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Tidal energy in Suyoung Bay, Korea

Dong-Sun KiM™ and Tetsuo YANAGI®

Abstract: To investigate the characteristic of M, tide, tidal current and tidal energy in
Suyoung Bay of Korea, we developed two-dimensional numerical model under the cartesian
co-ordinate. The maximum speed of M, tidal current is about 30cm s~ ' at the north-eastern and
south-western part of the bay. M, tidal energy flux in Suyoung directs from the north-east to
the sout-west. The maximum values of M, tidal energy flux are seen at the south-eastern and
north-eastern part of the bay and M., tidal energy loss by bottom friction at unit area in

1 2

Suyoung Bay is 34 ergss ' cm ™%

1. Introduction

Suyoung Bay is situated at the south-eastern
coastal area of Korea where the topography
gradually widens and deepens from the mouth
of Suyoung River to off-shore. It is a coastal
plain type estuary whose shape is nearly trian-
gle. The inner bay water mass is directly sub-
jected to the intrusion of the off-shore water
mass (Fig. 1).

By the report of the Pusan City of Korea
(1984), the semi-diurnal tidal component is dis-
tinguished and the tidal form number (K,+0.
/M:+S,) is 0.11~0.17 in Suyoung Bay. The av-
erage tidal range is about 10lcm, 36cm in
spring and neap tide, respectively. The ampli-
tude of M. tide is 34.3cm and that of S. tide is
16.4cm.

Until now, the studies about tide and tidal
current have been carried out by Kim and HaN
(1982), JunG and Yoa (1992), Kim and LEE
(1991, 1992) and HwanG (1993) but there has
been no study on the tidal energy in Suyoung
Bay. Therefore, in this study, we try to make
clear the characteristic of M. tide, tidal current
and to inquire about the M. tidal energy in
Suyoung Bay.

2. Numerical model of tide & tidal current
The equations used in this numerical simula-
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tion are the horizontal two-dimensional mo-
mentum and continuity equations for tide and
tidal current in the homogeneous fluid under
the cartesian co-ordinate which are as follows
(YANAGI and OKAMOTO, 1985),
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where # is the depth-averaged velocity vector,
t the time, V the horizontal differential opera-
tor, f (=2Qsin® : Q=727X10"%ec 'and ®=
35°07'N) the Coriolis parameter, K the locally
vertical unit vector, g (=980 cm sec™?) the
gravitational acceleration, n the surface eleva-
tion above the mean sea level, 7§ (=26X107%)
the bottom frictional coefficient, H the local
depth, v (=5.0X10°cm? ") the horizontal eddy
viscosity.

Equations (1) and (2) are approximated by
finite-differences and are solved by the primi-
tive method (YANAGI ef al., 1983). Depths used
for this model were taken from Korean
hydrographic chart No. 201C. The maximum
depth is 54 m and the calculation grid size is
0.2 km X 0.2 km. For the computational stability
of numerical calculation, the time interval ac-
cording to Courant-Friedrichs-Lewy criterion
(MESINGER and ARAKAWA, 1976) is 5 sec in this
study.
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Fig. 1. Map of the study area where Stn. C is the current observation station. Broken line
shows the open-boundary of numerical model. Numbers show the depth in meter.

Along the eastern open-boundary (129° 12’E),
the M. tidal amplitude decreases from 34cm
to 32cm toward the north and the phase de-
creases from 235° to 233°in the same direction.
The phase at the southern open-boundary
(85°06’' N) is 236°. As for the amplitude along
the southern open-boundary, it decreases from
35cm to 34cm toward the east (ODAMAKI, 1989).
M. tidal wave propagates from the north-
eastern part to the south-western part of
Suyoung Bay.

The quasi-steady state is obtained four tidal
cycles after the beginning of the calculation
and the harmonic analysis of sea surface eleva-
tion and current field is carried out at the 5th
tidal cycle.

09 12912

3. Results

The calculated results of amplitude and
phase of M, tide and tidal current are shown in
Fig. 2. The amplitude and phase of M, tide is
about 34cm and 234° at the mouth of river,
respectively. The amplitude of M. tital current
is about 40cm s 'at the outer bay and about 1
cm s~ ' at the mouth of river. The phase of M.
tidal current is 330° at the southern part of the
bay and about 270° at the mouth of river. From
this figure, we can understand that M, tidal
wave behaves like a standing wave at the cen-
tral part of Suyoung Bay because the phase dif-
ference between tide and tidal current is near
90°. The comparision of calculated M., tidal cur-
rent ellipse and observed one (KM ef al., 1991)
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Fig. 2. Calculated amplitude (left) and phase (right) of M. tide (upper) and M, tidal current
(lower). Phase is reffered to the transit of Moon at 135°E.

at Stn. C (see Fig. 1) is shown in Fig. 3. The dot- slower than that at the outer bay. Generally,

ted circle shows the observed result 3 m below the flow pattern of M. tidal current at the maxi-
the surface of Stn. C, and the full circle the cal- mum ebb is opposite to that of maximum flood.
culated one. The calculated M, tidal current el- The calculated tide-induced residual current
lipse by our model well reproduces the by M. tidal current, which is obtained by aver-
observed one in speed and direction. aging calculated tidal current over one-tidal

The flow patterns of M, tidal current at the cycle, is shown in Fig. 5. Tide-induced residual
times of maximum flood and ebb at the central current by M. tidal current makes two
part of the bay are shown in Fig. 4. The M. tidal circulations in the bay, that is, one is the east-
current at the maximum flood flows from the ward flow at the north-eastern part and the
north-east toward the south-west. The tidal other is the southward flow at the south-
current at the inner bay flows parallel to the western part.

coastal line and the speed at the inner bay is
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Fig. 3. Observed (full line) and calculated (dot-
ted line) of tidal current ellipses at Stn. C.

4. Tidal Energy
The tidal energy flux through the n-th grid is
estimated as follows (YANAGI et al., 1982),

E% V,H, cos ®Y ©)

where V» is the amplitude of tidal volume
transport through the n-th grid, A» the tidal
amplitude at the n-th grid, and ®»" the phase
difference between the tidal volume transport
and the tidal elevation.

The vector average of tidal energy flux
through each grid gives an indication of the di-
rection and magnitude of tidal energy flow as-
sociated with M, tidal component. These
vectors are shown in Fig. 6 (a). There is a no-
ticeable reduction in tidal energy flux near the

M2 TIDAL CURRENT

195

shallower area. It is shown that M, tidal energy
in Suyoung Bay is from the north-eastern part
toward the south-western part and this is the
same as the tidal wave propagation. Fig. 6 (b)
shows the tidal energy flux which is
intergrated at the eastern and southern
boundaries. The tidal energy flux through the
eastern boundary and that through the south-
ern boundary are 4.69 X 10"%ergs s, 3.11 X 10"?

ergs s ', respectively. Therefore the tidal en-
ergy of 1.58 X 10" ergs s™' is lost in Suyoung
Bay.

On the other hand, the M., tidal energy dissi-
pation can be directly estimated by the follow-
ing formula (TAYLOR, 1919),

3

EF:3—47[><7,,2><S><<%> (&)

Here 7§ is the bottom frictional coefficient (=
2.6X10%), S the surface area of each grid, A the
cross sectional area of each grid, V the ampli-
tude of tidal volume transport across each grid.
The application of this formula to the Irish sea
(TAYLOR, 1919) demonstrated that the tidal en-
ergy flow from the ocean tides into a partially
enclosed body of water was principally dissi-
pated by the bottom friction. The distribution
of M, tidal energy dissipation due to bottom
friction in Suyoung Bay is shown in Fig. 7. The
maximum values of M, tidal energy dissipation
are seen around the south-eastern and the

M2 TIDAL CURRENT
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Fig. 4.

Maximum flood (left) and ebb (right) M, tidal current.
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M2 TIDE-INDUCED RESIDUAL FLOW
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Fig. 5. Calculated tide-induced residual current
by M, tidal current.

north-eastern part of the bay. The total M. tidal
energy dissipation due to bottom friction is
1.03X 10" ergs s~' in Suyoung Bay. The differ-
ence of M, tidal energy flux between the east-
ern and the southern boundaries (1.58 X
10" ergs s~') is nearly the same as the calcu-
lated result (=1.03x 10" ergs s™') by Eq. (4).
This fact shows the propriety of the M, tidal
energy calculation of Eq. (8).

5. Discussion

We developed two-dimensional numerical
model under the cartesian co-ordinate in
Suyoung Bay of Korea, compared its results
with that of field observation and calculated
the M. tidal energy. The calculated M, tidal
current by our model well reproduces the ob-
served one in speed and direction. The tide-
induced residual current, generated by the M.
tidal current, is eastward and southward flow
around the north-eastern and south-western
part, respectively.

The comparision of M. tidal energy in
Suyoung Bay, Korea and the Seto Inland Sea,
Japan (YANAGI et al., 1982) is shown in Table 1.
The maximum values of M, tidal energy flux in
Suyoung Bay are seen around the south-
eastern and north-eastern part. The M- tidal en-
ergy flux in Suyoung Bay directs from the
north-east to the south-west. On the other
hand, local maximum values of M, tidal energy
flux in the Seto Inland Sea are seen around the
Sea of Iyo and Akashi Strait (YANAGI et al.,
1982). The topography of Suyoung Bay is mo-
notonous that is gradually widens and deepens
from the mouth of Suyoung River to off-shore
(see Fig. 1). On the other hand, the topography
of the Seto Inland Sea is very complicated (see
Fig. 8) and that causes very strong tidal cur-
rent, especially near the straits. The maximum
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Fig. 6. M, tidal energy flux vectors (a) and the M, tidal energy flux at the eastern and the

southern boundaries (b).
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Table 1. M, tidal energy loss per unit area (E), M, tidal energy flux (£ ), Mtidal energy dis-
sipation due to friction (£*), amplitude of tidal volume transport (V), and cross sectional
area (4) in the Suyoung Bay and Seto Inland Sea.

E E° E’* V A
ergss 'cm™? ergss”’ ergs s™! cm®s™! km?
4.69x10" 3.26x10° 0.17
Suyoung (East Bound.) ' (East Bound.) (East Bound.)
\ 03X
Bay 34 3.11x10" 1.03x10 3.17x10° 0.16
(South Bound.) (South Bound.) (South Bound.)
37.4x10" 15x10" 12.5
Seto Inland (Bungo Ch.) (Bungo Ch.) (Bungo Ch.)
>< 15
Sea 189 9.5%x10" 416x10 2X10" 3.1
(Kii Ch.) (kii Ch.) (Kii Ch.)

*Surface Area : Suyoung Bay (30km?), Seto Inland Sea (22,000km?)
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Fig. 7. Distribution of M, tidal energy dissipation
due to bottom friction.
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amplitude of M., tidal current in Suyoung Bay
is about 40cm s~' and that in the Seto Inland
Sea is about 500 cm s~' at Naruto Strait. The
cross sectional area in Suyoung Bay is about 87
times smaller than that of the Seto Inland Sea.
Hence the amplitude of tidal volume transport
in Suyoung Bay is about 3 order of magnitude
smaller than that of the Seto Inland Sea. The
M. tidal energy loss per unit area is about 34
ergs s 'cm ?in Suyoung Bay and 189 ergss™’
cm ? in the Seto Inland Sea; the value of
Suyoung Bay is about 5.5 times smaller than
that of the Seto Inland Sea. The dissipation rate
of tidal energy by bottom friction, which

represents the rate of work per unit area made
by the flowing water column against bottom
friction, is large at the limited area like straits.
That is to say, the tidal energy loss per unit
area near the starits, where a strong tidal cur-
rent exists, is larger than elsewhere. In the Seto
Inland Sea, the tidal energy loss per unit area is
about 400 ergss'cm™ at the vicinity of
Tsurushima Strait, about 411 ergs s~ 'cm™® at
the southern area of Naruto Strait and about
532 ergs s~ 'cm™? at the western part of Akashi
Strait, especially a local maximum value about
17,021 ergss™'cm * around the Kurushima
Strait (YANAGI et al., 1982). These values are
about 2~90 times larger than the average M.
tidal energy dissipation per unit area in the
Seto Inland Sea.

Therefore, we consider that the difference of
M, tidal energy loss per unit area due to bottom
friction in Suyoung Bay and the Seto Inland
Sea is produced by the interaction of tidal cur-
rent with horizontal and bottom topography.
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