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Modeling of Tidal and Wind-Driven Currents in Eastern
Coastal Waters of the Yellow Sea
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Abstract [ This study uses a numerical model to investigate the circulation patterns of the tidal and
wind driven current components. The model is vertically averaged 2-D transient, using explicit nume-
rical scheme, based on equation of motion and continuity, forced by water elevation at open bounda-
ries and wind stress. The model domain extends from 35°N to 36°40'N lat, and 125°E to 126°40'E
long. with x, y grid spacing of 5km. The model reproduces the tide and tidal currents by 4 major
constituents successfully with more than 90% accuracy when compared to two offshore tidal records
and currents at one offshore measurements for 22 days. Responses of coastal waters to six schematic
wind events are analyzed in terms of current distribution patterns and local features. Regardless
of wind directions, strong coastal currents were produced. Bottom topography plays a critical role
in producing a local eddy field whose center is located offshore Pu An with its major radius of

40 km.
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1. INTRODUCTION

Numerical modellings have been applied to a
wide area of oceanographic problems including glo-
bal warming issues, general circulation in the ocean,
trajectory of pollutant, oil spill, and search and res-
cue operation with a reasonable degree of success.
These efforts are directed toward two goals, namely
academic and practical. More and more, numerical
modelling is becoming a powerful and reliable tool
in both direction. since the accuracy of model pre-
dictions is being verified in many ways and the
steps of model calibration have been more rigorou-
sly established.
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Since the modelling work to reproduce the tide
and tidal currents in the Yellow and East China
Sea (An, 1977 Choi, 1980), the numerical modelling
applications have increased in recent years in many
oceanic problems. Those include various water bo-
dies in nearshore, coastal, shelf, slope, sea and ba-
sin-scale ocean with subjects concerned with local
tide simulation, sediment transport, conceptual and
diagnostic modelling of ocean circulation. environ-
mental impact assessment, prediction of heat dis-
charge. etc (Choi, 1984; Choi et al., 1989; Kim et
1989; Kim, 1991; Kang er al, 1989: Ro et al.,
1991). However. few works have been directed to
validate the model with careful calibration of the
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Fig. 1. Modelling domain for the middle section of the
West Coast of South Korea with bottom topogra-

phy.

model results by field measurements. This paper
presents results from applications of the model to
the observed data sets of tide and tidal currents
for the purpose of model calibration.

This study investigates coastal currents driven by
tide and wind in eastern coastal waters of Korean
Peninsula (Fig. 1) by using a 2-D vertically averaged
numerical model. Two objectives of the modelling
efforts are i) to simulate tide and tidal current, ii)
to reproduce wind-driven current and to investigate
response characteristics of water body to wind eve-
nts. The model predictions are calibrated to a high
degree of accuracy which can be useful in a certain
area of practical applications such as oil spill and
rescue operation in the future. This study is exten-
ded to Part II in that particle trajectory modelling
is carried out and the diffusion/dispersion characte-
ristics are analyzed.

2. MODELLING CONSIDERATIONS

Considerations for the development or selection
of model (Sheng et al., 1989) are numerical method,
equations solved, time differencing scheme, spatial
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Fig. 2. Model grid system and coastal boundary, 58: Sin
Jin-do. 690: Wi-do, 222: Oe Yun-do.

differencng scheme, horizontal and vertical grid st-
ructures, host computer and etc. Based on these co-
nsiderations in addition to the characteristics of ap-
plications. the model we use is 1) vertically averaged
2-D transient, 2) using explicit numerical scheme,
3) based on vertically averaged equation of conti-
nuity and motion, 4) forced by water elevation at
open boundaries for tide and wind stress at the
surface.

Model specifications are as follows: As shown
in Fig. 1, the model Domain encompasses 35°-36°40°
N latitude, and 125°10-126°30" E longitude with
grid spacing of 5km. Due to the nature of explicit
computational scheme used, the time interval of 60
seconds was used to meet the CFL stability crite-
rion. The computational grid system and other im-
portant stations for calibration strategy are shown
in Fig. 2.

3. NUMERICAL SCHEMES

The vertically averaged governing equations for
continuity and current motions are
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where 1 is the sea surface elevation and u and v
represent vertically averaged velocities such as

_I_J"i ' d —l_fn ' d
u= H hU Z V= H hV VA

The cartesian coordinates, x and y is increasing
eastward and northward positively. H is water co-
lumn depth (h+n). f is coriolis parameter, g is gra-
vitation constant and for friction coefficient, k, the
value of 0.0025 was used for all cases.

Finite difference forms of continuity equation, (1)
and of linearized equations of motion, (2). (3)
are
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where d;=(H,+H,;.1)/2, e=H+H,.)/2,
D,=max(d, H,). E-=max(e, H,)
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and t denotes for time increment of 600 seconds.
Index notations and other conventions are referred
to Flather and Heaps (1975).

4. MODELLING OF TIDE AND
TIDAL CURRENT

The predominant coastal current in this area is
due to astronomical tide. This study is focusing on
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Fig. 3. Time series of tidal elevations imposed at 3 stations
on the southern boundary.

the four major tidal constituents, namely M,, S,
K. O. Reproduction of tides and tidal currents in
the study area would reguire the specifications of
tidal elevations along the three open boundary lines.
Of course, the degree of success in reproducing the
tide and tidal current depends heavily on the boun-
dary conditions imposed. Thus the task of obtaining
the accurate amplitude and phase information is
crucial. However, the data source needed for the
model calibration is very much limited and mostly
confined to the coastal tidal stations. The tidal sta-
tions where the tidal records were used for calibra-
tion purpose are indicated in Fig. 2. Depths speci-
fied at the center of each cell were extracted from
bathymetric data gathered from the Navigation
chart revised by the Office of Hydrographic Affairs,
Korea in 1985. Historical tide data at the open bou-
ndary is almost non-existent. Such a situation in
modelling works puts a great burden and limitation.
Simply. it means that we have to rely on our best
guess on the offshore boundary condition. A source
we rely on comes from the cotidal and cophase
chart by Choi (1980). Yet, these charts are not ade-
quate enough to resolve small local area, since it
covers the entire Yellow Sea and East China Sea
area. Two island tidal stations, Wi-do (690) and Sin
Jin-do (58) provide tidal records in the offshore wa-
ter area, which are used for the model calibration
purpose. The model was started at zero sea surface
elevation and tidal forcings were subsequently ad-
ded at open boundary points with predetermined
tidal harmonics. Fig. 3 shows the time series of sea
levels at three open boundary points marked in Fig.
2. Table 1 lists the amplitudes and phases for 4
major constituents at the four cormer boundary poi-
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Table 1. Amplitude and phase information for the three hinge points on the open boundaries

Amplitude } Phase
NwW ]\ NE SwW SE ] NwW NE SwW SE
I
M: 1.46 : 2.16 135 200 130.00 118.87 63.75 50.96
S 0.54 0.77 045 0.85 159.02 15139 113.65 104.69
K, 0.30 ‘ 0.37 0.25 040 295.00 292,00 268.00 260.00
O 0.18 0.25 0.18 033 247.71 24579 23044 22532

Amplitude: (m), Phase: degree relative to 10°N, NW: Northwest. NE: Northeast. SW: Southwest. SE: Southeast point.

nts which were used as boundary forcing. Tidal ele-
vations along the open boundary lines were linearly
interpolated between tidal elevations at both end
of the lines. Tests of initial model run were conduc-
ted with single harmonics of M, to find that after
8 cycles, the model produces elevation and current
field of a single M, harmonic. Therefore we discar-
ded first 8 cycles of model run with multiple har-
monics for following works.

In general, compared to tidal records, historical
tidal current measurements are much more difficult
to be available. As a part of YESEX (Yellow Sea
Experiment) I, and for this modelling, we moored
current meters at two locations. One is lost and
the other could provide 22-day record near Oe Yun-
do (222), and was used for the calibration of tidal
current.

The model outputs were calibrated against para-
meters and conditions such as surface and bottom
friction coefficients, imposed amplitudes and phases
of tidal constituents, water elevations and currents
at tidal stations and measuring points, and numeri-
cal schemes of open boundary radiation condition.

5. MODELLING OF COASTAL CUR-
RENT RESPONSE TO WIND EVENTS

To experiment the coastal current responses to
wind events, two schemes are setup. First, we inves-
tigate the response with three different bottom topo-
graphies (ie. flat. linearly sloping and realistic). Se-
cond. responses to steady wind of 10 m/sec and/or
time varying wind with three wind directions are
analyzed, respectively. The varying wind is linearly
increasing from start to 1.5 days upto 10 m/sec and
then decreasing to no wind for next 1.5 days. The

wind field in the study domain is assumed to be
homogeneous which reflect the mesoscale atmos-
pheric field. Sensitivity analyses are also conducted
with respect to drag coefficients of 0.625X107 1.25
X107, 250X 107

For the specifications of open boundary condi-
tions on three sides, the Orlansky-type radiation co-
ndition was implemented in explicit form so that
the disturbances inside the computational domain
is freely passing across the boundaries. Numerous
numerical schemes of radiation conditions have
been reported and their roles have been investigated
by Chapman (1985) and Roed and Cooper (1986,
1987). After testing conditions such as clamped. gra-
dient, Orlansky-type radiation condition, we decided
to use the Orlansky-type which is adequate for our
experimental purposes.

6. RESULTS OF THE NUMERICAL
EXPERIMENTS

6.1 Tide

The results of tide are presented in terms of amp-
litude and phase characteristics. Fig. 4 shows the
coamplitude and cophase chart of 4 major tidal
constituents, respectively. The chart of the most do-
minant M, constituent, Fig. 4a shows that the amp-
litudes increase from offshore to inshore direction
and in general are parallel with the coast line. The
M, amplitudes in this area ranges from 14 to 2.1
meters. The An Myeon-do and Dae Chon area with
more than 2.1 m is known to have the highest tidal
range in this area. The cophase map of M. drawn
in dotted line in Fig. 4a shows that the phases are
increasing from south to northward direction. The
contour level, 7.2 degree for M. tide corresponds
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Fig. 4. Computed tidal chart in the study area. A: M., B:

to 15 minute so that it would take approximately
two hours for tidal wave to propagate from the sou-
thern boundary to the northern one. The cophase
and coamplitude charts show the similar characteri-
stics between semidiurnal constituents and diurnal
constituents respectively.

Fig. 5 shows the time series of sea level at Wi-
do and Sin Jin-do which are calibrated to the in
situ measurements (shown in dotted line), which
feature general semidiurnal variation as well as
neap-spring modulation. The calibration results are
summarized in Table 1. The modelled results agree
quite well with the observed records in terms of
amplitudes, phase. and phase lags between Sin Jin-
do and Wi-do. For amplitudes, the model reprodu-
ces with more than 95% accuracy except for O; at
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Wi-do. For phases, the model is accurate with less
than 2.6° which is corresponding to 2.1% relative
error. The greatest difference between observed and
modelled amplitude among 4 major constituents is
7cm at Wi-do. The phase lag information should
be considered to be a most important criterion in
evaluating the model response, since it reflect the
propagation characteristics of the tidal wave. The
model is very successful in M- phase lag. while the
overall results are quite acceptable with less than
2-degree differences.

6.2 Tidal Currents

Fig. 6 shows the horizontal distribution of tidal
currents at flood and ebb conditions at their stro-
ngest phases. The flooding currents are toward nor-
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Fig. 5. Time series of the tidal elevation reproduced from
the model.

theast near the coastline and almost northward at
offshore. The ebbing currents are almost opposite
in direction with similar magnitude of speeds. These
features are summarized in Fig. 7 which shows the
tidal current ellipses of 4 constituents. M, tidal elli-
pses are characterized so that at the center of do-
main, ellipses are more circular than those near
coastal and offshore boundaries and the principal
axis at offshore is north-south, while that at inshore
is northeast-southwest. Compared to M, ellipses,
other ellipses are much smaller in their axis lengths
(current speed).

To show the time variation of tidal current and
its comparison to measured current, Fig. 8 is prepa-
red for 222 point (near Oe¢ Yun-do). The absolute
magnitude of reproduced tidal current is 68.8 cm/sec
compared to that of measured one, 683 cm/sec
which are in an excellent good agreement. However,
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Fig. 6. Horizontal distribution of tidal current reproduced
from the model, A: at flood condition, B: at ebb
condition.

the comparison in terms of u, v components are
relatively poor. The reproduced u and v compone-
nts are 30.2 and 62.5 compared to the observed ones
of 21.7 and 65.2 cm/sec. This is understood that the
reproductions of the east-west u component are
more exaggerated due to big tidal ranges existing
in relatively small region so that currents are deflec-
ted toward coastline. To overcome this, more accu-
rate open boundary information are required.
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Table 2. Amplitude and phase information at Sin Jin-do and Wi-do from tidal records and modelling results
Observed Modelled Obs.-Mod. RE. Phase Lag
ig Amp. Phase Amp. Phase Amp. Phase Amp. Phase
}\1 M 2.16 96.90 2.11 96.40 005 0.55 230 0.57
I S, 0.73 137.70 0.75 13750 1 =002 0.18 —290 0.13
B K, 032 281.20 034 28150 —0M2 —-025 —4.70 -0.09
ol O 022 25440 022 254.80 000 | —036 0.90 —0.14
W M, 2.00 67.90 1.92 67.50 007 042 3.60 0.62 29.00 28.87
I S 0.73 11790 0.75 120.50 -003 —257 —3.60 —218 19.80 17.05
D| K 034 265.90 0.31 267.00 0.03 112 9.10 —042 15.35 1448
O o, 0.25 244.60 021 24640 004 —1.83 1540 —0.745 9.82 8.35

Amp: Amplitude (m). Phase: degree, RE.: Relative Error (%)=(Obs-Mod.)X100/Obs., Phase Lag=Phase at Sin Jin-do-
Phase at Wi-do (deg).
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6.3 Wind-driven Currents

The responses of sea surface elevation and curre-
nts to wind are pretty sensitive to the drag coefficie-
nts (0.625X107%, 125X1073%, 2.50X107% in Fig. 9.
The choice of values for drag coefficient has been
studied and investigated. However, we do not have
solid criteria to choose, yet. Thus, as is most freque-
ntly used, the value of 1.25X 107 was used for fol-
lowing modelling.

The responses of coastal current under the steady
wind stresses to three conditions of bottom topogra-
phy are seen in Fig. 10. For the flat bottom, we
used 50-meter depths for the entire domain, while
linearly sloping bottom depths are specified as 5
meters at the reference line near coastal boundary
with 2.5 meters decreasing for each grid distances
toward the western boundary. For these experime-
nts, steady westerly wind of 10 m/sec is blowing for
three days and then stops. For the flat bottom, a
simple current field is developed with dominant
southeast direction in Fig. 10a. This case simply
reflects the classical Ekman current which deviates
45° to the right from the wind direction. For the
sloping bottom, the current field are almost south-

Young Jae Ro and Ik Hwan You

1.25E-3
------ 6.25€-4
0.05 Wesl wind 10 m/sec Point 429 - = 2.50E—-

_
g \
= .
Ny
[~ -3 AN sy
S oo '/\Jms-.\-\
-~
]
>
L)
L
=]
~0.05 ; v , ; ; y v
1000 | 2000 | 3000~ 4000 | 5000 ~ 6000 7000 | 8000
Time (step)
—— 1.25€-3
------ 6.256-4
0.05 West wind 10 m/sec Point 429 U ~ = 2.50E-3
_
m
~N
g 3
- AT
0.00 - e 5 D
b M7 TR R e T --=
o MRS A=
=%
[
-0.05 T T T T T T T
1000 2000 3000 4000 5000 &000 7000 8000
Time (step)
— 1.25E-3
1o Point 420V =< $35e-3
west i ; P 7
0.03 est wind m/sec Poin
—_
n 0.00
N R
N
g N
S—r ~
N T,
g =0.05 Nl T
I NN e e
o N
N
a, N
0 S
-0.10 -~
~0.15 T T T T \ T T
1000 2000 3000 4000 5000 5000 7000 8000

Time (step)

Fig. 9. Responses of sea surface elevation, current veloci-
ties to the westerly wind of 10m/sec with three
different drag coefficients (0.625X10 % 125X107%,
250X 10 4.

ward with the biggest current in nearshore area in
Fig. 10b. Under the steady wind stress, geostrophic
current is produced which is parallel with bottom
topography. With the realistic bottom depths speci-
fied, the current field is changed dramatically (Fig.
11 middle). The field is divided into two regimes,
ie. offshore and inshore ones. In the offshore wa-
ters, the response is almost similar to Fig. 10b, while
in inshore waters, the field is dominated by the
existence of the local eddy field. It is obvious that
bottom topography plays a very critical role in pro-
ducing local eddy, to change the inshore current
field. The eddy field will be discussed more in detail
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current fields are adjusted in such

the
a way that the pressure gradient (in this case sea

inshore waters near the coastline are
pretty strong with more than 30cm/sec. Regardless
of wind directions, strong and prominent coastal

pulse type cases, while right column represents STV
sses,

type cases. Northerly and southerly winds develop
the current fields which are exactly opposite in cur-
rent directions with same magnitudes of speeds.
currents are generated which are the results of water
pile-up at the coastal boundary. Under the steady
level slope due to water pile-up) is balanced by the

Currents at
wind stre

sponse characteristics of coa-

stal current to different wind events, six experiments

A: for flat bottom of 50 meters. B: linearly
(¥

sloping bottom.

rly wind of 10 m/sec with different bottom topog-
stigate the

raphy.

To inve

fig. 10. Responses of coastal currents to the steady weste-

Ise type) for three days for northerly, westerly and
under slowly time-varying stresses (STV type). The

results of these six experiments are presented to

were setup. We imposed constant wind stresses (pu-
southerly winds. The other three experiments were

in later section.
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Fig. 12. Time series of modelled sea level. and velocities driven by A: steady wind of 10 m/sec. B: varying westerly

wind.

Coriolis force to generated steady geostrophic coas-
tal currents (Chapman, 1985). This is similar to the
case of Fig. 10b.

For the case of westerly wind (middle of Fig. 11),
a feature of coastal eddy is prominent with its cen-
ter located offshore Pu An. This feature has not
yet been verified with in situ current measurements.
However, we have some supporting arguments for
the dynamical mechanism. First, it is worthy to note
the location of the eddy’s center near Pu An where
the coastline is curved toward the Kun San area.
This geographic condition produces cyclonic eddy-
ing motions. This feature exists also in the tidally
induced residual currents to be presented in the
Part II in a separate paper (Ro and You. 1992).
This can be interpreted that the onshore flow com-
ponent travelling across the isobath experiences wa-
ter column shrinking (depth decreases) so that it
should generate positive relative vorticity in conser-

ving the absolute vorticity. It should be necessary
in the future to observe such a local eddy field
with field measurements, since it would have very
significant implicants for pollutant transports intro-
duced from the Keum River Estuary near the Kun-
san arca.

Compared to the steady wind stresses, the distri-
bution patterns of the wind-driven currents for STV
type are very similar to weaker current speeds.

The characteristics of time variation of the respo-
nses of currents to the wind events are presented
in Figs. 12. Only westerly cases are presented, since
their behaviors are rather similar to the other events
of different wind directions. The responses of sea
surface elevations to the pulse and PTV type wind
stresses are seen in the top panel of Fig. 12. By
imposing sudden wind stress or removing it, the
sea surface is quickly bulged/lowered and then be-
gins to oscillate until it reaches equilibrium state.
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This is due to the sudden increase/decrease of pote-
ntial energy of water column. To the STV, the res-
ponse of sea surface is much more moderate so
that the water surface increases coherently with the
phase of wind stress imposed. The responses of cur-
rent velocities are similar to water elevation, yet with
phase lags. The magnitude of north-south compo-
nent reaches more than 30cm/sec, much bigger
than east-west component.

7. Conclusions

This modelling study simulates the tide and tidal
current in the western coastal waters of middle sec-
ton of the Korean Peninsula. Tidal simulations are
successful with more than 90% accuracy in terms
of amplitudes and phases for 4 major constituents
in comparison with two offshore tidal records. Tidal
current simulation is also successful, when compa-
red with offshore current measurements in terms
of the magnitudes of speed. but not so with u, v
components. Reproduced tidal currents show defle-
cted toward costal boundary where local high tidal
ranges exist.

Responses of coastal currents to six wind events
were investigated. Those results can be summarized;
1) Depending on the types of wind events, south-
ward steady currents are produced in northerly and
westerly wind, while in southerly wind event, north-
ward current is produced. They are basically geost-
rophic in nature showing flows parallel to isobath.
2) Regardless of wind direction, strong currents are
produced in inshore waters, 3) Bottom topography
plays a critical role in producing local eddy field
in westerly wind event. The eddy field produced
can be explained under the absolute vorticity conse-
rvation argument and as local geography induced
eddying motion. This should be investigated in the
future with field observations.

This study can be extended to investigate the in-
teraction between tidal and wind-driven currents.
Tidally induced residual currents will be investiga-
ted to analyze their roles in net transport of polluta-
nts introduced.
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