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Three-Dimensional Numerical Model Experiments of
Tidal and Wind-Driven Currents in Chinhae Bay

CHA-KYUM KM
Division of Environment, National Fisheries Research and Development Agency,
Yangsan-gun, Kyungsangnam-do 626-900, Korea

Tidal and wind-driven currents in Chinhae Bay are investigated using a three-dimensional numeri-
cal model developed by Kim et al. (1993). The simulations indicate that the flow patterns in the
bay are predominated by the bathymetry, wind and river inflow, and the effects of wind on the
flow pattern in the inner bay are much stronger than those in the entrance channel. Computed
tidal currents coincide with the field measurements. The horizontal and vertical velocities of tidal
and residual currents are strong in the entrance channel of the bay, whereas the velocities are relati-
vely weak in the western and northern parts of the bay. Computed velocity fields show the expected
phase difference between the velocities in the surface and those in the bottom layer, and these charac-
teristics are more remarkable during the spring tide than the neap tide. The surface currents in
the bay depend strongly on the wind and river inflow. and such phenomena are more remarkable
during the neap tide than the spring tide.
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INTRODUCTION

Chinhae Bay, located in the southeastern sea
of Korea, is a semi-enclosed bay with complex
topography and geometry (Fig. 1). The maximum
and average depths of the bay reach about 45
m and 15 m, respectively. The water exchange of
the bay takes place through Kaduk and Kyunnae-
ryang channels, and 86~90 % of the exchange
occurs through Kaduk channel (Kim, 1984).
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Red tides in Chinhae Bay occur every year since
the 1980’s (NFRDA, 1989), and oxygen deficiency
occurs in the bottom layer of the western and nor-
thern parts of the bay in summer since the 1980’s
(Hong, 1987; NFRDA, 1989; Lee et al, 1993). This
strong oxygen depletion harms marine organisms
and causes great damage to fisheries, and therefore
the productivity of the bay has declined significa-
ntly. To conserve and control the fish- and culture-
farm of the bay, the polluted water and sediment
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Fig. 1. Bottom topography of Chinhae Bay.

must be improved. To establish a sound coastal
management plan to improve fish- and culture-
farm environments, a thorough understanding of
the 3-D water circulation is required. Circulation
and transport associated with the tidal propagation
constitute one of the most important and everlas-
ting driving mechanism in coastal waters. The
non-linear term in the coastal zone is predomi-
nant, and the non-linear mechanism generates net
circulation over the shallow water in addition to
the tidal excursion. This net residual transport is
usually responsible for carrying constituents to
areas much beyond the extent of tidal excursion
over the time span of weeks or months. The tidal

residual circulation pattern is extremely difficult
to establish by measurement as only a limited nu-
mber of current meters can be employed. Numeri-
cal model has been become one of the important
planning tools widely used among coastal engi-
neers in the past two decades. To date, there exist
a large number of models which are formulated
for various purposes, and solved by different nu-
merical techniques (Leendertse and Liu, 1975; Ho-
riguchi et al, 1977; Sheng, 1983; Oey, 1988; Blum-
berg and Herring, 1987; Kim, 1992). The residual
circulation of a coastal area should be studied by
considering both barotropic and baroclinic modes.
Because the surface currents in Chinhae Bay is
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strongly influenced by wind and river inflow (Kim
et al., 1994), the influence of wind and river inflow
on the flow patiern of the bay should be studied.
Therefore, 3-D model of the wind- and river inf-
low-driven currents is required, because the curre-
nts cannot be described well by 2-D simulations
(Kim et al., 1994), 3-D hydrodynamic model emp-
loyed in the present study is BACHOM-3 develo-
ped by Kim et al. (1993). The model BACHOM-
3 includes tides, wind, freshwater inflows. density
effects and the effect of the Earths rotation. This
model provides a basic framework for futurce study
on the occurrence mechanism of eutrophication
and oxygen deficient water masses in Chinhac
Bay.

GOVERNING EQUATIONS

Assuming the hydrostatic pressure distribution
and the Boussinesq approximation, the governing
equations for an incompressible fluid in a three-
dimensional (x, y, z) coordinate system with the
z-axis vertically upwards are:
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where u, v and w are the velocities in x, y and
z directions respectively, p is the pressure, p, is
the reference density, f is the Coriolis parameter
as 2w sino where ¢ is the latitude, @ is the angular

speed of earth rotation, t is the time, g is the gra-
vity, p is the density, and . ¢ and e are the
eddy viscosity coefficients in x, y and z directions,
respectively.

After substituting Eq. (4) to Egs. (2) and (3),
and taking the vertical integration of Eqs. (1) to
(3) for the kth layer, and also using a streamline
condition at the surface and the bottom, the gove-
rning equations become:

ac b 6(uh)k a(Vh)k
ot k;{ ox * oy } 0. k=12b

®)

Jdu Ju du

Uy W {(u)k—lfz—(u)k+1/2}

ot ox dy h
e .

e i) (o 5)
O N o~ O LSRG
ZZ u ZI . gvy { {(v)kq/z;(V)kH/z]
DL T
i) 5 ()
Heg) o esdr o

where { is the displacement of the free surface,
b represents the bottom layers, h is the layer thic-
kness and p; is the density at the surface. Vertical
velocity at the interface between layer k and k+1
can be estimated as:

b(o o
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Salinity distribitions are obtained by solving 3-
D advection-diffusion equation of salinity. A linear
equation of state on density is assumed by Yanagi
et al. (1986):

p=p, (1+0.000757 S) ©)

where p is the water density, p; is the density of



98 Cha

freshwater (=0999), and S is the salinity.
BOUNDARY CONDITIONS

The shear stress at the surface is given as:
T, =Py WIW] (10

where W is the wind velocity (m/s), p, is the air
density (=0.00123 g/cm®), v, is the drag coefficient
of air which is given by Large and Pond (1981):

W<1l m/s
11<W<25m/s
(1n

A partial-slip condition is imposed at the sea
bed by assuming that shear stress is a quadratic
function of the bed velocity, and the no-flux con-
dition through the bottom is applied. Introducing
a bottom friction coefficient, the imposed relation
can be written in the following form:

(e,%—)b=yb2u Vv
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where v,2 is the bottom friction coefficient.
The vertical eddy viscosity is given as:
du \2 v )2
—w2A2
e BT @

where y? is the internal friction coefficient, and
Az is the vertical grid size.

At the closed boundary no-flux and full-slip co-
nditions are applied, and at the seaward boundary
water levels are prescribed. The Bongam River
and Yangduk River which are located in the nor-
thern part of Chinhae Bay are modeled with dis-
charge rates of 20 m’/s, respectively. The initial ve-
locity is taken to be zero, and the water surface
is taken to be at mean sea level. Boundary forci-
ngs consist of tides, winds and fresherwater inf-
lows.

NUMERICAL SOLUTION

ADI (Alternating Direction Implicit) scheme is

Kyum Kim

Table 1. Tidal harmonic constants used in the hydrody-
namic model (KORDI, 1983)

St Constituent  Speed Amplitude  Phase

(°/h) {cm) lag (°)
T-1 O, 1394 169 126.55
K, 1504 6.12 169.82
M, 2898 53.83 24372
S 3000 3241 291.34
T-2 O, 13.94 4.10 125.88
K, 1504 6.35 168.91
M, 2898 54.37 24453
S, 3000 3240 29192
T-3 O, 1394 463 130.51
K, 15.04 7.52 176.92
M, 2898 68.16 25341
S; 3000 4022 302.80

Table 2. Computational conditions of flow field

Parameters Values
Horizontal grid interval Ax=Ay=500m
Time interval At=40 sec

Vertical grid interval Level 1: 4 m(0~4 m)
Level 2: 6 m(4~10m)
Level 3: 6 m(10~16 m)

Level 4: below 16 m

Horizontal eddy viscosity &=g=24 m%s
coefficient
Initial salinity concentration  33.0%
Salinity concentration at 33.0%
open boundary
Internal friction coefficient v2=0.0025
Bottom friction coefficient v»:=0.0050
Coriolis parameter f=837%10"*
Wind direction N and S
Wind speed 414 m/s
Discharge of Bongam River 200m¥/s

Discharge of Yangduk River 200 m’/s

used to solve the governing equations, and upwind
differencing is used to solve advection-diffusion
equation. A space-staggered grid is used, and the
computational process is given by Kim (1992) and
Kim et al. (1993). The open boundaries are forced
with O,, K, M; and S, tidal constituents using
the data at Kaduk and Kyunnaeryang channels
listed in Table 1 (KORDI, 1983).

The model BACHOM-3 (Kim et al, 1993) is
run with horizontal viscosity of 24 m%/s, bottom
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friction coefficient of 0.005 and internal friction Table 2. computations during the spring and neap
coefficient of 00025 throughout the bay. The com- tides are made on the numerical grid. The tides
putational time step is 40 sec, and the honzontal at the model's open boundary are generated using
grid size is 500 m. There are 78X81 horizontal composited tida! elevation of the field measureme-
cells and 4 vertical levels. the vertical grid size nts given in Table 1. The simulation was carried
varies from 4 to 29 m. The computational condi- out for 498 hours of physical time on a 80486
tions are summarized in Table 2. personal computer. The flow patterns after 249
hours of the simulation were selected, because the

RESULTS - system becomes stable at this stage. The computed

current fields without wind in the levels 1 and

Tidal currents 3 are shown in Fig.2. The simulations indicate
that the propagation of tide in the study area is

With computational conditions summarized in dominated by the bathymetry and the geometry.
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Fig. 2. Computed velocity fields without wind during the ebb and flood flows of the spring tide.
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Due to the shallow depth and the coastal boun-
dary , the mass fluxes in the inner part of Chi-
nhae Bay are much weaker than those in the dee-
per offshore waters. The horizontal velocities in
the inner bay and entrance channel of the bay
are actually quite comparable in magnitude. Ma-
ximum currents in the levels 1 and 3 of Kaduk
channel are 120 and 95cm/s respectively, whereas
the magnitudes of currents in the levels 1 and
3 of the western and northern parts of the bay
are below about 30 and 20cm/s, respectively. The
water exchanges of the bay almost take place th-
rough Kaduk channel. The exchanges through
Kyunnaeryang channel are very weak, and the in-
fluence extent is restricted to the southern part
of Kajo-do.

Fig 3 shows the north-south components of ti-
dal velocities with time in the levels 1 to 4 of
Sts. C-1, C-2 and C+4 during the spring and neap
tides. We can see that the decrease in velocities
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3. North-south components of computed horizontal currents without wind during the spring and neap tides.

with depth from the surface is considerable. The
phase lag increases with the distance from the bo-
ttom, because the inertial force becomes stronger
compared to the bottom friction force. These cha-
racteristics are more obvious during the spring tide
than the neap tide, because the difference of the
inertial and bottom friction forces during the sp-
ring tide is larger than that during the neap tide.

Comparison of the computed tidal current elli-
pse in the level 1 and observed one (Kim et al,
1994) in the surface layer is shown in Fig. 4, and
the computed results coincide with the observed
data except residual current In both cases, the
diurnal tide becomes weak, while the semi-diurnal
tide becomes much more apparent. The diurnal
tide in the field is larger than that in the model
because of the wind effects, etc., but composited
velocity amplitude of the observed diurmal and
semi-diurnal tides is almost equal to the computed
one.
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Fig. 4. Comparison of computed and observed tidal current ellipses during the spring tide.

Wind- and river inflow-driven currents

The patterns of wind- and river inflow-driven
currents which are typically three-dimensional and
complex are very difficult to understand from in
situ measurements. Therefore, the numerical mo-
del would be a useful and economic tool to study
such phenomena, even if its indications are not
very accurate. In principle, calculations should
take into account the response of the entire sur-
rounding sea to wind forcing and large scale at-
mospheric pressure gradients. However, some inte-
resting qualitative information on the response of
the bay to wind forcing can be obtained from
local simulations. Therefore, simulations of the di-
rect action of the wind on the bay have been per-
formed. The mean wind speed, 2.3 m/s, observed
in Masan Meteorological Station for 6 years (19
85~1990) is taken to simulate the wind-driven cu-
rrents. North (N} and south (S)wind are used
as the representative directions during winter and
summer, respectively. However, because the wind
speed at sea is generally 1.5~2.0 times higher than
the wind measured on land (Yanagi, 1980), the
wind speed input used in these simulations is 1.8
times of land-based measured value. Therefore, the
simulations for uniform wind fields of 4.14 m/sec
were performed during 49.8 hours. Fig. 5 shows

the stick diagrams of computed horizontal veloci-
ties in the levels 1 and 3 of Sts. C-2, C4 and
C-9 without and with wind during the spring tide.
The currents in the entrance channel (St. C-4) ha-
ving strong currents are not greatly influenced by
the wind, whereas the currents in the inner part
(Sts. C-2 and C-9) of Chinhae Bay are strongly
influenced by the wind. We can see that wind-dri-
ven velocity is an essential factor of the long-term
water motion in the bay, because the influence
of wind is very strong throughout the bay.

Fig. 6 shows the influences of the tide, wind and
river inflow on the surface flow of Sts. C-1, C-2
and C4 during the spring and neap tides. The
surface currents in the bay depend strongly on
the wind, and such a phenomenon is more remar-
kable during the neap tide than the spring tide.
The effects of wind on the flow pattern in the
inner bay are much stronger than those in the
entrance channel. When the discharge of 20 m'/s
from the Bongam River and Yangduk River inf-
lows to Chinhae Bay, the influence of freshwater
at St C-1 is apparent. On the contrary, there is
virtually no evidence of freshwater influence at St.
C-2. And also, the influence of the river inflow
at St. C-1 is more remarkable during the neap
tide than the spring tide.

Fig. 7. shows computed vertical velocities in Sts.



102 Cha Kyum Kim

LEVEL | (DEPTH=0-4y M}

ST. -2 (NO WINDI 0 200H/5 ST. C-2 (WITH N WING! 0 OCM/
SPARING TIDE [ — SPRING TI0E 2. 3
LEVEL | (DEPTH=0-4 ™I

LEVEL 3(DEPTH=10-16 M LEVEL 3WEPTH=10-16 M

ST. -2 INO WINDI o 200M/S ST. -2 (WITH N WINDI 0 200M/5
SPRING TIOE T 4 SPRING T1DE Z‘

y 8 12 16 20 24 4 8 12 16 20 24
TIME tHRS) TIHE (HRS)
ST. C-4 (NO HIND) o) 100CM/S ST. C-4 (WITH N WIND: o 100CM/S
SPRING TI0E I SPRING TI0E
LEVEL | {DEPTH=0-4 ™M LEVEL | (DEPTH=0-4 ™!

ST. (-4 (NO HIND) h) 100CM/S ST. (-4 (HITH N WINC
. G- NG 0

SPRING T1DE s SPRING T1DE 100CH/S

LEVEL 3(DEFTH=10-16 MI LEVEL 3(DEPTH= 1016 Mi

4 8 12 16 20 ]

TIHE (HRS! 4 8 12 16 20 24
TIME (HRS)

ST. €-9 (ND HINDI ] 20CH/5 ST. £-9 IHITH N WIRM g 200H/S

SPRING T1DE [ — SPRING TIDE [ ——

LEVEL 1IDEPTH=0-4 M LEVEL 1 (DEPTH=0-4 ™M

LEVEL 3(DEPTH=10-t6 M

31. (-9 ING HIND) o SICHAS ST, €-9 WITH N WINL g 0CHZS
SPRING TIDE N SPRING TIDE s
LEVEL 3UDEFTH:10-16 Mi

TIME tHRSI TIME (HRS)

Fig. 5. Stick diagrams of computed velocities without and with wind during the spring tide.
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C-2, C4, C-6 and C-9 without and with wind du-

ring the spring tide. The vertical velocities are stro-
ngly influenced by the wind, and the velocities
decrease with depth from the surface. The vertical
velocities in the entrance channel (St. C4) are be-
low 2mm/s. whereas the velocities in the western
(Sts. C-6 and C-9) and northerm parts (St. C-2)
of Chinhae Bay are below 0.2 mm/s. Therefore,
we can see that the vertical circulations in the
entrance channel are strong while the circulations
in the inner bay are very weak. Consequently, ox-
ygen deficiency in the bottom layer of the western
and northern parts of the bay is presumably attri-
buted to the weak vertical and horizontal circula-
tions there.

Fig. 8 shows the computed residual currents in
the levels 1 and 3 without and with wind during
the spring tide. Computed maximum tidal residual

currents {top of Fig.8) in the levels 1 and 3 of
Kaduk channel and the central channel of the
bay during the spring tide are about 30 and 22
cm/s respectively, and numerous eddies take
place. Tidal residual currents in the levels 1 and
3 of the western and northern parts of the bay
are below 7 and 3 cm/s, respectively. Tidal residual
currents in the northern part of Kajo-do go toward
the north, whereas the currents in the southern
part move down the bay, and the currents around
Bu-do are rotating clockwise. When N- and S-wi-
nds are blowing, the residual flows in the level
1 of the inner bay correspond with the wind dire-
ction, but the residual flows in the level 3 of the
inner bay go in the opposite direction. In the case
of N-wind, downwelling occurs in the southern
part of the bay, whereas upwelling takes place in
the northern part of the bay, and the case of S-
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Fig. 7. Computed vertical velocities without and with wind during the spring tide.

wind is in the opposite way of N-wind. This is
a well-known feature of wind-driven currents in
littoral zones and lakes. The effects of wind on
the residual flow pattern in the inner bay are also
stronger than those in the entrance channel.

SUMMARY AND CONCLUSIONS

Three-dimensional numerical model experime-
nts of tidal and wind-driven currents are perfor-
med in Chinhae Bay during the spring and neap
tides. The hydrodynamic model, BACHOM-3, de-
veloped by Kim et al. (1993) using an ADI finite

difference scheme is employed to solve three-di-
mensional momentum and mass equations. The
simulations indicate that the flow patterns in the
bay are predominated by the bathymetry, wind
and rver inflow, and the effects of wind on the
flow pattern in the inner bay are much stronger
than those in the entrance channel. Computed ti-
dal currents coincide with the field measurements.
Strong tidal residual currrents having numerous
eddies occur in Kaduk channel and the central
channel of the bay, and the currents around Bu-
do are rotating clockwise. Computed velocity fields
show the expected phase difference between the
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Fig. 8 Computed residual currents in levels 1 and 3 without and with wind during the spring tide.
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velocities in the surface and those in the bottom
layer. and these characteristics are more remarka-
ble during the spring tide than the neap tide. The
surface currents in the bay depend strongly on
the wind and river inflow, and such phenomena
are more remarkable during the neap tide than
the spring tide. In the case of N-wind, downwel-
ling occurs in the southern part of the bay, whe-
reas upwelling takes place in the northern part
of the bay, and the case of S-wind is in the oppo-
site way of N-wind. Oxygen deficiency in the bot-
tom layer of the western and northern parts of
the bay is presumably attributed to the weak verti-
cal and horizontal circulations. This model will
be used as an important tool to investigate the
occurrence mechanism of eutrophication and oxy-
gen deficient water masses in Chinhae Bay.
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