagation
of baroclinic vorticity waves along the barotropic cur-
rent shear, which carries the upwelling signal caused by
resonance.

We consider this baroclinic adjustment problem using a
two-layer quasi-geostrophic equation because the down-
stream shoaling should be formed by vorticity waves in a
deep channel. The same model geometry and nomencla-
ture as those in Fig. 3 in section 2 are used here, although
|h/z,| <1, |h/D,| < 1, and |n/z,| < 1 are assumed for
quasi geostrophy. Potential vorticity in terms of the bar-
otropic and baroclinic components is, respectively,

v
ar =V + g =v Y @
Zr R

where /7 and . are barotropic and baroclinic stream-
functions, such that

1
b = PonT(Dlpl + D2p2)§
1 ’
P = po_f(Pz - Pl) = g?(dz +h - Dz)- (28)

Note that ¢ represents interfacial displacement as seen
in (10).

As soon as a barotropic flow is imposed upstream, the
barotropic jet is produced downstream quickly. There-
fore, barotropic streamfunction ¢ is considered as a
given function for the baroclinic adjustment problem.
Cross-PV-front scale of the interfacial displacement,
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represented by ¢, should scale with the barotropic cur-
rent width Lz because the vorticity wave is supported by
the PV gradient of the barotropic current. It is instructive
to suppose a case with |R*/L%| < 1 first. This yields
Vzt/fc < zllc/R2 in g.. Then the baroclinic PV equation is
reduced to

ey j(0.q.) + J<¢T,Dﬁ) _— (29)
2

ot

where J(a, b) is the Jacobian and
D, fh
=, + R*( Vi, + L=
Q=i (V Vi D, ZT)
represents baroclinic wave characteristics, called the geo-
strophic contours (Pedlosky 1996), along which baroclinic
waves propagate with a phase speed

2~ rA2
c =i+ g¥Ur _ gA ok
T

ay* [y

Here i, denotes the barotropic flow in the Q-contour
direction, and y is the coordinate normal to the O con-
tour. The first term in the rhs of (30) represents advec-
tion by barotropic flow in the downstream direction. The
second term characterizes upstream propagation of the
vorticity wave associated with shear of the barotropic
jet along the current axis, although this is a small term if
|R*/L%| < 1 is assumed. The third term characterizes
propagation as a topographic Rossby wave; if there were
shelf-slope topography along the southern wall, as the
coast off Hokkaido, the topographic Rossby wave term
would contribute to downstream propagation. Note that
the topographic effects decrease as the upper layer be-
comes thinner.

Asfaras |R?/L3| < 1is assumed, the advective term is
dominant in (30) and, therefore, the baroclinic signal
propagates downstream along the current axis because
Q is parallel mostly to 7. In general, |R*/L3| may be
O(1). In this case, the PV equation may be reduced to
an eigenvalue problem in which ¢ is an eigenvalue.
Nevertheless, (30) should be qualitatively applicable
although the phase speed of the vorticity wave against
the current, corresponding to the second term in (30), is
now comparable to the barotropic current speed. Figure
12 (bottom) shows that the interfacial displacement in
the deep-channel case, in which the Q contours evalu-
ated from the numerical results are superimposed. As
expected, the interfacial displacement is mostly parallel
to the Q contours. This indicates that baroclinic adjust-
ment occurs along the axis of the barotropic current,
resulting in producing a subsurface doming structure
downstream from the sill.

(30)

MITSUDERA ET AL.

2131

It was observed that the SWC has strong baroclinicity
at its axis (Matsuyama et al. 2006; Fukamachi et al. 2008;
see also a simulation result of Fig. 3). This is consistent
with the baroclinic adjustment mechanism by vorticity
waves along the barotropic jet axis.

4. Discussion
a. Flow criticality

Here we consider conditions in which the controlled
solutions are established. Suppose that a barotropic flow
(without interfacial displacements) is present initially in
a flat bottom channel, and then a sill is introduced sud-
denly (see, e.g., section 1.6 of Pratt and Whitehead 2008).
In this case, unless the flow is critical, it usually generates
forced disturbances locally around topography so that
upstream influences would not appear except for free
waves. If there are no upstream influences in which n =
0 as x — —oo, then 2B* = [K—(1 — Fr)z]x_,fw =0 from
(19), (20), and (23) in conjunction with &~ — 0 far up-
stream. Hence we obtain, from the conservation of
differential Bernoulli function,

K(x) = (1-F)* =0 (31)
everywhere along the wall as far as 7 = 0 as x — —oe.
If the sill height approaches a critical condition so that
F, — 1, (31) is valid as far as

2A A 2
K—K(x,) = %—“‘ + (1 - ?) >0. (32)

o )

In other words, once K(x.) < 0 at F, = 1, (31) no more
holds, so 2B* = K(x.) cannot be zero but negative. This
implies that an upstream elevation n_.. occurs as far as
K(x.) = 2B* <0, where

Sp, - (1 —h> - ¢<1—”“)2 ~ 2B*
Dx Co Coo

as x— — o,

(33)

Let us consider a case with Ap < 0, first, in which the
lower layer is thinner than the upper layer. In this case,
considering (32), a critical flow with the upstream in-
fluences (33) occurs if

| tp _ [IApA,
c, D, °

where the control section occurs at the sill crest. That is,
for a given sill height, the critical flow is realized if
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detuning from exact resonance, |c.. — uz|, is sufficiently
small (e.g., Grimshaw and Smyth 1986). Since the con-
trol section for the Ap < 0 case occurs around the sill
crest, as discussed in section 2, this is a conventional
resonance condition of a flow over topography controlled
at the crest.

Next, we consider a case with Ap > 0 in which the
upper layer is thinner. Contrary to the previous case,
(32) indicates that K(x) > 0 is always realized as far as
his positive. Therefore, a solution n = 0 as x — —o with
B* = 0 (i.e., noncritical flow) can always occur irre-
spective of the sill height and the inflow U. On the other
hand, we have shown in the previous sections that the
critical flow with F, = 1 is realized even for the Ap > 0
condition. Upstream interface elevation n = n_. is
represented by (33), although B* = K(x.)/2 is positive in
this case. Therefore, this suggests that the two solutions,
which are related ton = 0 and n = 1_,, as x — —oo,
could exist for given h(x) and Up. That is, multiple
equilibria might occur.

To observe criticality of the flow with Ap > 0, we first
conducted numerical experiments with various inflow
speed Uy. Figure 13a shows K(x) obtained numerically.
This shows that the minimum value of K, that is, K(x.) =
2B¥*, increases with decreasing U,. The position of K
minimum does not move significantly as U, varies. This
suggests that, as far as conservation of the Bernoulli
function is applicable, x, would not move greatly with Uj,.

Then, Fig. 13b shows F, calculated directly from (19)
for various U, by evaluating n and uy. from numerical
experiments. Another Froude number estimate, F, B pased
on conservation of the Bernoulli function (23), is also
displayed. Only F? with Uy = 0.3 m s~ ! is displayed:;
the other cases give similar FZ because the position of
K minimum does not move greatly as U, changes.

As seen in Fig. 13b, F, and F? show excellent corre-
spondence with each other for high inflow speed such as
U, = 0.3 m s~ %. The critical section where F, = 1 is lo-
cated at x = —110 km, which corresponds well with the
position of the K minimum (or FZ = 1).

As the inflow speed decreases, however, the control
section with F, = 1 moves downstream from the location
of the K minimum toward the sill crest. This is not ex-
pected with conservation of the Bernoulli function be-
cause the K minimum position does not move much with
Uy as in Fig. 13a. Therefore, conservation of the Bernoulli
function, or baroclinic energy, along the wall may be vi-
olated when the barotropic flow is slow. Friction could be
important for the downstream migration of the critical
section (e.g., section 1.9 of Pratt and Whitehead 2008).

Figure 13b also indicates that the maximum of F, de-
creases with decreasing Uj. The maximum F, becomes
less than unity for Uy < 0.1 m s~ ! and, hence, the flow
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FIG. 13. (a) K(x) for various inflow derived from the numerical
experiments for Uy = 0.3 (thick solid line), 0.2 (thin solid line), 0.15
(dashed/dotted line), 0.1 (dashed line), and 0.05 m s~ ' (dotted
line). Numbers close to the lines denote U,. (b) F,(x) from the
numerical experiments for various inflow Upy; crosses represents F2
with Uy = 0.3 m s~ ! in which conservation of the Bernoulli func-
tion is assumed.

becomes subcritical. In the Uy = 0.05 m s~ ! case, we also
note that the position of maximum F, moves upstream
and approaches to the K minimum position.

Next, we examined the transition from subcritical flow
to critical flow. To do this, the inflow speed is gradually
and slowly increased in time such that

U, = 2.0 X days ms ™1
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FIG. 14. Interfacial displacement along the northern wall in a numerical experiment using a channel model. The
inflow is gradually increasing from Uy, = 0 to 0.2 m s ! in 1000 days: (a) U, = 0.04, (b) U, = 0.08, (c) U, = 0.12, and

(d) Uy=016ms ',

that is, the inflow becomes 0.2 m ™' in 1000 days—the
flow should be almost in equilibrium instantaneously.
Initially, the stratification is undisturbed and inflow speed
is zero so that the flow is subcritical. Therefore, it was
conjectured that this would be a subcritical branch, and
no upstream interfacial elevation would occur even if Uy,
is increased.

Unexpectedly, however, the upstream elevation of
interface occurs even with small Uy, such as U, = 0.04
and 0.08 m s~ !, when the flow is completely subcritical
(Figs. 14a,b). Because of this upstream elevation (i.e.,
- > 0), B* evaluated by (33) is nonzero even for these
subcritical flows.

The critical flow occurs when the K minimum be-
comes sufficiently small so that K(x.) — 2B* = 0 at the

control section. Upwelling upstream of the sill crest
emerges with Uy = 1.2 m s~ ' when the flow apparently
encounters this critical flow condition (see Fig. 14c). The
upwelling further develops with Uy = 1.6 m s~ ! (Fig. 14d).
Contrary to the initial assumption in this section, the
upstream elevation of the thermocline occurs even when
the flow is completely subcritical. The upstream eleva-
tion determines B*, which is not zero even for a sub-
critical flow in this case. Therefore, the subcritical branch
connects smoothly to the critical-flow branch as the
inflow speed increases. It is not yet understood why the
upstream elevation occurs for the subcritical flow, and
multiple equilibria are not seen in the parameter range
investigated here. Further studies to identify detailed
characteristics of the solutions are necessary.
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b. Soya Warm Current in GCM

The channel model above represents characteristics of
the cold belt well, which is seen in the GCM described
in section 1. In the GCM, a strong upwelling is observed
at the southwestern coast of Sakhalin Island, consistent
with the theoretical as well as the channel model results.
In conjunction with the internal Kelvin wave structure
near the coast in Fig. 2¢c, upwelling is likely to be caused
by the hydraulic control mechanism pursued in the pres-
ent paper. Soya Strait is about 50 km, which gives a typical
cross-stream scale for the barotropic current of the real
SWC. Since R < 10 km for Soya Strait, the assumption
L > R is reasonable there. Therefore, the hydraulic the-
ory in this study should be applicable.

Further, the downstream development of the cold belt
and the subsurface doming structure are represented
along the SWC axis in the GCM, which implies the
baroclinic adjustment mechanism, as discussed in sec-
tion 3. Therefore, the cold belt formation and subsurface
doming in the GCM is explained well with the present
theory.

Let us estimate the nondimensional parameters as-
sociated with the upwelling in the GCM. The depth of
the seasonal thermocline is about 30 m, which is D, as
in Fig. 2b. The baroclinic motion, where the depth-
integrated flow is removed, can be seen up to 100 m
(Fig. 15), so z7is considered as 100 m and D, = 70 m.
Then D_ =21 m and ¢, = 0.72 m s~ ', where the den-
sity difference between the upper and lower layers is
the same as that in the previous section. From Fig. 2a,
ury = 06ms ! and n = 20 m at least. The Froude
number is estimated as

_ur n o
Fr_C—;+AD5_N1.3.

Therefore, the Froude number of the GCM exceeds
unity as expected at the southern portion of Sakhalin
Island. This indicates that the control section should
occur upstream along the coast.

In the present model, a flat bottom with a sill was
considered as the bottom topography. In reality and in
the GCM, the continental shelf and slope is present
along the coast, which allows adjustment of the baro-
tropic flow to occur via continental shelf waves (Ohshima
1994). This implies that the PV structure may be quite
different from those of the present channel model. Nev-
ertheless, the baroclinic waves tend to follow the baro-
tropic current shear rather than topography if the upper
layer is thin [see (30)]. As in the channel model, the cold
belt is formed along the axis of the SWC in the GCM,
where a strong shear zone is present (see Fig. 2a).
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FIG. 15. Baroclinic velocity field off Sakhalin in which depth-averaged
flow is subtracted from the total flow field.

Therefore, the formation mechanism of the cold belt in
the GCM does not change essentially from our discussion
pursued in this paper.

Seasonal variations in SWC transport are caused
mainly by the pressure gradient between the Japan Sea
and Sea of Okhotsk, which is caused by alongshore wind
in the Sea of Okhotsk (Tsujino et al. 2008). As discussed
in this paper, the upwelling and cold belt formation on
a seasonal time scale is, we believe, forced by the bar-
otropic flow of the SWC response to this pressure gra-
dient. One might suspect that local wind stress could also
cause upwelling along the southern Sakhalin coast if the
wind is northeasterly. With respect to mean winds in this
region, it is weak (<0.01 Nm~™?) in summer and,
therefore, the upwelling formation on the seasonal time
scale is not likely to be driven by wind. On the other hand,
there are strong variations in SWC velocity with a period
of 5 ~ 20 days, responding to synoptic wind stress fields
(Ebuchi et al. 2009). Baroclinic response to wind on this
time scale should be studied in the future.

5. Conclusions

We have investigated the formation mechanisms of
the surface cold belt offshore of the Soya warm current
(SWC). First, we showed the result of a simulation us-
ing an ocean circulation model with realistic configura-
tions to extract dynamical essences. The model captures
characteristics of the surface cold belt and the subsur-
face doming structure very well. Next, simple numerical
model experiments were conducted and the results were
discussed from the point of view of hydraulic control
theory. It has been shown that there are two important
mechanisms incorporated in the formation of the sur-
face cold belt:
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 Strong upwelling takes place on the southwestern tip
of Sakhalin Island when the SWC flows over the
shallow Soya Strait. Numerical experiments with the
simple model indicated that hydraulic control of
the barotropic stratified flow over topography, through
internal Kelvin waves, is essential to generate the
strong upwelling upstream of the shallow Soya Strait.

o The upwelling signal at Soya Strait propagates farther
downstream along the waveguide associated with the
vorticity front offshore of the SWC, forming a sub-
surface doming structure. The thermocline water out-
crops to the surface and forms the surface cold belt
above the subsurface dome.

It was also found that, in addition to a shallow bottom
topographic feature, a shallow thermocline is dynami-
cally important for the upwelling to occur. In this case,
the control section is not located at the sill crest, but is
located upstream remotely. The SWC in summer is suit-
able for the upwelling because the seasonal thermocline
is shallow and the flow through the strait is strongest.

A main purpose of this study is to show that the cold
belt is formed by the hydraulic mechanisms. Therefore,
relatively deep channels (200-m and 500-m depths) were
used in the idealized numerical model so that numerical
results would not be influenced greatly by the bottom
boundary layer. The SWC flows over a shallow conti-
nental shelf about 50-150 m deep, and bottom boundary
layer may possibly cause three-dimensional flow struc-
ture, including vertical velocity. Ishizu et al. (2006) con-
jectured that the cold belt might be generated by
upwelling from the bottom Ekman layer in which con-
vergence occurs between the nearshore strong bottom
flow of the SWC and the offshore quiet shelf water. We
suspect that this would hardly occur for a stratified flow
over a slope because bottom boundary layer transport
and associated vertical circulation tend to be shut down
by the thermal wind relation at the top of the boundary
layer (Chapman 2002). Nevertheless, quantitative eval-
uation of the bottom boundary layer and vertical cir-
culation should be examined further to clarify the
relative importance between hydraulic effects and bot-
tom boundary effects on the cold belt formation.

The remote control by topography and the associated
upwelling is an interesting character of barotropic strati-
fied flows. Although this has not been applied widely to
oceanic phenomena so far, there may be broad applica-
bility of this mechanism to flows through straits. For ex-
ample, Tsugaru Strait, located between Hokkaido and
Honshu in Japan (see Fig. 1b), exhibits a similar upwell-
ing structure on the northern coast (Nakajima et al. 2008).
Further, this mechanism may also be applicable to sur-
face front genesis of the strong jets. The Kuroshio
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surface current is accelerated sharply and frontogenesis
occurs when it passes capes along Japan (T. Miyama and
Y. Miyazawa 2010, personal communication). In this re-
spect, this study is similar to studies of the Agulhas Cur-
rent by Gill and Schumann (1979) and a coastal upwelling
by Dale and Barth (2001), although here the depth-
averaged barotropic current was considered explicitly,
while in their studies an infinitely deep (or zero PV)
lower layer was assumed. We believe that the present
theory would give a broad basis for studies on baroclinic
response of a flow over topography in which the baro-
tropic (net depth averaged) flow component is significant.
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