J. Korean Fish. Soc. 30(4), 667~678, 1997

1:5-_1.

A, 30(4), 667~678, 1997

2=
T

The Response of Temperature and Velocity Fields to M. Tide
in Deukryang Bay in the Southern Sea of Korea
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A primitive equation numerical model driven only by M. tide is used to examine role of tide in the
temperature and velocity fields of Deukryang Bay. The numerical model reproduces several features of the
observational temperature fields such that the isotherms tend to be parallel to the coast in the bay, and the
colder water exists at the right hand side in the bay. The horizontal temperature and velocity fields in the model
are dominantly influenced by bottom topography. The model also shows that the surface colder water in the
bay is accompanied by strong-alongshore current during the flood tide. An investigation for baroclinicity in the
bay by additional numerical experiment indicates that the baroclinicity in velocity field is very weak. The model,
however, did not reproduce a stratification in the observation, implying that the model needs to add other
semi-diurnal components such as §; O or K; tides to M, tide.
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Introduction

Circulation in a small bay around coastal area is basi-

cally controlled by tidal motion so that it is predominan- -

tly barotropic. However, the cause of temperature distri-
bution in the bay, such as Deukryang Bay which is loca-
ted at southern coast of Korea (Fig. 1) is subject to de-
bate relating to biological phenomena. The response of
the bay to tidal forcing, M. tide including a temperature
field is the focus of this paper.

Temperature distribution of Deukryang Bay in summer
in 1994 is given in Fig. 2 (after Choi et al, 1995). We
can find some interesting features, i.e. the isotherms tend
to be paralle] to the coast in the bay, and colder water
exists at the right hand side of the bay. In particular, su-
rface water in the spring tide (Fig. 2a) is colder with
about 2~3C than that in the neap tide (Fig. 2b). The
vertical profiles of temperature along line C in 1992-1994
(Fig. 3) shows a relationship between stratification and
tide. The stratification in the spring tide is significantly
weaker than that in the neap tide, as indicated by Lee
(1994). These observations illustrate tidal effect in the
temperature field of Deukryang Bay. From above results
we are interested in investigating an effect of tide on te-
mperature field using a three dimensional numerical mo-
del.

Numerical studies of circulation in Deukryang Bay
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first were carried out by Yosu Natl's Unversity (1992)
within a small area of the bay to investigate an effect of
damage due to a construction, and Jung et al. (1994) ex-
tended the calculation to all area of the bay using a shal-
low water model. Tidal currents calculated by Jung et al.
(1994), which is forced by M, tide, are given in Fig, 4.
In general the current is stronger in the right hand side
of the bay and flows along the coast as indicated by
them (also they showed that the model velocity corres-
ponds well to the observations in their figures’ 2 and 3,
not presented here). However, they could not give a
vertical structure of velocity field as well as a tempera-
ture field in the model due to an inherent limitation of
their models. To examine the role of tide in a tempera-
ture field of the bay, we utilize a primitive equation mo-
del described in detail by Blumberg and Mellor (1987).
This model are well documented and reproduce many of
the observed features of the coastal and esturine water
(Hukuda et al., 1994; Galperin and Mellor 1990 a, b; Oey
et al, 1985), and large scale circulations (Zavatarelli and
Mellor, 1996; Mellor and Ezer, 1991). The model is dri-
ven only by M; tide of semi-diurnal components of tide
which occupy about 90 % of total energy in Deukryang
Bay (Lee et al,, 1995).

In the next section, a discussion of the model is pre-
sented. The following section presents temperature and ve-
locity fields of the model in the bay, and also presents
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Fig. 1. The model bottom topography of Deukryang
Bay. Depths are in meters. St. A represents
a velocity observation point. The observed
vertical temperature distribution is shown on
Line C.
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Fig. 2. The temperature distribution..of . Deukryang
Bay at surface (upper panel) and bottom la-
yer (lower panel) in the spring tide (a) and
neap tide (b) in summer, 1994 (Choi et al,,
1995).

a study of bottom topographic effect. The conclusions fol-
low.

Numerical Model

Fig. 3. The vertical profiles of temperature on line C

in 1992~1994.

The model is the Princeton ocean model (Blumberg
and Mellor, 1987). It is a primitive equation model with

a free surface, a split mode time step, and solves the fol-

lowing equations, i.e. continuity, momentum, hydrostatic,

temperature, salinity and density equations which are

given by
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Fig. 4. Tidal current in Deukryang Bay in the flood tide (a) and the ebb tide (b) (after Jung et al., 1994)

where u,v,w are the velocity components in the xy,z
directions, respectively, p the pressure, T the tempe-
rature, S the salinity, ¢ in situ density, P, (= constant)
the reference density, f the Coriolis parameter, g the
gravity, Ky the vertical eddy viscosity, Ky the vertical
eddy diffusivity, F'*® the horizontal eddy friction
terms, and F*S the horizontal eddy diffusion terms. The
model assumes the Boussinesq and hydrostatic approxi-
mations, and uses the Knudsen’s equation for solving the
equation (7). The Ky, Ky are determined by Mellor and
Yamada level 25 turbulence closure model (Galperin
et al., 1988). The horizonta! friction and diffusion te-
rms are given by the Laplacian forms with the coef-
ficients Ay and Ay given by Smagorinsky nonlinear
viscosity. The recon-
structed (1)~(6) on o-coordinate system defined by
6=(z—")/(H+n) where N and H are the surface eleva-
tion and the water depth, respectively. In that transforms

model is first

the horizontal friction and diffusion terms are treated ac-
cording to Mellor and Blumberg (1985) who argued that
the horizontal diffusion takes place along the constant
¢ levels. Asselin filtering method is used every time step
to prevent a split in the solution associated with the
leapfrog scheme. A more detailed description of numeri-
cal schemes is given by Blumberg and Mellor (1987).
Topography of Deukryang Bay to which we apply the
model is depicted in Fig. 1 as an idealized form. Note
that the zonal topography is very steep at the right hand
side in the bay, and the isobaths tend to be parallel to

the coast. Circulation in the bay may be significantly con-
trolled by the topographic effect. This will be discussed
in next section. At the first stage of the present study
the model is driven only by M. tide.

The normal components of velocity at coastal boundary
are chosen to be zero. At open boundary the normal
components of the external mode velocity (&) is calcu-
lated from a linearized momentum equation. In this pro-
cess horizontal friction terms are included to avoid an in-
stability within the first tidal period (Hukuda et al,
1994). For the internal mode velocity () a radiation co-
ndition of Orlanski (1976) is given. The tangential com-
ponents of both external and internal mode velocities are
subject to free slip condition, 2#/9y=3u/3%=0. The same
condition is also given for temperature and salinity. Ini-
tial temperature condition is horizontally homogeneous
with vertical structure similar to that observed in Deuk
ryang Bay (Kim, 1993) as shown in Fig. 5. A thermocline
is present at 5~15m depth. Salinity distribution, on the
other hand, is assumed to be equal everywhere to 34.5
% and used as a check on the conservation properties
of the finite difference technique. Initial sea level and ve-
locities are set to be zero, #=v=n=0. Wind and river
discharges are not involved in the model, and also the
heat exchanges are neglected on assumption of few va-
riation of heat flux through surface or open boundaries
for run-time of the model.

The horizontal grid is fixed to 1 km in both x and y
directions. The model consists of 10 vertical levels with
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Fig. 5. [Initial temperature distribution in the model.
The dis tribution is typical of that observed
in Deukryang Bay.

irregular vertical spacing in O space as listed in Table 1.
Note to show a fine resolution in the surface layer. Con-
sidering CFL condition, the time steps are set to 10 se-
conds for the external mode and 100 seconds for the in-
ternal mode. Bottom drag coefficient and horizontal drag
coefficient (Smagorinsky constant) are set to 2.5X107°
and 1072 respectively. The model is run for 10 tidal
periods (about 5 days) and the results of final 12 hour
period are presented. In this run-time tidal motion was
almost stable, i.e. implying small baroclinicity (See section
3). Of course, in this period a steady state solution of
temperature fields can not be obtained because the water
in the condition will be finally homogeneous. However,
to some extent a comparison of the model with the
observation can be possible because a heat exchange in
the bay through boundaries would be assumed to be
small in this period. The mode! results in the

Table 1. Vertical 6 coordinate distribution

Level o oy G

1 0.00
-0.010 0.021

2 -0.021
-0.029 0.021

3 -0.042
-0.059 0.042

4 -0.083
-0.118 0.083

5 -0.167
-0.236 0.167

6 -0.333
0417 0.167

7 -0.500
-0.583 0.167

8 -0.667
-0.764 0.167

9 -0.833
0917 0.167

10 -1.000

The quantity © is depths at which turbulence quantities
and the vertical velocity are located, 0’ corresponds to
the depth at which horizontal velocity, temperature, sal-
nity, and density are defined, and AG is the grid spa-
cing.

flood and ebb tides are compared with observational re-
sults in the spring and neap tides. These comparisons
will be possible when M. tide is very larger than other
tidal components, e.g. S;, Oz and K tides. The model re-
sults, however, give some discrepancies between the mo-
del and the observation (temperature field). We will dis-
cuss about that in the next section.

Results

Fig. 6 shows temperature fields of the model at level
3 (upper panels) and level 8 (lower panels). The model
reproduces several features of the observational tempe-
rature fields as shown in Fig. 2. That is; the isotherms
are generally parallel to the coast, and the colder water
exists in the right hand side of the bay. Surface water
in the flood tide (Fig. 6a) tends to be colder than that
in the ebb tide (Fig. 6b), although the difference between
them is small with about 0.5C, probably associated with
initial temperatur field, whereas in the lower layer there
are few change of horizontal temperature field during
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Fig. 6. The temperature fields of the model in the flood (a) and the ebb tide (b). CI=0.5C.

these periods as the observation (Fig. 2a, 2b; lower pa-
nels). Note the surface cold water transported into the
bay at the west of Kogumdo in the flood tide (Fig. 6a).
Velocity fields at level 3 and level 8 in Fig. 7 show that
this cold water is accompanied by the strong-alongshore
current in the flood tide. The pattern of the horizontal
velocity fields in the bay is basically similar to the results
obtained from a shallow water numerical model by Jung
et al. (1994) (the mean velocity field in the present mo-
del is not presented because of the almost similar to
theirs). The velocities in the flood and ebb tides have
values between 30 cm/s and 90 cm/s at level 3, and bet-
ween 10cm/s and 40 cm/s at level 8. Lee et al (1995;
Fig. 2) presented time series of surface velocity at the
upper layer (about 2m) at St. A in Fig. 1 which gives
ranges between about 10 and 50 cm/s in the flood and

ebb tides, as shown in Fig. 8. The model velocity at the
same place illustrates values between 20 and 60 cm/s
which correspond well to the observation. The velocity
fields in the model, as the temperature field (Fig. 6), also
have a horizontal contrasts as already shown in Fig. 4
calculated by Jung et al. (1994), ie. stronger velocity fie-
Ids exist in the right hand side of the bay. These horizo-
ntal contrasts are influenced by bottom topography. This
will be discussed later.

In Fig. 9 the vertical section of velocity along line C
is given. The exsistence of vertical velocity shear in the
bay for all tidal period clearly is showed, as pointed out
from a temporary current measurement by Shin (1993).
Main axes of the current are located at the deepest
places, and their locations are slightly changed according
to tidal period. Especially the velocity values in the ebb
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Fig. 7. The internal velocity fields at level 3 and level 8 in the flood (a) and the ebb tide (b).
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Fig. 8. The time series of velocity at St. A, 1992 (after Lee et al., 1995).
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Fig. 9. Alongshore velocity in the model along vertical section on line C.
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Fig. 10. The vertical section of temperature in the model in the flood (a) and the ebb tides (8b) along line
C in Fig. 1.C1=0.5T.

tide are generally larger (about 10 cm/s) than that in the per and lower layers are similar and imply that the baro-
flood tide. This tendency also corresponds to the obser- topic flow field is dominant.
vation (Fig. 8). In general, the flow directions at the up- Fig. 10 gives the calculated temperature along the
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line C. Colder water layer depth in the right hand side
of the bay is slightly more deepened in the flood tide (2
hrs) than in the ebb tide (8 hrs). This indicates that the
cold water at the right hand side of the bay is formed
by the inflow as given in Fig. 6 and Fig. 7. The model,
however, did not reproduce strong contrasts of stratifica-
tions between the flood and ebb tides as given in Fig.
3, because probably it is subject to be forced only by M.
tide. To reproduce a contrast of stratification in the bay,
more detailed numerical study including other tidal com-
ponents, e.g. Sz, 0; and K; will be neccessary in the fu-
ture.

As we already indicated, zonal topography in Deukry-
ang Bay is very steep in the right hand side, and the
isobaths tend to be parallel to the coast of the bay. In
the model and the obsevations (Figs. 2, 5, and 6) we ob-

tained the distributions of the isotherms similar to the
isobaths. The relationship between the temperature and
Jor the velocity field, and bottom topography is simply
investigated using a flat bottom model with depth of 40
m. All the conditions of the experiment (hereafter, Ex 2)
are the same as the basic experiment (hearafter, Ex 1)
except for the constant depth.

Fig. 11 gives temperature fields in the flood (Fig. 11a)
and the ebb tides (Fig. 11b) in Ex 2. Note that the hori-
zontal constrasts as shown in Fig. 6 (Ex 1) has entirely
disappeared in the lower layers (level 8) where tidal
current becomes weeker due to bottom friction, while
they still remains around entrance of the bay in the up-
per layer (level 3). Velocity fields in Ex 2 in Fig. 12
show the same tendency as the temperature fields. Con-
sequently, these results show that the distributions of
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Fig. 11. The temperature fields in the flood (a) and the ebb tides (b) in Ex. 2. C1=0.5C.
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Fig. 12. The velocity field in the flood (a) and the ebb tides (b) in Ex. 2.

temperature and velocity fields in the bay have been inf-
luenced by the hottom topography, especially in the lo-
wer layers. This implies that tidal effect in the surface
layer seems to be more dominant than the topographic
effect. Velocity directions between the upper and lower
layers (Fig. 12) are opposite each other due to dominant
role of internal waves.

Finally, to see how baroclinicity modifies velocity field
in the bay, we run a shallow water model of which all
conditions are the same as Ex 1 except for elimination
of baroclinicity. The present model (Blumberg and Mel-
lor, 1987) is optionally possible to examine a barotrophy.
Each mean flow field averaged over 12 hours period are
given in Fig. 13 (Note enlarged arrows of velocity vec-
tors). The velocity field in Ex 1 (Fig. 132) including

baroclinicity is intensified about 30~50% (3~5 cm/s)
than that in the homogeneous model (Fig. 13b) especially
around the bay entrance or Deukryang Do which are
deeper places in the bay (Fig. 1). This shows that baro-
clinicity in the flow field in the bay is very week.

Conclusions and Disscussion

A primitive equation numerical model driven only by
M; is used to examine role of tide in temperature and
velocity fields of Deukryang Bay. The results of numeri-
cal experiments represent several features of the obser-
vational temperature and velocity fields, such as repro-
ducing horizontal distributions or contrasts of tempera-
ture. The model showes that horizontal temperature
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Fig. 13. The mean current vectors averaged over 12 hour period in Baroclinic model (a) and homo’geneous
model (b). Note that arrow scale is enlarged compared with Fig. 7.

and velocity fields are dominantly influenced by bottom
topography of which the effect makes the velocity field
in the right hand side of the bay more stronger. The
model also showes that surface colder water in the bay
is accompanied by a strong-alongshore current during the
flood tide. Vertical velocity shear exists. An experiment
to examine baroclinicity in the velocity field indicates that
it is very weaker than barotrophy in the velocity field.
Hukuda et al (1994) reported that baroclinic velocity
field can be modified by runoff from a large river. In
Deukryang Bay there is a few river such as Soomoonli st-
ream of which runoff seems to be small. However, if we
can take into account such runoff into the bay, the velocity
or density field might be slightly modified. The horizontal
space resolution in the model was coarse with 1km X1km.
If we adopt fine resolution the flow field near to eastern
boundary with horizontally steep topography may be
partly modified. Our model was not considered variation
of salinity, wind effect, or heat flux at open boundaries.
Also the model could not give a good steady solution due
to a simple boundary condition. Especially the model did
not reproduce strong stratification similar to the observa-
tion. Probably this will be related to consider only M;
tide as a forcing. In next study we will consider the ef-
fect of other semi-diurnal tidal components, e.g. Sz O:
and Kz In summary, although we could not fully repro-
duce the temperature and velocity fields in the bay due
to various problems discussed above, the model was par-
tially successful, and the study for the improvement of

a model perfomance will be conducted experimentally
and theoretically in the future.
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