Bull. Korean Fish. Soc. 21(6), 277~288, 1988

YBIKEE 21b), 277~288, 1988

Application of a Simple Buoyancy Adjustment Model
to the Japan Sea*

Young-Ho SEUNG
Inha University, Inchon 402-751, Korea

Application of the simple buoyancy adjustment model, similar to Davey’s (1983), indicates that

buoyancies imposed locally or from outside of the basin are the major factor of the Japan Sea

circulation. Within the context of the model considered, the relatively strong EW gradient of tem-

perature, and corresponding western boundary current, in the SW region is due to the beta-

effect. Kelvin waves make the western side colder and the eastern side warmer. Buoyancy in-

put (presumably by fresh water discharge) in the NW region, so far neglected, plays an impor-
tant role in strengthening the NKCC (North Korea Cold Current) and suppressing the EKWC
(East Korea Warm Current) thereby breaking the conventional branching system of the Tsu-

shima Warm Current.

Introduction

The hydrography of the Japan Sea can be genera-
lized as follows ° A very deep, cold and nearly ho-
mogeneous water (called the Japan Sea Proper Wa-
ter) occupies the lower part of the basin. The upper
part, much more active, can be divided into two re-
gions, a cold sector in the N/NW and warm sector
in the S/SE. Between them, a front forms though
this is not always distinct. The water in the former
region is fed by the Tsushima Warm Current (TWC)
entering into the basin through the Korea Strait and
flowing out through the straits in the NE. This re-
gion is generally characterized by relatively strong
EW gradient of temperature (buoyancy) in the SW
region and nearly zonal distribution far offshore
(Fig. 1).

In the cold sector, the major dynamic feature is
the North Korea Cold Current (NKCC) or Liman
Current flowing along the western coast. A hydrog-
raphic section taken across the NW coast (e.g., Fig.
2) often shows relatively high amount of buoyancy
accumulated against the coast, indicating strong
southward current. As suggested by Kim and
Chung (1984), and also inferred from the surface sa-
linity distribution (Fig. 3), most of buoyancy seems
to be supplied by large amount of fresh water dis-

charge in this area. Hydrographically, this area (and
further north) is characterized as the zone of cold,
fresh and high oxyzen content over the whole basin
(Fig. 1). Dynamically, the buoyancy input is impor-
tant in carrying this water southward. This water,
so transported southward by the NKCC, then affects
both dynamical and hydrographical features of the
warm sector. The behavior of the NKCC after rea-
ching the edge of the warm sector is still unclear.
However, one can imagine a continuation of the cu-
rrent along the front after leaving the coast. A frac-
tion of the transported water which has the density
exceeding that of the lowermost warm water may
sink and spread beneathe the warm water along the
isopycnal surfaces. This process is usually carried
out by weak ageostrophic component which accom-
panies much stronger geostrophic component. In
this regard, any transport of water which directly
crosses the front seems impossible.

In observations, this water lying beneathe the
warm (TWC) water corresponds to the Intermediate
water named by Kajiura et al. (1958) and Moriyasu
(1972) or, more precisely, to the East Sea Interme-
diate Water (ESIW) named by Kim and Chung (19
84). The ESIW which has relatively small amount is
characterized by minimum salinity and maximum
oxyzen as is the NKCC water (Kim and Kim 1983).
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Fig. 1. Horizontal distribution of Salinity (at 100m
depth), Temperature (at 100m depth) and
Oxyzen content (at 100 depth) deduced
from the historical data obtained in the Ja-
pan Sea. Data are compiled by Hydrographic
Office (1982), Korea.
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Fig. 2. The cross-shore vertical sections of Tempe-
rature, Salinity and Oxyzen content obtained
by the Fishery Experiment Station in July,
1932 in the northwest (about 130°E, 42°N)
of the Japan Sea. The sections extend from
the coast (left) to about 90Km offshore.
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Fig. 3. Surface Salinity distribution in August in the
Japan Sea. Data source is the same as Fig
1.

This fact strongly suggests that the former is an ex-
tension of the latter. Another hypothesis about the
intrusion of the ESIW, proposed by Kim and Chung
(1984), is that it is transported directly from the re-
gion of formation under the guidance of bottom to-
pography. In this regard, we cite here a study of
Anderson and Killworth (1977) which shows that the
bottom current in the ocean tends to be reduced by
baroclinic components. Absence of bottom current
automatically rules out the effect of bottom topogra-
phy. In a model of low vertical resolution, such as
one considered here, the motion of the ESIW will
be obscured by much stronger motion of warm wa-
ter lying above when averaged over the whole up-
per layer.

A classic view of TWC is its splitting into three
branches (Suda and Hidaka, 1932 : Uda, 1934)
though Moriyasu (1972) viewed it as a meandering
of one major current. Numerical experiments by
Yoon (1982a, b, and ¢) and Kawabe (1982), where
many realistic conditions are taken into considera-
tion, succeeded to some extents in reproducing the
major feature of circulation. In these studies, the
nearshore branch. topographically guided and flo-
wing northward along the Japanese coast, seems to
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Fig. 4. Horizontal distribution of Salinity at 100m
depth obtained by Fisheries Research and
Development Agency, Korea in April, 1981,
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be definite. Another branch (EKWC), flowing north-
vard along the Korean coast, appeared as a perma-
nent feature. There was a suggestion that this cur-
rent 1s induced by the beta-effect and differential
heating. As is often the case with complicated nu-
merical experiments, the generation mechanism of
the EKWC was not quite clear in these studies.
Furthermore, the local buoyancy input in the NW
region was ignored in these studies i this buoyancy
input is very important in generating the NKCC and
changing the branching system of the TWC as
shown later. Concerning the latter fact, there 1s an
important finding by Kim and Legeckis (1986). On
the sattelite images, there is an occasion where the
EKWC is largely suppressed southward and is not
practically visible. The corresponding hydrographic
data also shows a deep thermal (Kim and Legeckis,
1986. Fig. 3) and saline (Fig. 4) fronts slanting to the
south. In normal conditions, two weaker fronts are
expected : one in the south and another in the no-
rth, each representing two branches (Kim and Lege-
ckis, 1986). As mentioned by these authors, this fact
requires further explanations about the branching of
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the TWC which has been considered as a perma-
nent feature. Accompanying this southward exten-
sion of fresh and cold water, one may expects the
same southward extension of the whole NKCC sys-
tem.

In this study, we try to reproduce the general ci-
reulation of the Japan Sea by using a simple buoya-
ncy adjustment model and, more importantly. unveil
the underlying mechanisms. This can be done when
the problem is properly simplified though this way
eliminates some details of reality. An attempt is
made to answer the question how the observed te-
mperature (buoyancy) distribution and circulation
arise. Special emphasis is put on the role played by
buoyancy input in the NW region which controles
the strength of the NKCC and therefore affects the
existence of the EKWC. The nearshore branch flo-
wing along the Japanese coast does not appear in
this model and is taken for granted. The model co-
nsiders only the steady state. However, results for
a particular season can be obtained by imposing
suitable conditins which can represent the season
considered.

Application to the Japan Sea

Geometrically, the Japan Sea looks like a closed
basin. But, dynamically, it is more like a channel
because the known circulation is of inflow-outflow
type rather than of closed gyre type. The lower part
of the basin is topographically isolated from outsides
and can be considered as a closed basin. As shown
later, however, this fact can be ignored as long as
the motion here remains much weaker than that in
the upper layer. Effect of local wind forcing does
not seem to be the major cause of the circulation.
Uniform Ekman drift generated by uniform wind
field in the upper mixed layer cannot change the
density structure and therefore the circulation, ex-
cept in narrow coastal areas : moreover, this wind
field reverses between winter and summer. This
expectation of circulation is far from the known cir-
culation pattern of the Japan Sea. For spatially vary-
ing wind field, wind stress curl determines the pre-
ssure field and therefore the circulation. In the Ja-
pan Sea, any typical wind stress curl has not been
well defined. For any uniform wind stress curl (this
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is a reasonable assumption considering the small
size of the Japan Sea compared with the scale of at-
mospheric system), the classical wind-driven circu-
lation theorem indicates uniform southward (for ne-
gative curl) or northward (for positive curl) flow in
the ocean interior with some modifications along the
boundaries. The observed temperature distribution
(Fig. 1) and circulation inferred from it, however,
exhibit a typical ‘) ' -shape which is commonly
expected for the circulation driven by NS buoyancy
difference (Davey, 1983 : Tkeda, 1986). Importance of
differencial thermal forcing in the Japan Sea circula-
tion is also suggested by Yoon (1982a).

In using a simple analytic model, the ocean consi-
dered should be properly idealized in such a way
that the essential part of circulation dynamics is re-
tained. The Japan Sea is therefore largely idealized
as follows . We consider a square channel (size L)
with constant bottom depth H. The channel axis
runs in NS with meridional boundaries : x-axis is in
zonal and y-axis is in meridional directions with ori-
gin at the SW corner. The channel is under the ef-
fect of local atmospheric thermal forcing which va-
ries only in y-direction (a8 very weak benthic forcing
may also present). The buoyancy of the channel will
therefore always tends to adjust itself largely to this
atmospheric forcing (c.f., Appedix).

Without any disturbance, complete adjustment is
made. The buoyancy in this case is tentatively ter-
med as ‘eruilibrium buoyancy’. The equilibrium
buoyancy at the intermediate level (the transition
level between upper and lower levels in two-level
system considered later) is assumed to have simple
linear variation in y -

¢=A¢1=y/L)+ ¢ (0

where | ¢ is the equilibrium buoyancy at the inter-
mediate level 5 A¢, total NS difference of it ; and
¢, undisturbed buoyancy at the same level. A point
source of buoyancy exists at the NW corner of the
model channel. The southern opening of the model
channel may be considered to represent the Korea
Strait 5 the northern opening, about 42° latitude line
of the Japan Sea(cf, Fig. 3). The point source at
the NW corner of the model channel may represent
the local bouyancy source in the NW region of the
Japan Sea (cf, Fig. 3). In this model, the buoyancy
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supplies along the Japanese coast (c.f, Fig. 3) are
neglected. No justification is made about this. It

seems, however, that moderate bouyancy supplies in
this area only affect the intensity of existing current
without changing the circulation pattern ' we will
show later that the general feature of circulation is
hardly changed by the buoyancy imposed at the SE
corner of the model channel.

Under these circumstances, Davey’s (1983) two-le-
vel model can be applied with slight modifications
(see Appendix for details). For steady state, the li-
nearized governing equation is expressed in terms
only of the buoyancy at the intermediate level, @,
which also consists of @& and horizontally varying
disturbances of order A¢:

VR?@oo ~ KR2 o~ BR2=v(¢r — ¢) 2

where ! subscript x denotes differentiation with res-
pect to x ¢ v, the (lateral) eddy viscosity coefficient :
R?=gHAp 8pif?, the square of Rossby radius : g,
the gravity constant : Ap./ po, relative value of ver-
tical density difference between upper and lower le-
vels in undisturbed state : f, the Corioris’ parame-
ter : K, the linear friction coefficient : B, the meri-
dional gradient of f taken constant i y=1, (st +(1
—8&m) : 8=Hi/ (H;+H2)=H,/H ;: Hi(Hy), upper
(lower) level thickness T (t2), the adjustment time
of buoyancy at the upper (lower) level. Since the
buoyancy at the upper level (¢1) has much larger
spatial variation than that at the lower level(¢n), the
distribution pattern of the former can be represen-
ted by that at the intermediate level(¢) which is the
average of the two buoyancies, ie., ¢= 15(¢1+ ¢n).

Meridional(y) component of motion, v, is geo-
strophic whereas the zonal(x) component, u, is age-
ostrophic due to the presence of frictional force in
the meridional direction. These currents are calcu-
lated from the known buoyancy, ¢ ; see (A7) and (A
8) in Appendix. Obtained velocity is baroclinic(ﬁ)
in terms of which currents at the upper (u;) and low-
er(uz) levels are given by

fi=1-8U
= —50
For small §, U can therefore represent ui to wi-

thin O(8). As mentioned earlier, idealization of bot-
tom topography neglects the fact that current at the
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lower level is largely prevented where there is large

bottom relief. This erroneous bottom current can be-

removed by imposing a barotropic current (not con-
sidered in this model) having the same magnitude
as the bottom current but with opposite direction.
In either case whether the b‘ottgm current should
be removed or not, we can take U as representative
of W to within O().

As in Davey’s model. boundary conditions are the
conditions of no normal flow and no-slip. In applying
these boundary conditions, known constant buoyan-
cies should be imposed at the NW and SE corners
(c.f.. Appendix). In Davey’s model, local equilibrium
buoyancies are imposed at these points. For suitable
use of these conditions in this study, a modification
is made. Buoyancies imposed at these points are ta-
ken larger than the local equilibrium buoyancies.
The reason is as follows . At the southern opening,
the water advected from the south may have al-
ready been adjusted to the local atmospheric ther-
mal forcing there, which is larger than that at the
southern opening. Since the disturbances are very
weak at the SE corner, the condition given from
outside of the channel is retained at this point. At
the NW corner, buoyancy is continuously supplied
and also transported southward. In steady state, the
rates of supply and transport balance each other so
that the condition of constant buoyancy can be app-

lied. These conditions are thus expressed as

o0, L)=¢ (0, L)+ Wy 3
oL, 0= (L, O)+Es )

where Wx and Es are excesses over the local equi-
librium buoyancies at the NW and SE corners, res-
pectively. Solution of (2) and application of boundary
conditions ((A17) and (A18) in Appendix), in which
(3) and (4) are used, determine the whole system.
In the following secions, we will consider the cases
of linear friction and lateral viscosity separately to
obtain an idea of the Japan Sea circulation.

Linear Friction(v=0, K+0)

For convenience, we will use the non-dimensiona-
lized variables in the following discussions. Distance
variables(x, y) are non-dimensionalized by L and

buoyancies, ¢ and ¢f, by A¢ after subtracting ¢.
The solution of (2) is similar to Davey’s :

6= (1-y)+ W(¥)exp(— avx)+ E(y)exp( — ar(1—x))

(5)
where
BL BL.2 , yL?
Aw = 2K + [( ) + KRZJ
= _BL, BL
ar= -+ () + KRZ]

are inverses of westerly and easterly decay scales,
respectively . W(y) and E(y) are values along the
western and eastern boundaries, respectively, which
are determined by applying the boundary condi-
tions. Due to the beta-effect, the EW scale is smal-
ler in the west than in the east.

Estimation of ay and ar: is subject to uncertainties
involved in parameter values used. In subsequent
numerical evaluations, we will use the following ty-
pical values :

L~10°Km, f~10"sec?, B~2X 101! sec'm’!
K1~10day, y~ti~10'K, Hi~10’m
H»~2X10%m, Ap./ po~2X107

These values give aw~25 and at~5 which means
that western and eastern boundary effects decay
within L/25 and L/5, respectively. For different pa-
rameter values used, aw and ag may vary s for the
same range of parameter values used, ar has much
narrower range of variation than o.. However, it
will be shown later that the general feature of cir-
culation remains unchanged as long as these scales
are within reasonable bounds.

The unkown functions W(y) and E(y) are deter-
mined by applying the condition of no normal flow,
(A17), prescribed in Appendix. In applying the bou-
ndary condition, (3) and (4) are used instead of (A
19) : see Appendix for details. In the case where
the western boundary effect can not reach the op-
posite side, these are

Wy)=—-%— (- exp{_(y DP(1—exp(—ax))
+W.\:exp[—uw(y—1)] ®)
E(y)——[l exp(—— y)]+Esexp(—— V)

D
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Neglect of western boundary effect on the eastern
boundary means that (6) and (7) are correct to wi-
thin order exp(—aw). For az moderately larger than
unity, the muitiplication factor [1—exp(—ag)] can
be dropped and (6) becomes the same form as (7).
In (6) and (7), the NS scale increases by a factor of
about {/K~100 compared with the EW scale. In the
absence of friction(K=0), there is no NS variation
along the boundaries. This is because the undamped
Kelvin waves have transported the signals inposed
at the NW and SE corners along the boundaries.
Importance of the role played by Kelvin waves are
evident here . it explains the observed EW asym-
metry in hydrography(colder west and warmer east)
and, as seen later, the variation of hydrography(cur-
rent system) in the western side. These solution are
schematized in Fig. 5 through 7 for different values
of Wy, For most cases, Es is taken constant as 0.2
but an extreme case Es=0.8 is shown in Fig. 8c to
emphasize that the variation of Es is not important
in changing the general feature especially in the
western side : results for different values of aw and
ag are also shown in Fig. 8a and b to emphasize
that change of scales, aw and ag, within reasonable
bounds hardly alter the general feature.

The case of Wnx=0.2 or 0.5 may be considered as
the normal condition of the Japan Sea. In these ca-
ses, the distribution of ¢ can be compared with the
observed temperature distribution (Fig. 1) except for
the NW region where the buoyancy is caused by
salinity. As mentioned earlier, the beta-effect ren-
ders the EW gradient stronger in the west than in
the east, resulting in the western boundary current.
The unit of current speed shown in these figures
is A¢/fL. For A¢ about 10m2sec? (this correspo-
nds to the NS relative density difference of about
103, see (A3) in Appendix for definition of ¢), it be-
comes about 10cm/sec.

The strongest western boundary current then has
speed of about lm/sec. As the buoyancy develops
at the NW corner, southward coastal current (or
NKCC) strengthens and extends southward. The
western boundary current (or EKWC) is then supp-
ressed to the south and finally joins another regime
which, though not appear in this model, corresponds
to the alongshore branch of the TWC mentioned
earlier. This change of circulation pattern can be

clearly seen by examining the behavior of current
along the western boundary. The alongshore current
v (given by ¢./f. see Appendix) reverses its sign

at
y=1—(f/ Ko )nl1+ (Ka, /HW] 8

This point moves southward as Wy increases. 1.e..
southward current (or NKCC) extends southward.
The zonal current (u) has much simpler distribution
by monotonically getting stronger toward the center
of the basin. The southward coastal current(NKCC)
returns to the north after leaving the coast forming
a cyclonic circulation as suggested by Uda (1934).
This northward return flow is related to the east-
ward pressure gradient developping outside the we-
stern boundary laver as a result of buovancy exten-

ding from the eastern boundary.
Lateral Viscosity (K=0, v«£0)

In this casc, the general solution of (2) is as given
by Davey :

o= (1 —y)+E(yexplu(x —1)) +Ealyv)explualx -
1) + exp(— wx){Wi(y)coswix + Wa(y)singx) 9)

where © w1 through u, are inverses of four length
scales + Ei(y), Ea(y), Wi(y), and Wa{y) are values
along the boundaries and are determined by the
boundary conditions. As in Davey's study, m is ta-
ken as the same as ar. The other three scales. ;'
through pl are related to the viscosity and have
the same order of magnitude as the Munk's boun-
dary layer in classical wind-driven circulation theo-
rem. The latter scale is given by (v./B)* which is,
for v~5000m*sec’!, about 60Km. To obtain an idea
about these scales, non-dimensionalize x by an arbi-
trary scale A in (2). then determine A by checking
the balance between possible two of the three te-
rms. We take here 20 as representative of u» th-
rough iy, ie, w=w=pw=20. As mentioned pre-
viously, slight change of 2 through p: does not alter
the general feature. The unknown functions Ei(y),
Ex(y), Wi(y) and Wa(y) are determined by applying
boundary conditions (A17) and (A18) prescribed in
Appendix. In applying these conditions, (3) and (4)
are used instead of (A19) ; see Appendix for details.
When boundary effects from one side to another is
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Fig. 8. Horizontal distributions of buoyancy at the intermediate level: (@), for ar=2, aw=40 and

Es=Wy=02:(b), for ax=8, aw=10 and Es=Wx=02: and (c), for ag=5, aw=25, Es=08
and Wy=0.2. All others are the same as Fig. 5.
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Es=Wx=02: (b), for Es=02 and Wx=0.5 ! and (c), for Es=0.2 and Wx= 0.8. In all cases,
the decay scales are =5 and p=20. The y-component of velocity is negative in the upper left

part of the domain and just right side of the western boundary current. All others are the same
as Fig. 5. See text for more details.
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neglected (i.e., to within order exp(— 1)), these fun-
ctions are

Eiy)=(1—exp(—Ay)) /A1 -y )+ Esexp(—

Ay A — ./ w2) (10)
Exy)= —wmE1 e 1
Wi(y)= — (1 —expiAx(y — D)) Az — Wxexp(Ax(y —

1) (12)
Waly)=Wi(y) (13

where A and A: are the inverses of NS scale along
the eastern and western boundaries, respectively,
given by

Arv=vpdu /L2, A =dvppd/fL2

For parameter values given earlier, the NS scales
are larger than the corresponding EW scales by a
factor of order 100, same as that in the case of li-
near friction. Without viscosity (A1=A2=0), these
scales become infinitely large and the same discus-
sions can be made about the role of Kelvin waves
as before. The results (Fig. 9a through ¢) show basi-
cally the same feature as that in the case of linear
friction. The only differences are : the maximum v
occurs somewhat offshore (at x= Xmax) + Wweak coun-
ter current develops beside the western boundary
current s and the development of southward current
with Wy is somewhat slower than that in the case
of linear friction. In the same way as before, the
change of circulation pattern in the west can be
seen by examining v along the line x= Xma. The cu-

rrent reversal occurs at point.
y=1—In(1+AWx) /A, (14)

This point moves southward as Wx increases.

Concluding Remarks

A simple buoyancy adjustment model, similar to
Davey’s (1983), applied to the Japan Sea reproduces
well the general feature of circulation. The results
indicate that the buoyancies imposed locally or from
outsides of the basin are the major factors of the
Japan Sea circulation. Propagation of Kelvin waves
makes the western side colder and the eastern side
warmer resulting in cyclonic tilt of the front bet-
ween warm and cold sectors which, otherwise, is
zonal. Within the context of the model considered,
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the beta-effect makes a relevively strong EW tem-
perature gradient in the SW region. The western
boundary current forms, therefore, in this region.
An important finding is that the buoyancy input in
the NW region, so far neglected, plays a critical role
in controling the hydrography (and therefore the cu-
rrent system) of the western basin. This buoyancy
input (presumably by fresh water discharge) streng-
thens the NKCC flowing southward along the coast.
This current system and accompanying hydrogra-
phic regime then extends southward. In the ext-
reme case such as that observed by Kim and Lege-
ckis (1986), the EKWC (western boundary current) is
largely suppressed to the south and finally joins the
alongshore branch of the TWC flowing northward
along the Japanese coast. In future modeling of the
Japan Sea circulation, this buoyancy input in the
NW region should therefore be included. Further
refined results can be obtained through numerical
methods in which more realistic conditions are im-
posed such as the geometry of basin and buoyancy
fluxes (by including diffusion terms) along the coast.

The model considered here resolves only the lo-
west baroclinic mode. Here, the upper level is occu-
pied either by cold water or by warm water. Actua-
lly, the former intrudes beneathe the latter thereby
forming the ESIW (cold, fresh and high oxyzen wa-
ter) which reaches far to the bottom of the Korea
Strait. This process may be resolved by constructing
a model in which the thermo-haline effect and ver-
tical convection are taken into account. Although the
effect of local wind is not the major factor of the Ja-
pan Sea circulation, advection of buoyancy can occur
by the wind. It should therefore be analysed to
what extent the wind modifies the circulation. For
completeness, non-linear effect should also be con-
sidered though it does not seem to alter the general
feature (c.f., Davey, 1983).
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Appendix

The basic concept of Davey’s model is the gene-
ration of large-scale circulation by the adjustment of
buoyancy. Presence of meridional boundaries (the
ocean is assumed as a channel running in NS) is
the crucial factor in inducing the circulation by re-
distributing the buoyancy which, otherwise, exhibits
zonal distribution under the effect of local atmos-
pheric (with weak benthic) thermal forcing. Two le-
vel model is employed in which the ocean column
is represented simply by upper and lower levels.
Buoyancy equations at two levels are

otV - W) —Wig, Hi=F, (A1)
dnt+ V- Qag)+ Wi/ Ho=F: (A2)

where | suscript means time derivative : ¢i (1=1, 2),
the buoyancy at ith level : wi, (horizontal) velocity
vector at ith level ; W), vertical velocity at interme-
diate level : ¢n, buoyancy at intermediate level ; Hi,
the thickness of ith level : ¥, virtual buoyancy for-
cing at ith level. At any level considered, the buoya-
ncy, ¢, is defined in terms of density, p, as fol-
lows

O—o— —(gH/Q)(D*pO)/pn (A3)

where . ¢v and po are reference scales + H=H,+ H
sand g, the gravity constant. The virtual buoyncy
forcing, Fi, is simply parameterized as

Fi=(¢— o) u (Ad)

where ¢ is the buoyancy adjusted to the local at-
mospheric (or benthic) thermal forcing and T is the
buoyancy adjustment time, both at ith level. Expres-
sion in (A4) means that buoyancy, ¢, always tends
to restore to @ within time scale 7. This tendancy
is taken as proportional to the deviation, ¢~ ¢. The
buoyancy at the intermediate level ¢ (abbreviated
to ¢ hereafter) is defined by

o= ;—(@1 + ) (A5)

The vertical velocity at the intermediate level, W,
is related to the (horizontal) divergence of baroclinic
current U (only baroclinic component appears here)
as follow :

Wi=(1-8)8HY - U (A6)
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where §=H. H.

Linear momentum equations are used where the
NS(y) component of current is taken geostrophic.
Due to the boundary effects, ageostrophy is retained
in NS momentum balance, ie. the EW(x) compo-
nent of current is ageostrophic. Thanks to the two-
level approximation, the vertical shear of current,
ﬁZ(u, v), is easily related to the horizontal variation

of buoyancy at the intermediate level:

fv=o\ (A7)
vitfu= —¢ —Kvtvv (AR)

where © f is the Coriolis’ parameter ! subscripts x
and vy, differentiations with respect to x and v, res-
pectively + K, coefficient of linear friction : v, (late-
ral) eddy viscosity coefficient.

In steady state, the buoyancy equations, (A1) and
(A2), give

=@ —Boo—¢) Bl - Vo (A9)

1 Py PN

EV(U&-)_%U s Voty(o—¢)=0 (A10)
where  ¢.= (r — )./ 2+ ¢=(& — 5.2+ ¢*=(0}
+a5)./2 1 y= 17 (8ra+(1—8)t) + Bo= (82— (1—8)c
1)/ 1 By=28(1— 8w y.

For more detailed derivation, refer to Davey (1983).
Substitution of (A9) into (A10) eliminates ¢.. For
small disturbances, linearization is made by omitting
U- V¢ and setting ¢.=¢%. The horizontal diverge-
nce V - U appearing in this process is easily expre-
ssed in terms of ¢ alone using (A7) and (AS8). The

resulting governing equation is

de‘px\\\_ Kd“’(Z\\—ad)\:y((jf*@ (All)

where : d*= ¢,/ 2f is the square of Rosshy radius
for local stratification, ¢ :a=Bd2(1+B): B : meri-
dional gradient of f taken as constant ; By= ~(¢°+
B2¢?).f/Bes.

In the linearization above, ¢ is taken approxima-
tely as ¢f. Since Bz is of O(1), this means that, in
(A9), ¢ and ¢ have the same order of magnitude.
In obtaining (A11) from (A10), however, U - V¢ is
neglected whereas U- V¢ is not. This seems to be
a contradiction. A slight modification of assumption
can remove this contradiction and, moreover, allows
to obtain a simpler equation. Assume that
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(A12)
(A13)

6= at O
&=t o)

where [ ¢ is the undisturbed. basic-state buoyancy
at ith level varying only vertically ¢ ¢! is the small
disturbance which the buoyancy finally has at ith le-
vel i and ¢ is the small disturbance arising from
the adjustment of ith level to the local atmospheric
(or benthic) thermal forcing alone. For convenience,
the reference scale, v, is dropped in (A12) and (A
13) ¢ or it can be thought that ¢. comprises gu. All
primed buoyancies and 6 have first order magnitu-
des whereas &, has zeroth order magnitude. The
definition of ¢. with the use of (Al12), then gives

Q—%(CM — o) * first order terms (A14)

Whereas, (A9) reduces to the first order balance
when (A12) and (A13) are substituted into it. Subs-
tituting (A14) into (A10) leads to the final first order
balance -

1 A
?(CX'I_OL’!)\/ cU=y(¢r— (A15)
Substituting again the expression for the horizon-
tal divergence (obtained from the momentum equa-
tiens) into (A15) leads to the governing equation -

VRZO\\\\ - KRZO\\ - BR"’G)\ = Y(d’ - @) (A16)

where, at this time, all coefficients are constant 5 the
Rossby radius R is given by RZ=(a¢i— ¢c2)/ 4F
which, in terms of density, is equivalent to R*=gH
7.p/ 8puf? where Ap/p, is the relative value of
vertical density difference between upper and lower
levels in undisturbed state.

Boundary conditions are the condition of no nor-
mal flow(u=0) and no-slip condition (v=0) along the
houndaries. For steady state, these are given from
(A7) and (A8) as

@s"‘K@\/f*WD\\\/f:O
o.=0 (only for v£0)

(A17)
(A18)

along the
boundaries

The condition (A17) involves first order differen-
tial equation with respect to y and one boundary
condition is needed at the end of each boundary.
The condition of constant buoyancy is thus imposed
at the NW and SE corners of the ocean considered

where the buoyancies are expected to remain adjus-
ted to the local atmospheric (or benthic) thermal fo-
rcing : disturbances are very weak at these points.
These conditions are

¢=¢ at NW and SE corners (A19)

These conditions, (A19), are later modified for
suitable use in the problem considered.
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