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ABSTRACT

Hydrographic studies show the seasonal variation of the East Korean Warm
Current (EKWC), which is a branch of the Tsushima Current along the Korean
coast. To understand the dynamics of the branching mechanism of the TC in
the Korea Strait, a hydraulic model with two active layers was investigated in a
rectangular strait with varying depth. When the lower cold water flows
southward in a shallow meridional channel from the deep northern basin, it
separates from the eastern boundary because of the sloping bottom to conserve
potential vorticity. After separation, the lower layer hugs the western boundary
as the channel becomes shallow. In aregion where the lower layer is absent
due to separation, the northward flow in the upper layer has a positive relative
vorticity to conserve potential vorticity because the bottom topography
becomes deeper from south to north. The northward velocity has its maximum
on the eastern boundary. This mechanism may explain the formation of the
branch along the Japanese coast. The upper layer aong the western boundary
experiences shrinking of its water column because of the presence of the lower
layer, and negative relative vorticities are induced to conserve potential
vorticity. The negative relative vorticity intensifies the northward flow of the
upper layer near the western boundary. Thisis believed to be the causa
mechanism of the EKWC. If the top of the lower layer in the basin is deep,
such asit isin winter, the lower layer cannot reach the strait since the Bernoulli
potential of the lower layer is small. This may explain why the EKWC is absent
in winter.
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The Tsushima Current (TC), which determines the major hydrography in the “East Sed’ (Sea of Japan), splits into two
branches (Sverdrup et al. 1942, p. 734; Uda 1934) in the Korea Strait (Fig. 1 ©=). One branch flows along the Japanese
coast and the other flows along the Korean coast; the latter is called the East Korean Warm Current (EKWC).

Numerical experiments of the circulation in the East Sea (Y oon 1982; Kawabe 1982) explain the EKWC as a kind of
permanent western boundary current that exists because of the planetary beta effect and explain the branch aong the
Japanese coast in terms of topographic effect.

However, Kim and L egeckis (1986) show that the EKWC is sometimes absent, and |soda and Saitoh (1993) suggest that
the formation of the EKWC is seasonal. Cho and Kim (1996) confirm the seasondity of the EKWC and suggest the
possibility that the southward movement of Korea Strait bottom cold water (KSBCW) is responsible for the formation of the
EKWC. Furthermore, Cho and Kim (1996) show that the change of potential vorticity due to the shrinking of the Tsushima
warm water (TWW) aong the Korean coast is greater than the planetary beta effect. |sobe (1994, 1997) also argues that the
JEBAR effect in Korea Strait, which is caused mainly by cold water along the Korean coast in summer, supplies the negative
vorticity. The absence of the EKWC bears an exceptional importance in terms of not only the branching mechanism but also
the circulation in the East Sea.

The primary objective of this study is to understand the dynamics of the branching mechanism of the TC in the Korea
Strait and to explain the seasonal variation of the EKWC. The Korea Strait deepens from south to north. The northern part is
deeper than 150 m, except for the shallow coastal areas, whereas the southern part is shallower than 125 m except in a deep
trough. The hydrography in the Korea Strait can be simplified as two layers: TC in the upper layer and KSBCW in the lower
layer. A hydraulic model with two active layersin arectangular strait will be investigated to understand the flow dynamics
under conditions of varying channel depth.

Hydraulic problems in straits have received considerable attention (Shen 1981; Hogg 1983; Pratt 1986; Bormans and
Garrett 1989a,b) since Gill (1977) first generalized them. Hogg (1983) investigated a rotating hydraulic model of the two
active layers in varying channel widths and applied it to the Vema Channel. He focused on the two layers that move in the
same direction under a deep resting layer. Later, Hogg (1985) applied the same model to the Alboran Sea and Strait of
Gibraltar where the upper two layers flow in opposite direction from one basin to the other. Our study is similar to Hogg's,
but we examine a flow structure under the condition of varying bottom topography, whereas Hogg (1983, 1985) examined
the effects of varying channel width.

2. Branching of the Tsushima Current

To investigate the physical characteristics in Korea Strait and the neighboring sea, and their tempora variation, surveys
were conducted in April, June, August, and October 1991. Sixty CTD stations were taken at each time (Fig. 2 ©=).
Japanese CTD data (solid triangles in Fig. 2 ©=) were used to cover the eastern part of the strait (Y amaguchi Prefectual
Open-Sea Fisheries Experimental Station 1992). Routine hydrographic data taken by the Korean Fisheries Research and
Development Agency at linesA, C, E, G, |, and Jin February 1991 were also used.

Analysis of the data by Cho and Kim (1998) shows that the KSBCW extends farther southward and becomes thicker in
summer when the upper TWW becomes lighter. It retreats northward in winter when the TWW becomes denser. A
temperature section taken along line D shows seasonal variation in the thickness of the KSBCW (Fig. 3 ©@=). In April, the
section is occupied with warm water above 5°C except in two separate cores of cold water at the bottom of stations D1 and
D3. In August the surface water warms up and a strong seasonal thermocline (T = 16°~ 21°C) develops. At the same time,
the KSBCW colder than 5°C appears extensively from stations D1 to D4. The coldest water of 2.8°C is found at the bottom
of station D2.

Satellite images taken in 1991 and 1992 with concurrent hydrographic data showed branching of the TC in April and
nonbranching in February (Cho and Kim 1996). Temperature distribution at the surface in February in 1989 and 1990 also
showed the absence of the EKWC. Thus, branching was absent in February from 1989 to 1992, indicating that the absence
of the EKWC is repeated in winter.

Figure 4 ©= shows a schematic diagram for seasonal variation of the EKWC, depicting the horizontal and vertical
distributions of cold water less than 5°C and the TWW warmer than 13°C in each season. The EKWC is formed when cold
water appears in the strait and is absent when the cold water is present only at a deeper depth in the basin.

3. Two-layer hydraulic model in a rectangular channel with varying depth

a. Formulation



Formulation closely follows that of Hogg (1983, 1985). Two homogeneous fluid layers move in a strait of depth H(y)
(Fig. 5©=). Furthermore, it is assumed that the strait is long enough and the basins are large enough so that the transport
passing the strait does not affect the total volume of the basins.

The z axis is vertical, they axis is aong the strait, and the x axis is perpendicular to it. They form a right-handed Cartesian
system. If the channel is long enough with respect to its width and variations in they direction are sufficiently slow, then the
alongstrait velocity component 1 will be much greater than the cross-strait component u. The flow is assumed inviscid and
in a steady state. See Hogg (1983, 1985) for details of mathematical formulations. The downstream balance can be
expressed as

fu, = H(P'—;pr) and (1)
dx
u, -V + fu, = _(.-’3_:?91] (2)

The subscript (i = 1, 2) denotes each layer, p pressure, p density, and u = (u, W) the horizontal velocity vector. Each
layer satisfies a shallow water continuity equation:

V., - uD =0.3)
The vertical force balance is assumed hydrostatic:
pir= —pgz, —mn) and (4a)
p> = —g(p, — p)D, — p.gz,
+ p,g(D, + D, — H), (4b)
with
n=D, +D,-H.
A vorticity equation from Egs. (1) and (2) can be expressed as

o,
“pi| = 0.

dx

(“5' IFI!r} f +

For simplicity, the flow is assumed to have a uniform potential vorticity within each layer and f is constant.

Therefore
du, f
+ — D' = =, 5
! ax /| D (%)

where f)i has an upstream potential depth equal to the actual layer thickness at points where the relative vorticity
vanishes.

An equation for the Bernoulli potential B, from (2) is

Far—u,=—— (6)



with

B, == + v (7)

lp'.l

D 1 (thickness of the upper layer at a
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northern upstream) for the depth scale, a = (g D 1 ) f (the Rossby radius of deformation) for the length scale, af

It is convenient to consider the above equations in a nondimensiona form. Taking

N
for avelocity scale, 1 for atimescale, and g'D 1 for a pressure over density scale, the nondimensional equations become
ap;
v, = —, (8)
ax
dap;
u; - ?,lu,. + u, = —a—r, (9)

pp=—8H —D, — D,), and (l10a)
p,»=—D,— gH - D, — D,) (10b)

with
A tJ _ p? [ pz T p'l
§===\T———| and g = g7/
g P2 = P P2
describing the reduced gravity acting between two layers.
The nondimensional vorticity and Bernoulli equations are
dv, D,
]l + — = —= and (11)
dx D,
D, dB.
—u, = ——, (12)
D. dy
where
vl
B.=p, + ? (13)

We can obtain a coupled set of inhomogeneous second-order differential equations from (8), (10), and (11).

In the upper layer,

5

a2 a2 D, — D
by 6D, + D, - Hy= ==
dx? 0x° D,

(14a)

In the lower layer,



(14b)

The Bernoulli constraint gives boundary conditions for the coupled second-order differential equations in the form

l QJ’
+ —v? = *—
p.' ZUJ 2D

(15)

]
X = *x-w.

2

Here Q, is the total nondimensional transport in each layer. The constant K; can be specified using the hydrostatic equation
(10) and the conditions that v, = 0 and D, = f}i in the interior. See Hogg (1983) for details of boundary conditions.

The potential depth and the Bernoulli potential in the upstream of each layer are needed as input data for the model. We
assume that the potential depths of the upper layer and the lower layer are Dl and Dz' respectively. Presence of athird

layer in the northern basin does not affect the model result because it is not related directly to the potential depths and the
Bernoulli potentials of the upper layers.

The boundary conditions involve the square of the layer velocity and are, therefore, nonlinear. Solutions are found using
the packaged subroutine NLEQ from the International Mathematical Subroutine Library. The control depth and the
separation depth (Hg) could be determined by this approach. Separation depth is a depth at which alayer separates from the

boundary. Control depth is the minimum depth where long waves can no longer travel upstream at the control section when
the fluid is accelerated to the section.

b. Results

There are a number of parameters to specify: channel width and depth, density ratios, potential depths, transports, and the
division of the transport between upstream boundaries. The channel width is fixed and the control is achieved through
varying the depth. We consider the parameters to represent flows in Korea Strait, which will be explalned in detail in section

4. Potential depths, density ratios, and transport parameters are taken asD =12, D = 15, & = 604.176, Q, = 1.06,
- _ ur - _ [T —
Q,=-0053, ¥, =-05q, %, =050,

Here ; Is the streamfunction in the upstream basin, which represents the relative current strength at the left boundary

versus that at the right boundary. We assume that all transport of the upper moving layer is along the right (eastern)
boundary in the upstream basin and transport for the lower layer is along the left (western) boundary.

The width of the lower layer is found as the depth decreases to a control section and then deepens again. In Fig. 6 ©= the
lower layer width configurations for the specified upstream condition are shown as a function of the channel depth. When
the depth is shallower than H, = 2.30, the lower layer |eaves the eastern boundary and the separation point is defined. The

lower layer moves away from the eastern boundary if the depth decreases further. For depths shallower than 1.31 in
nondimensional units, no solution is found. This is the control depth for which the slowest wave phase velocity vanishes. If
the channel deepens again, the solution switches smoothly to another branch. Flow here is supercritical with respect to the
dowest internal mode, and the lower layer accelerates quickly, similar to water flowing over a dam. These solutions, for the
lower layer, look qualitatively similar to those given by Gill (1977) and Whitehead et al. (1974) for a one-layer problem: the
lower layer is hydraulically controlled.

Figure 7 @= shows the layer configurations and velocities before and after the control at the section whose depth is 1.50
in the strait. The lower layer shrinks along the western boundary and becomes thinner as the channel becomes shallow. This
causes the negative relative vorticity to increase in the lower layer. The speed of the counterflow along the western
boundary increases and the interface dips downward at the western boundary (Fig. 7a ©=). Counterflow along the western
boundary in the lower layer disappears, if the depth becomes shallow to the control section (H = 1.31) (not shown here).
After the hydraulic control, the thickness and the width of the lower layer decrease in spite of the depth increase, as shown
in Fig. 6 ©=. Figure 7b ©= shows layer configuration and velocity after the control at the section whose depth is 1.50.




Increase of the water depth and separation of the lower layer from the eastern boundary stretches the upper layer in the
eastern part. This causes an increase in positive vorticity and velocity aong the eastern boundary to conserve potential
vorticity. On the western boundary, however, the thickness of the upper layer decreases due to the presence of the lower
layer. This makes the negative vorticity and the velocity increase (Fig. 7a ©@=). After the control, the lower layer is too thin
to make the negative vorticity of the upper layer increase (Fig. 7b ©=). Northward flow in the upper layer appears only in
the eastern part of the strait.

D¥

We calculate the velocity structure of the upper layer as the upper-layer thickness (™1 ) in the northern basin changes.

When the upper layer (D '1“') in the northern upstream is thinner by 0.2 than that for Fig. 7 ©@=, that is, if the Bernoulli
potential of the lower layer in the upstream increases, then the lower layer becomes thicker and wider in the strait before the
control point (Fig. 8 ©=). The thick lower layer causes an increase in both negative relative vorticity of the upper layer and
northward speed along the western boundary. The high speed of the upper layer makes the interface near the western
boundary rise to adjust the geostrophic balance between the two layers. The layer configuration and velocity structure after
the control show little change, asin Fig. 7b @= (not shown here).

If the upper layer in the northern upstream is thicker by 0.2, then the lower layer becomes thinner and narrower in the
strait. The thin lower layer causes a decrease in both the negative relative vorticity of the upper layer and northward speed of
the upper layer along the western boundary. Low speed makes the interface near the western boundary dip downward (Fig.
9 ©=). The structure of the lower layer after the control is similar to the previous case (not shown here).

The velocity along the western boundary (V, ), the velocity along the eastern boundary (V,), and the maximum southward
velocity in the central region of the strait (V) are calculated to examine the variability of the upper-layer flow at the section

D

N
whose depth is 1.50, as the thickness of the upper layer in the northern basin (1 ) changes. The 'V, changes greatly from

N
0.95t0-0.05 as Dl changes from 0.65 to 1.20 (Fig. 10 ©=), whereas the V,,, and the V, change little. The lower layer in
D

. N
1 increases, which results in the decrease of the V, . A thick D 1 makes the flow along the

I

1 makes it stronger.

the strait becomes thinner as

western boundary of the upper layer in the strait weaker, whereas a thin
4. Application to the Korea Strait

The East Sea can be divided into three layers (Moriyasu 1972): the upper TWW, the middle salinity minimum layer (SML)
water (the North Korean cold water or/and the East Sea/intermediate water), and the lower East Sea proper water (ESPW).
Because the KSBCW originates from the SML water (Kim and Kim 1983; Kim et al. 1991; Cho and Kim 1998), we assume
that the ESPW is at rest. Thus the East Sea can be simplified as two moving layers: the upper warm layer above the
permanent thermocline and the lower SML. The Korea Strait can aso be simplified as two moving layers with the TWW and
the KSBCW.

The SML water, characterized with 1°-- 5°C, is mainly located from 100 to 250 m in the Ulleung Basin (Cho and Kim

ll'..' -
1998). Therefore, we can assume that the thickness of the upper and the lower layers in the northern basin (D 1 and D2 in
the model) are approximately 100 and 150 m, respectively. These values were used in the model.

The model section might represent section D in the station map (Fig. 11 ‘©=). It has arelatively flat bottom at
approximately 150 m, except for the shallow region near the coast. The southern part is shallower than 125 m, except in a
deep trough. The topography near the Korean coast in the southern part is not flat. The sloping effect of the bottom
topography could affect the structure of the lower layer in the sloping region as Park et al. (1995) suggested.

When the lower layer flows into the shallow channdl, it leaves the eastern boundary due to the potential vorticity
constraint. The separation depth calculated by the model is about 230 m. After separation, the lower layer hugs the western
boundary as the channel becomes shallow. This may explain why the KSBCW is observed only close to the Korean coast,
irrespective of water depth.

In most hydraulic problems, hydraulic control occurs at a minimum section (Gill 1977; Whitehead et al. 1974). After the
control, the counterflow vanishes and the width of the lower layer becomes smaller by far than that before the control, and
it decreases as the channel depth increases. Korea Strait, however, becomes continuously shallower from the northern basin
to the study section (section D in Fig. 11 ©=) except in the coastal region. Moreover, the calculated width of the lower layer
(6 km) after the control is too small compared with those observed (30— 50 km) in section D, whereas the width of the
lower layer before the control (40 km) is comparable. Therefore, the hydraulic control is unlikely upstream of the study




section. It is possible, however, that a hydraulic control occurs in the downstream of section D, as Park et al. (1995)
suggested, because there is a shallow region along the Korean coast (Fig. 11 ©=). But the hydraulic control downstream
does not affect the layer configuration and velocity in the study section.

The northward TC in the Korea Strait has a positive relative vorticity, based on the vertical stretch caused by the increase
of the water depth from 120 to 150 m. Therefore, the northward velocity near the Japanese coast increases, and thisis
considered as the formative mechanism of the first branch of the TC. Along the Korean coast, however, the TC meets the
bottom cold water, shrinks, and has negative relative vorticity. The thickness of the upper layer near the Korean coast is
about 100 m at section D in August, which is comparable with the model result. This change of relative vorticity due to
shrinking of the upper layer from 120 to 100 m may intensify the northward flow of the TC near the Korean coast.

The positive relative vorticity aong the eastern boundary and the negative relative vorticity along the western boundary
produce the southward flow in the central region of the strait. This may explain the occurrence of the southward currentsin
the central region of Korea Strait (Miita and Ogawa 1984; Katoh 1994). Figure 12 ©= shows the velocity section by direct
observation across Korea Strait (Miita and Ogawa 1984) in summer. The section was taken as a line about 20 km south
from the D line. Its depth is similar to that of the D line. It shows two northward flows along the coast and a southward
flow in the central region of the strait.

The observed current is stronger along the west coast than that along the east coast, whereas current calculated by the
model along line D is weaker along the west coast, as shown in Fig. 7 ©=. This discrepancy could be explained by two
reasons. 1) the narrow west channel of Korea Strait could accelerate the flow along the Korean coast in actual flow and 2)
the relative velocity along the west coast can exceed that along the east coast when the thickness of the upper layer in the
northern basin is thinner than the value used in the model, as shown in Fig. 10 ©=.

We previously reported that the location of the SML in the Ulleung Basin changes vertically with season (Cho and Kim
1998). Cho and Kim (1998) suggested that it could be related to the density of the upper layer, because they observed that
the cold water moves farther south in summer when the density of the upper layer decreases in Korea Strait. Figure 13 ©=
shows the 5°C isotherms, which represent the upper boundary of the SML in section E for each month. The depth of the
isotherm changes from 100 to 200 m. It is shallowest in August and deepest in February. The isotherm in February at depth
140~ 200 m is deeper by about 20~ 40 m than those in other months. It is certain that the depth of the SML in the Ulleung
Basin becomes deeper in winter.

Our model shows that the presence of the flow along the west coast is affected by the thickness of the upper layer in the

upstream basin (D'{h). When the top of the SML is deep (i.e, large Dlh) as in February, the volume of the KSBCW
decreases in the strait. This makes the velocity of the upper layer along the western coast weaker, as shown in Fig. 9 ©=. In
that case, most northward flow in the upper layer exists along the eastern boundary. This is consistent with hydrographic
observations, which show no branching in February when the bottom cold water is thinnest.

5. Summary and discussion

Recent hydrographic studies show the absence of the EKWC in winter. A two-layer rotating hydraulic model is applied to
explain dynamically the seasonal variation of the EKWC. When the lower layer flows southward in a shallow meridional
channel from the deep northern basin, it separates from the eastern boundary because of the sloping bottom in order to
conserve potential vorticity. After separation, the lower layer hugs the western boundary as the channel becomes more
shallow.

In aregion where the lower layer is absent, the northward flow in the upper layer has a positive relative vorticity to
conserve potential vorticity because the bottom becomes deeper from south to north. Therefore, the northward velocity has
its maximum on the eastern boundary. This may explain the formation mechanism of the branch along the Japanese coast.
However, the upper layer along the western boundary experiences shrinking of its water column because of the presence of
the lower layer, generating negative relative vorticities to conserve potentia vorticity. The negative relative vorticity
intensifies the northward flow of the upper layer near the western boundary. This mechanism explains the other branch
along the Korean coast, which has been known as the EKWC.

A beta effect may play arole in the formation of the EKWC, however; Cho and Kim (1996) showed that the change of
relative vorticity due to the shrinkage of the water column in this area is greater by one order of magnitude than that due to
the planetary beta effect.

When the SML layer in the basin is deep (i.e., small Bernoulli potential) as in winter, the volume of the KSBCW in the
strait decreases due to the smaller potential energy. With smaller Bernoulli potential of the lower layer, the model suggests
that the lower layer could not shrink the upper layer along the western boundary. Thus, the negative relative vorticity is not
induced in the upper layer. This may explain the absence of the EKWC in winter. The wind effect could be another factor



for the absence of the EKWC in rea flow in winter. The northerly wind in this area might prevent the formation of the
northward EKWC because it is stronger than 1 dyn cm 2 in winter (Naet a. 1992).

The positive relative vorticity on the eastern side and the negative relative vorticity on the western side may induce the
southward flow in the central region of the strait.

There are several defects in the present model. The velocity of the lower layer obtained from model seems too high when

compared to the 20 cm L measured di rectly by Isobe et al. (1991). We do not know the transport upstream and do not
consider the frictional effect, which may reduce the speed and alter the structure of the lower layer. Smith (1975) showed
that the flow affected by friction may cross the isobath. Many observations (Lim and Chang 1969; Cho and Kim 1998)
show the KSBCW in a deep trough, rather than on the western side in the western channel of the Korea Strait. We regard
these as secondary phenomena that might be elaborated in refinements to our model.
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Fig. 1. Bathymetry and schematic circulation pattern of the Korea Strait and neighboring sea. TC and KSBCW denote the
Tsushima Current and the Korea Strait bottom cold water. Study areais marked by arectangular box. Depths are in meters
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Fig. 2. CTD stationstaken in Apr, Jun, Aug, Oct 1991. Numbers represent depth. Solid triangles represent Japanese stations
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Fig. 3. Vertical sections of temperaturealong line D in (a) Apr and (b) Aug 1991
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Fig. 4. Schematic distribution of the lower cold water (shadow area) and the upper TWW (hatched area) in winter (a, ¢) and
summer (b, d). (@) and (b) are horizontal distributions, and (c) and (d) are vertical sections along the dashed linesin (a) and (b)
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Fig. 5. Model section with two moving layers
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Fig. 6. Thewidth of the lower layer with depth calculated from model (£, =1.2, =1 =10, LJ,=15Q, =106,Q,=0053,%",

= —O.5Q1, 'l’z = 0.5Q2, W = 5.0). The separation depth (HS) and the control depth (H C) are 2.30 and 1.31, respectively
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Fig. 7. Layer configuration and velocity when the depth (H) is 1.5; other parametersasin Fig. 6 ©=. (a) Before the control and
(b) after the control



Diztance
Click on thumbnail for full-sized image.

ln.r
Fig. 8. Asin Fig. 7a'@= except for DY _ 0.8
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Fig. 9. Asin Fig. 7a'@= except for DY 12
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Fig. 10. The velocity of the upper layer with the thickness of the upper layer in the northern basin (D L); Ve and V,, represent
the velocities along the eastern and the western boundary, respectively, and Vi isthe minimum velocity in the central region of

the strait
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Fig. 11. Bottom topography of the Korea Strait. Depths are in meters

Click on thumbnail for full-sized image.

Fig. 12. Section of velocity by direct observation across Korea Strait from Miita and Ogawa (1984). Numbers are velocitiesin
centimeters per second. Southward flow region is hatched
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Fig. 13. The 5°C isotherms of section E at each month in 1991. Numbersindicate months of observation
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