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A fine grid two-dimensional M, tidal model

of the East China Sea
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Abstract

The previous two-dimensional non-linear tidal model of the East China Sea(Choi, 1980)
has been further refined to resolve the flow over the continental shelf in more detail,
The mesh resolution of the present finite-difference grid system used is 4 minutes latitude
by 5 minutes longitude over the entire shelf, The developed fine grid two-dimensional
model was utilized to reproduce the M, tide and M, tide for the East China Sea conti-
nental shelf, There is general agreement between the model results and the current
observation made in the Eastern Yellow Sea, which supports the calculated tidal regime
over the shelf, Some preliminary results on maximum bottom stress and tidally-induced
residual current were also examined and discussed.
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INTRODUCTION

The East China Sea along with the Yellow
Sea forms a complex oceanographic system
with considerable spatial and temporal vari-
ations in physical properties and behaviour.
There are major dynamic factors forcing this

shelf sea: the tides, the surface wind and the
Kuroshio, but the complexity of tidal phe-
nomena is most remarkable in the region,

S. Ogura(1933), in his pioneering studies in
this region, constructed cotidal and corange
charts for diurnal and semidiurnal tides based

on extensive coastal observations, The charts

* Department of Civil Engineering, Sung Kyun Kwan University, Suwon Campus, Suwon 170, Korea.



184 BERKICEEE

of Ogura have been proved to be remarkably
accurate, despite the rather crude nature of
available current observations, These charts
together with coastal observations have been
used as the basis of determining open boundary
condition and overall verification of numerical
modelling of tides in the region(An, 1977;
Choi, 1980; Shen, 1980; Xia and Wang, 1984;
Fang, 1985).

However there were no reliable long-term
current measurement data to verify and to
improve these tidal models, As the scientific
interaction between China and the western
world resume in the late 1970s, a cooperative
field study of the Changjiang estuary and the
East China Sea was initiated including the
current meter moorings, once in 1980 and twice
in 1981 (Larsen et al., 1985).
current measurement along a southern section

Subsequently

of Shandong Peninsula was made by Woods
Hole Oceanographic Institution during the course
of investigating the wintertime circulation in
November 1983. These current observations in
the western Yellow Sea were then compleme-
nted by the recent current observations made
in the eastern Yellow Sea during the winter
of 1986 as a joint experiment by Florida State
University and Sung Kyun Kwan University,
Korea.

The need to understand tidal currents and
storm surges in coastal areas with sufficient
details and to predict changes in tidal regime
that would be caused by large engineering
developments accurately, has led to increased
numerical modelling of tides in the East China
Sea continental shelf,

In the present study the previous two-
dimensional non-linear model of Choi (1980)
has been refined to the resolution of 4 minutes
latitude and 5 minutes longitude over the en-
tire shelf to provide a general description of
tidal motion and to identify many of the pro-

cess that control these motions in more de-

tailed manner,

HYDRODYNAMIC EQUATIONS

Considering the area covered by the model,
the curvature of the earth and the variation
with latitude of the Coriolis acceleration are
taken into account by adopting spherical coor-
dinates. The equations of motion and conti-
nuity as used in this model are(Flather, 1976;

Choi, 1980):
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Equations (1)~ (3) are vertically integrated
hydrodynamical equations where the notations

are.

t time

X, P east-longitue and latitude
respectively

& elevation of the sea surface
above the undisturbed sea level

h undisturbed depth of water

H=h+¢& total depth of water

R the radius of the Earth

) angular speed of the Earth’s
rotation

g acceleration due to gravity

ks, coefficient of bottom friction

u', v components of current in the

directions of x, ¢
respectively at a depth z below
the undisturbed sea level



u,v components of depth-mean current

given by
_ 1 (.
u———h-_f_?_[_hu (2)dz,

__1
v= TEE J_hv (z)dz

These equations, formulated with a quadratic
law of bottom friction, are integrated on a
staggered finite difference grid using the sc-
heme described by Roberts and Weiss(1967)
which centers the advective terms in time and
space., The method employed for implementing
this scheme is described by Flather and Heaps
(1975). Initial and boundary condition required
for the solution of equations (1) to (3) are as
follows:

At t=0: u(y, ¢,1), v(x $,¢) and £(x, ¢,1)
are specified for all positions at which the
equations are to be solved,

At land boundary: the component of the flow

normal to the boundary is permanently zero:
ucosf+vsinf=0

where 8 is the angle between the normal to

the coast directed out of the sea region and y

axis. Therefore

#=( is the boundary condition at a
¢-directed land boundary

v=(Q 1is the boundary condition at a

y-directed land boundary.
Along an open boundary, elevation is specified
as a function of time and position along the
boundary: &(y, &,t) is supplied.

As shown in Fig.1 the grid spacing of the
present fine grid model is about four nautical
miles resulting from factor of three refinement
of the grid system used in the previous coarse
grid shelf model (Choi, 1980). The total nu-
mber of grid point is over 35,000 and 60% of
The time

step for stable difference solutions according

total grid are interior sea points.

to the Courant-Friedrich-Lewy criterion was
chosen as 69. 003 seconds and has the period of
the M, constituent as an integer number of
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Fig.1. Map of the East China Sea showing the
1/15° latitude and 1/12° longitude finite
difference grid system.

time steps(648). The coefficient of bottom
friction used has a value of 0.0025 uniformly
over the region. The average depth for each
grid was determined from navigational charts
and depth contours corrected with referenced
to mean sea level for model bathymetry is
in Fig. 2.
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Fig.2. The East China Sea continental shelf, The
bathymetric contour interval is 10m sho-
wing the position of current meter rig of
which mid-depth data are available,
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Fig.3. Computed coamplitude chart for the M,
tide (Values are given in cm).

amount of sediments from Huanho discharge and
Changjiang river but relatively small amount
of sediments from Korean rivers. The results
is that the Yellow Sea basin is very shallow
from the western to eastern side as illustrated
in Fig. 2.

Along the open boundaries of the model, M,
tidal input interpolated from the coarse grid
two-dimensional model is specified. The co-
phase lines are given for time Zone (GMT-9)
hours following previous presentations(Ogura,
1933; Choi, 1980) for this region,

M, and M, TIDES

The results for M, tide obtained from the
numerical model is shown in Fig. 3 and Fig. 4
as coamplitude and cophase charts respectively.

Slightly improved amplitude values were obt-

T j

Fig.4. Computed cophase chart for the M, tide
(Values are given in degrees relative to
the Moon's transit at 135°E)

ained over the whole modelled region when
comparing with previous coarse grid shelf mo-
del. These results will not be discussed further
since they have been derived before(Choi, 19
80). The numerical output for the M, tide
is illustrated in Fig.5 and Fig.6. As seen in
coamplitude chart, M, tidal amplitude is con-
siderably high along the west coast of Korea
and along the Chinese coast, In the west co-
ast of Korea highest M, tides can be found in
the Seohan Bay, the Inchon Bay and the es-
These show that the
computed M, tide is the combination of con-

tuary of Keum River,

tribution due to local nonlinear generation in
the funnel-shaped estuaries and the presence
of M, tide propagating along the west coast
of Korea, The phase diagram corresponding to
coamplitude lines is illustrated in Fig.6 and



these cophase lines are proportional to the times
of maximum elevation for the M, tide. The
M, amphidromic spacing is about half the M,
spacing and the tendency to develop nodal lines
is well represented. Generally M, tide vary
rapidly in the shallow areas where its gene-
ration is stronger. For this computation exte-
rnal propagation of M, tide through the mo-
delled region is not considered since the M,
tides at shelf edges are small, Computed cur-
rent vectors also undergo harmonic oscillation
and M,, M, values of phase and current velo-
city are obtained by Fourier anlyzing each grid
point for the M, and M, harmonics.
to make coparison between computed and ob-

In order

served current, amplitudes and phases of ea-
sterly and northerly component of M, M,
tidal currents were examined. In Table 1 and
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Fig.5. Computed coamplitude chart for the M,
tide (Values are given in cm).
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Table 2 computed and observed values of am-
plitude H(cm/sec) and phase x(degree referred
to 135°E) of the M, and M, tidal currents for
six current meter data positioned at mid-depth
are given, Tidal harmonic analysis of the east
and north component of current was performed
by the standard least square algorithm used at
Bidston for routine analysis of coastal tidal
elevation time-series(Choi, 1984). It is seen
from these tables that generally good agree-
ment between the observations and model re-
sults have been demonstrated,

These computed tidal currents can best be
represented by the M, and M, tidal current
ellipses as illustrated in Fig. 7 through Fig. 10.
These ellipses give an overall impression of
the magnitude and direction of the M, and
M, tidal current distribution representing the

Fig.6. Computed cophase chart for the M, tide
(Values are given in degrees relative to
the Moon's transit at 135°E).
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Table 1. Comparison of observed and computed amplitudes (cm/sec) and phases (degree referred to
135°E) for # and v component of M, tidal current.

Observed Calculated
Current meter rig u v % v
H £ H K H £ H K
B 18.6 26 32.8 168 18.5 48 26.7 168
D 15.2 32 26.1 84 14.2 42 26.6 82
F 5.0 28 40.0 40 9.1 53 40.6 47
I 13.4 132 43.8 19 13.1 153 45.6 26
M3 47.3 107 50.8 11 58.0 93 53.9 2
MS 42,2 83 40.7 345 48.5 64 38.0 317

* B, D, F, 1 data were from the Eastern Yellow Sea mooring(Harkema and Hsueh, 1987).
** M5, MS data were from U, S, —China joint field study (Larsen et al,, 1985)

Table 2. Comparison of observed and computed amplitudes (cm/sec) and phases (degree referred to

135°E) for # and v component of M, tidal current,

Observed Calculated
Current meter rig u v u o
H £ H £ H £ H K
B 0.8 20 0.5 162 0.8 6 1.1 207
D 1.1 i1 0.3 11 0.6 20 0.5 262
F 0.7 65 0.9 345 0.9 79 1.0 356
I 1.4 58 0.4 31 1.2 96 1.2 19
M5 1.4 213 0.6 173 1.7 332 1.6 215
MS 3.1 241 2.0 174 2.0 266 1.4 146
- sented in the coarse grid shelf model are again
Aq} well demonstrated with sufficient details, M,
[; PR tidal current ellipses also clearly illustrate the
“H‘urf“ﬂf: considerable magnitude in the strong M, current
Sxonm region suggesting the interaction between the
LL two component of tides. In shallow bays the
, f maximum M, and M, tidal currents tend to be

‘ :&L Eyos. 5 aligned in the same direction in medial axis of

Fig.7. Computed principal axes of the M, tidal
current ellipses for the Eastern Yellow Sea.

maximum and minimum velocities as semi-
major and semi-minor axis respectively. In

near coastal areas of Sehan Bay, Inchon Bay,

southwestern tip of Korean Peninsula and Han-
Fig.8. Computed principal axes of the M, tidal

current ellipses for off Changjiang River
senting strong rectilinear currents already pre- Estuary,

gzhou Bay, elongated M, major axes repre-
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Fig.9. Computed principal axes of the® M, tidal
current ellipses for the Eastern Yellow. Sea.

Fig.10. Computed principal axes of the M, tida]
current ellipses for off Changjiang River
Estuary.
channels.

The M, and M, tidal currents combine to
give differences in peak flood and determined
from the numerical models are remarkably
similar to the sand transport paths in the
North Sea and the East China sea continental
shelf respectively based on geological evidence
(Pingree and Griffiths, 1979; Choi, 1986).

The inferrence used in the previous studies
was that the directions of computed maximum
bottom stress and the net sand transport dire-
ctions which would result from calculating the
integral over the semi-diurnal tidal cycle, of
the cube of current speed minus threshold, using
the same computed current would be the same,

Using the present fine grid model the distri
bution of maximum bottom stresses, following
the numerical methods of Uncles(1983) which
includes the effecs of residual flows as well
as peak stress due to M, and M, interactions,
in the Eastern Yellow sea and off Changjiang
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Fig. 11. Distribution of computed maximum bottom
stress over the Eatern Yellow Sea,

Fig.12. Distribution of computed maximum’bottom
stress over off Chanjiang River Estuary.

River estuary have been plotted as illustrated
in Fig.11 and Fig 12 respectively. The maxi-
mum bottom stress is computed as peak current
speed squard, times a drag coefficient opti-
mally adjusted as 0.0025.

Strong peak stress vectors can be seen in
Seohan Bay, Inchon Bay, southwest corner of
Korean peninsula, off Jiangsu coast and Han-
gzhou Bay where the distinguished offshore
tidal sand banks occur. It is worth noting that
noticeable divergence of stress vectors denoting
bed-load parting can be seen in abovementioned
strong current region.

The present results could be utilized to co-
nform the earlier predictons of sand transport
directions of the offshore tidal sand banks
over the Yellow Sea based on diagrammatical
method suggested by Kenyon et al. (1981) and
peak stress vectors from the coarse grid shelf
model, Modern accumulation of fine-grained
material in the southern area of Cheju Island
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discussed by Millimam et al. (1985) can be
explained by both influx of sediment from the
northwest during winter storms and continual
resuspension transport by M, M, tides throu-
ghout the year, This previous inference can be
further supported by present model results,

RESIDUAL CURRENTS

Residual currents are from meteorological
(wind stress, atmospheric pressure gradient),
thermohaline (density gradient) and hydro-
logical (river flow) forcing, of tidal origin.
The tide-induced residual currents can domi-
nate dispersive mechanism in regions of modest
fresh water input and moderate wind forcing,

Tidal eddies are generated by the transfer of
vorticity from the tidal component of vorti-
city to the mean flow as a consequance of the
advective or field accelerlation terms in the
equation of motion and these effects are often
associated with strong oscillatory flows around
complex coastline configurations. Davies(1983)
has shown that, unlike the meteorologically-
induced residual flow, the horizontal pattern
of tidal residual circulation form the three-
dimensional model does not vary significantly
through the vertical, For this reason tidal
residual derived from the vertically integrated
two-dimensional model will give general cir-
culation pattern, However, in the literature
one may find several definitions of residual
currents and different method of computation
(Nihoul and Ronday, 1975; Cheng and Casulli
1982; Zimmerman, 1979).

In the present study the tidal circulation is
first computed in a conventional way. In Fig,
13 Eulerian residual currents over the shelf are
obtained by integrating the depth-mean cur-
rent over one lunar tidal period, Model-com-
puted currents and observed residual from the
Eastern Yellow Sea moorings are in general

agreement in direction and magnitude(<3~4

CHINA

Fig. 13. Eulerian tidal residual currents computed
from the model

a 7

r i
Fig. 14. Eulerian tidal residual transport velocity
computed from the model.




cm/sec for off west coast of Korean Penin-
sula). It is seen from this figure that there
are a number of strong eddies which appear
to be generated in inner region of following
50m depth contour and upward strong tidal
residuals are associated with the coastal areas
of mid-Chinese coast, Generally, computed
residuals are an order of the magnitude less
than the tidal currents over the region. In
Fig. 14 Eulerian residual transport velocity de-
fined as first order Lagrangian residual current
(Cheng, Feng and Xi, 1986), the sum of the
Eulerian residual current and the Stokes drift
is illustrated. As seen from both figures, tidal
circulation is weak in the central part of the
Yellow Sea and similar circulation pattern from
both diagram except shallow water region due
to the contribution from the Stokes drift. A
very slow cyclonic gyre-like circulation in the
middle part of the Yellow Sea may be due to
the weak tidal residual current and sense of
anticlockwise rotation of M, currents. It is
worth nothing that basin-scale anticlockwise
eddies are presented in Seohan Bay and Inchon
Bay. At present tidal circulation in the shelf
is largely unknown and subject to future exte-
nsive studies including satellite-tracking buoy
studies and alternative ways of evaluations,

CONCLUDING REMARKS

Increasing computational facilities in recent
years and the need to resolve the flow with
sufficient details have enabled to develop a
considerably fine grid tidal flow model in the
Easa China Sea. .

Preliminary results of a fine grid two-
dimensional numerical model of the tidal mo-
tions in the East China Sea have been pre-
sentedt. It was demonstrated by this model that
the computed M, and M, tidal currents were
in good agreement with limited current obser-
vations made at mid-depth, Maximum bottom
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stress vectors due to M, and M, tides derived
from the present model reconfirmed the pre-
vious results from the coarse grid shelf model
with enhanced flow resolution,
Tidally-induced residual currents were also
illustrated and compared with limited field
observation. Extensive offshore tidal obser-
vations and current measurements together with
modelling effort are essential for the better
understanding of the tidal dynamics in this

shelf sea,
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