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Abstract

A linear parallel transport model is formulated and applied to an idealized Yellow Sea. With this
simple analytical model, the hither-to suspected upwind flow phenomena in the southern Yellow Sea
can be reasonably explained. In deep waters where the local depth exceeds a critical depth (H, = 53m in
the present model sea), pressure gradient force dominates over wind stress and contributes to an upwind
flow. The estimated upwind flow velocity increases with wind speed and a maximum upwind flow oc-
curs along the axis of the Yellow Sea embayment. For the typical south wind of 5-10 knots in summer,
the upwind (southward) flow velocity along the axis of the Yellow Sea is estimated to be 1-5 cms™!.
While, for the typical north wind of 10-15 knots in winter, the upwind {(northward) flow velocity is 5-12
cms~!. These velocity ranges can be served as rough estimates for the intrusion velocity of the Yellow
Sea Bottom Cold Water in summer and the Yellow Sea Warm Current in winter, respectively.
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INTRODUCTION

It has long been suspected from various
hydrographic studies that there appear in the
southern Yellow Sea a northward intrusion of
the Yellow Sea Warm Current in winter and a
southward extension of the Yellow Sea Bot-
tom Cold Water in summer. These seasonally
distinct phenomena might be recognized by a
tongue-like distribution of warm (cold) waters
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pointing northward (southward) along the
axis of the Yellow Sea in winter (summer) (Fig.
1). However, the typical wind system in the
Yellow Sea can be characterized by stronger
northerly winds in winter and weaker south-
erly winds in summer (Huh, 1982). Thus the
northward flow of the Yellow Sea Warm Cur-
rent and the southward flow of the Yellow Sea
Bottom Cold Water, if they exist, represent
the upwind (against the wind) flow in each
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Fig. 1. Distribution of mean water temperatures (°C) at 50 m in the Yellow and East China Seas in winter (Jan.-Mar.)

(a), and in summer (July-Sept.) (b) (After Kondo, 1985).

season. Some numerical model studies also
show such upwind flows in deep waters along
the axis of the Yellow Sea (Choi, 1982; Yuan
and Su, 1983; Hsueh et al., 1985). Based on
his numerical experiments on currents driven
by a steady uniform wind stress in the Yellow
and East China Seas, Choi (1982) pointed out
that there appears strong downwind flows
along the both sides of the Chinese coast and
the west coast of Korea and the upwind flow
in the middle of the Yellow Sea (Fig. 2).
Until now, we have no systematic current
measurement data in the region. For some
practical or scientific reasons, however, one
may inquire how shall be the order of magni-
tude of such upwind flows and what are dy-
namical interpretations of the phenomena in
question. Based on an analytical solution of
frictionless, inertial model Csanady (1982)
demonstrated that the dynamical effects of
variable depth are responsible for the ap-
pearence of topographic gyres in shallow
basins like Lake Ontario. The major objective

of the present paper is to estimate the upwind
flow velocity in the Yellow Sea on the basis of
analytical model calculations of wind driven,
frictionally controlled, parallel flow in a semi-
enclosed basin of simple geometry.

In the following Chapter, a linear ‘parallel
transport model’ with an idealized Yellow Sea
topography is formulated. Estimate of the up-
wind velocity for different wind stresses is
made in Chapter 3. Force balance within the
upwind flow and downwind (following the
wind) flow regions of the model sea is discuss-
ed in Chapter 4.

FORMULATION OF THE PARALLEL
TRANSPORT MODEL

a) Fundamental equations

The model is based on the following depth-
integrated or transport equations for a homo-
geneous shallow sea, using (x, y, Z) coor-
dinates with z-axis vertically up (Csanady,
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(b)

Fig. 2. Stream lines of wind driven currents produced by a uniform NW (a) and SE (b) wind stress of 10 dyn/cm?

(After Choi, 1982).
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where U,V are horizontal transports defined
by depth-intergration of the horizontal veloc-
ity components u,v, such as:

U=[:udz, V=I:vdz

where H is the depth of the bottom below
mean sea level (z=0), g is gravity, 7 is the free
surface elevation above mean sea level, f is the
Coriolis parameter, and (F;, Fy), (B,, B,) rep-

resent respectively wind stress and bottom
stress components.

The analytical solution of Equations (1)-(3)
in their general form is quite difficult, but
made easier by making a number of idealiza-
tions in suitably simple models of coastal cir-
culation.

b) Basic assumptions and parallel transport
model

Consider a shallow embayment of simple
geometry, closed at one end; Depth contours
are straight and parallel to long straight coasts
coincident with the y-axis, H = H(x) except in-
the end region where isobaths are closed (Fig.
3).

A uniform wind is supposed to act along
the y-axis, Fx= 0, F,=F, and the motion and
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Fig. 3. Schematic of a semi-closed embayment with
parallel depth region, in which depth contours are straight
and parallel to long strait coasts.

the sea-level elevation are assumed to have
reached a steady state. In this simple and
idealized case, the longshore transport along
an isobath in the parallel depth region may be
expected to remain nearly constant, ?f =0.
y
There is no reason why the steady state long-
shore transport within the parallel depth
region varies significantly in the alongshore
direction, especially under a uniform along-
shore wind stress. However, in the vicinity of
the head of embayment the coastal constraint
may cause a significant variation of longshore
transport along the y-axis. For mathematical
simplicity, we restrict the discussion to the

parallel depth region where the relation S—V: 0
y

is expected to hold valid. In this case, the con-
9
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tinuity equation (3) for steady-state flow (

=18
0) implies 8—x:0' so that U remains almost

constant in a cross-section within the parallel
depth region. In addition, it is reasonable to

state that the transport in the vicinity  of
parallel coasts is dominantly in the alongshore
direction and the cross-shore transport is
negligible. This statement together with the

relation, Z—U = 0 may suggest that the cross-
X

shore transport within the entire parallel
depth region is negligible, i.e., U = 0, so that
the net transport is dominantly along the
isobaths, parallel to the straight coasts. This
assumption (U =~ () may be most critical and
also criticizable in the present parallel trans-
port model but there are experimental evi-
dences which support qualitatively its validitv;
some hydrography and wind driven circulation
models in a semienclosed shallow basin such
as the Yellow Sea embayment (Kondo, 1985;
Choi, 1982: Huseh et al., 1985) demonstrate
the general flow pattern which follows ap-
proximately bottom topography.

In this study, the kinematic bottom stress Is
paramaterized by a following linear friction
law:

U gV
H By—yH

B.=7y

where 7 is a resitance coefficient. Under the
assumptions made previously for the flow
within the parallel depth region (i.e.,

2 0. F=0.F.—p. 2V _ .
at——O’ Fx O’Fy Fv ay O,

\
U=0; Bz=7%; By=rg).

Equations (1)-(3) reduce to:
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Equation (4) shows that the longshore
transport V is in geostrophic equilibrium with
the cross-shore sea-level gradient. Equation
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(5) implies, dividing its right hand side by the
Coliolis factor f, that the geostrophic cross-
shore transport associated with the longshore

sea-level gardient (—gﬂ %2)
y

; is balanced

with the sum of Ekman transport in the suface

layer ( —lf;) and Ekman transport in the bottom

layer (- %Y—). Thus, the parallel transport

model of this kind shows completely different
aspects of flow dynamics from those of pure
drift currents by Ekman theory. In the present
model, -the sea-level elevation associated with
the wind set-up and the effects of variable
depth, which are not taken into account in the
classic Ekman theory, could be most impor-
tant dynamic factors.

The continuity equation (6) implies that the
longshore transport is a function of distance
from shore only, V = V(x), and the total
transport at any cross-section has to vanish
due to the coastal constraint and the steady-
state surface elevation:

/;:2de= 0 )

where x; and x, are the coordinates of the
shores. A rearrangement of Eguation (5)
yields:
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Equation (4) shows that with H = H(x), Z_V
Yy

=O’ _a_z7L= 0
oxa3y
so that the longshore pressure gradient is in-
dependant of distance from shore, g—lz f(y).
Yy

Substituing (8) into (7), and considering cons-
tant values of 7, F, it is possible to calculate
the elevation gradient:

5y " g5, ©)

where S, is the cross-sectional area of the em-
bayment
S,= [ THdx (10)

and S, is defined by

Szzfszde (11)
within the parallel depth region. Substituing
(9) into (8), the longshore transport may then
be written as:

H HS
V=—F — =
> (1 3 ) (12)

This is the steady-state solution of the parellel
transport model in which the cross-sectional
transport is assumed to be zero, U =0.

It can be easily seen from (12) that the long-
shore transport increases linearly with wind
stress and its distribution in a cross-section
is implicitely expressed in terms of the depth
distribution, H(x). The transport vanishes
where H = §,/S; and the downwind flow is
produced in shallower water, H<S,;/S;, while
the upwind flow appears in deeper water,
H>S,/S,.

ESTIMATE OF UPWIND FLOW
VELOCITY IN THE YELLOW SEA

The Yellow Sea posseses in general very
complicated coast lines and depth distribu-
tion, characterized by a deepest water along
the axis of the sea and a gradual reducing of a
depth to zero at shores. However, the south-
ern part of the Yellow Sea shows a relatively
simple topography compared to the northern
part of the sea. In order to get an idea of the
order of magnitude for upwind flow velocity
in the southern Yellow Sea, an idealized
model sea as shown in the parallel transport
model (Fig. 3) is considered. For a maximum
simplicity, the depth distribution at a typical
cross-section in the southern Yellow Sea is
schematized by linear bottom slopes: -1/3750
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Fig. 4. Schematic of an idealized depth distribution at

the typical cross-section in the southern Yellow Sea.

in the western part and 1/2500 in the eastern
part (Fig. 4).

Making use of Equations (10) and (11) we
obtain S, = 20 Km? and S,=16/15 Km?, so that
the calculated transport is zero along the
isobath of H=S,/S, or H=53m.

The transport distribution in the section
can be obtained by specifying the longshore
wind stress, F and the bottom resistance coef-
ficient, ¥ . The magnitude of the kinematic
wind stress F is specified by a quardratic drag
law (Csandy, 1982):

F=po/pw C,Wi

where p./p,, is air-water density ratio which is
nearly equal to 1.25 X 10, W, is wind speed
measured at a height of 10 m, and Cp is the
corresponding empirical drag coefficient
given by

Co=1.6X%X10"" W=7ms"!'
Cp=2.5X10"%, W=10ms"*

with a smooth transition for wind speed be-
tween 7 and 10 ms~!. The specification of 7 is
rather arbitrary, however, we adapted here7 =
0.05 cm s™" which seems to be the typical value
of 7 in the coastal ocean (Csanady, 1982).
Using the idealized depth distribution in the
southern Yellow Sea (Fig. 4), the transport
distribution for constant longshore wind of 5
ms™' as an example is obtained (Fig. 5). As
already indicated, the zero-transport appears
along the isobath of H =153 m and the upwind
flow is confined within a deeper area (H>53
m). The maximum upwind transport appears
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Fig. 5. Distribution of wind-driven transport in the
idealized cross section of the southern Yellow Sea. The
contant longshore wind of 5§ ms~! is applied.

in deepest water, H - 80 m.

The transport distribution in any section
within the parallel depth region corresponds
to the calculated pattern (Fig. 5), so that the
transport streamlines shall be paralle] each
other but pointing in opposite directions at the
center and at the shores. With the present sim-
ple model the transport distribution in the end
region can not be obtained, however, it may
be elucidated qualitatively: the streamlines
there must close and the details may depend
on the local topography. Fig. 6 illustrates a
possible distribution of transport streamlines
in the model sea, showing the upwind flow at
the center and the downwind flow at the
shores. This is analogous to topographic gyres
which were discussed in Csanady (1982) for
transient flow over variable depth. For the
reversed wind the distribution pattern of
stream lines remains unchanged but their
senses are reversed.

Table 1 shows the calculated depth-mean
velocity, V/H along the isobath of H= 80 m,
for different wind speeds.

The depth-mean velocity in the upwind
flow region is proportional to the local depth
H (see Eq. 12), so that the calculated velocities
in Table 1 coincide with the upper limit of the
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Fig. 6. Schematic of wind-driven transport stream-
lines in the model sea.

upwind flow velocity in our model sea, for
different wind speeds or wind stresses. It is to
be noted that the upwind flow velocity in-
creases with wind speed. For the typical north
wind of 10-15 knots in winter the maximum
northward flow is 5-12 cm s, which is of the
same order of magnitude as that of Asaoka
and Moriyasu (1966) who obtained, by a dif-
ferent method, 8 cm s™ for NW wind of 7 m
s (=14 knots). For the typical south wind of
5-10 knots in summer, the estimate of the
maximum southward flow velocity in the
southern Yellow Sea is 1-5 cm s,

Table 1. Calculated depth-mean velocity, V/H along
the axis of the model sea (H = 80 m), for different wind
speeds or wind stresses. The estimate of the Ekman depth
is made using an empirical formula; D(m) =4.3 W(ms-!)
/¥Ysing (Bowden, 1983), with ¢ = 35°N.

Wind Speed Wind Depth Mean Ekman

Stress Velocity  Depth

W(ms) (Knots) Fx10* (m?s2) V/H (cm s1) D(m)
2.5 (95 0.125 1.3 14
5.0 (10) 0.500 5.0 28
7.5 (15) 1.230 12.3 43
10.0 (20) 3.125 31.3 57

DISCUSSION AND CONCLUSIONS

The estimate of the upwind flow velocity
for different wind speeds in the southern
Yellow Sea has been made. Here, we will ex-
amine briefly the underlying dynamics which
are responsible for the appearence of the up-
wind flow in deep waters and the downwind
flow in shallow coastal waters. The longshore
momentum balance equation (5) indicates that
the zero-transport occurs at some critical
isobath, Hc where the longshore wind stress is
exactly balanced by the depth-integrated long-
shore pressure gradient force: F=gH—g—i7—.
In shallow waters where H< Hc, especially
near coasts, the wind stress dominates,

2 .. .
F> gHgyn— and the transport is in the direc-

tion of the wind stress, so that the downwind
flow occurs. In deeper waters where H >He,
especially along the axis of the embayment,
the pressure gradient force dominates,

F <gHg—” and the transport is in opposition
y

to the wind stress, so that the upwind flow oc-
curs. This simple explanation for the up-
wind flow is consistant with the results of
numerical model runs for the 1980-1981
winter by Hsueh et al. (1985) who found that
the pressure gradient force dominates in deep
waters along the axis of the Yellow Sea em-
bayment and contributes to an upwind (north-
ward) flow.

In our Yellow Sea model, the critical
isobath is determined only by the depth
distribution, Hc = S;/S;. It is interesting to
remark that the calculated critical isobath, Hc
=53 m coincides quite reasonably with the
frontal isobath of the Yellow Sea Bottom
Cold Water in summer in the southern Yellow
Sea (Park, 1986). The present analytical
model, though it is overidealized in some
sense, may be used for making a simple
estimate of the velocity of the Yellow Sea Bot-
tom Cold Water in summer and of the Yellow
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Sea Warm Current in winter, which are the
hither-to suspected upwind flow phenomena
in the southern Yellow Sea.

Equation (4) indicates that the depth mean
velocity, V/H is in geostrophic balance with

the cross-shore pressure gradient,?_ The in-
X

terior velocity at a depth, v(z) can be then con-
sidered as a sum of the Ekman layer velocity,
vg and the geostrophic velocity, v, = V/H,
i.e., v(z) =vg + v,. As the Ekman layer veloci-
ty decreases exponentially with increasing
distance from the surface and becomes negli-
gible outside the Ekman layer, the flow at
depth is practically equal to the geostrophic
velocity or the depth mean velocity. Consider-
ing the south wind of 5-10 knots in summer as
an example, the Ekman depth for the wind of
5-10 knots is 14-28 m (see Table 1), which is
relatively shallow compared to the local dep-
ths within the upwind flow region (H>53 m).
Thus, the Yellow Sea Bottom Cold Water in
summer which is generally located below 40 m
(Park, 1986) and bounded by its frontal
isobaths of about 50 m shall move southward.
The upwind flow velocity increases with the
local depth, so that the strongest upwind flow
occurs along the axis of the Yellow Sea where
the depth is maximum. For the typical south
wind of 5-10 knots in summer, a maximum
southward velocity of the Yellow Sea Bottom
Cold Water is then estimated to be 1-5 cm s™'.
With a similar argument, a maximum nor-
thward velocity of the Yellow Sea Warm Cur-
rent in winter can be estimated to be 5-12 cm
s7!, for the typical north wind of 10-15 knots.
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