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A Study on Ocean Bottom Coupling Coefficient in East China Sea
(a SEASAT-ALT Data Application)
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Abstract ] The hydrodynamic model is used to analyse the sea surface elevations derived from the
SEASAT altimetry over the Yellow Sea and the East China Sea. Periods of significant atmospheric dis-
turbances during the SEASAT mission are selected for this study. These includes periods of July
28-August 2 and August 18-21. Meteorological forcing functions, which are needed for the sea modlel,
are derived by a 2-dimensional grid that is governed by a set of theoretical and empirical meteorological
relations over the study area. Ocean tides in this area are known to be significant and introduce a large
spatial and time variability in the sea surface elevation. Consequently major tidal constituents of M,
S5, K; and Oy are included in the computation. With some knowledge of other known sea surface
phenomena e.g.(body tide, loading tide), the time-dependent sea surface variation is predicted to com-
pare statistically with the satellite altimetric measurements and to achieve the objective of ocean bottom
friction study. From a total of 10 SEAST orbit tracks, a friction coefficeint was found ranging from
0.0023 to 0.0027.
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1. INTRODUCTION

For many years, efforts in geodynamics have been
spent on the development of the global ocean tide
model (Schwiderski, (1980)), Pekeris and Accad
(1969)), the study of the lunar orbit, and the in-
vestigation of the variable rotation of the Earth
(Munk and MacDonald, (1960), Lambeck (1975)).
Most of these problems require some degree of

knowledge about the ocean bottom friction and,
even more importantly, the understanding of the
coupling mechanism between the fluid ocean and the
solid earth. In the development of the global ocean
tide model, for example, one arrives at the bottom
friction term through the integration of the Navier-
Stokes equations with the Boussinesq replacement of
the Reynolds stress tensor. A certain form of the
ocean bottom friction term has to be assumed to
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complete the problem. Another well known examle is
the evaluation of tidal dissipation by finding the rate
of work per unit surface done by the current at the
sea floor. The success of this approach relies on the
knowledge of the frictional coefficient (or constant)
which links the frictional force at the ocean floor,
either linearly or quadratically, with the current
velocity. Not only is the frictional coefficient impor-
tant in these contexts just described, but a variety of
storm surge and local ocean tide modelling problems
requires a similar dissipation mechanism to integrate
the results more accurately (e.g. Heaps (1969)), Tang
and Moon (1984), Moon and Tang (1984), Stock
(1976), Grace (1930)).

In an earlier study of ocean bottom firction in the
area of Hudson Bay by Moon and Tang (1985), a li-
mited range of values of the quadratic friction coeffi-
cient (0.0019 to 0.00465) has been derived through
the measurement of error between the theoretically
computed values and the SEASAT-ALT data at wind
speed ranging from 1 m/s to 10 m/s. The sea model
algorithm employed was that of the linear shelf
model developed by Heaps (1969), Moon and Tang
(1984); Tang and Moon (1984). In the present in-
vestigation of ocean bottom friction in the East China
Sea and Yellow Sea area, different version which in-
cludes the modelling of advection phenomena, ocean
tide and meteorologically-induced motion is used.
This model is employed in conjunction with the well
known ocean tidal phenomena in that area and is
capable of simulating surge and its interaction with
tide. One of the main features in this paper which is
markedly different from the previous study is that
the investigation is carried out during severe weather
condition characterized by wind speed up to 40 m/s.
This implies that the propagation of storm surge
must be carefully accounted for in that area in order
to derive meaningful results. An atmospheric model
is required to compute the meteorological forcings
prior to the computation of the sea surface response.
The 2-dimensional atmospheric model is based on the
finite difference form of the geostrophic wind-pres-
sure gradient balance equation. This model operates
at some height above the sea model and provides the
necessary meteorological driving force as a function

SEASAT GROUND TRACK

Fig. 1. SEASAT orbit tracks over the area of East China
Sea and Yellow Sea during two selected time
periods (July 28-Aug 2 and Aug. 12-Aug. 21, 1978).

of time and space in the sea model.

The satellite orbit tracks for the study periods are
plotted in Figure 1. These data, including some cor-
rection and processing algorithms, were obtained
from the U.S. Department of Commerce, Natonal
Oceanic and Atmospheric Administration (NOAA).
By tuning the ocean bottom friction coefficient in the
equation of motion, adjustments of the computed
sea surface elevation with respect to the altimeter
observations from these passes can be made. This
procedure is performed through the use of the time
varying sea surface equation (Cartwright and Alcock
(1981), Le Provost (1983), Tang (1984). The results
of these adjustments allow a set of frictional coeffi-
cients to be obtained. This set of values is then sub-
jected to an mean-square-error type analysis to find
the optimum value of ocea bottom friction coeffi-
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cient, which gives the best agreement between mo-
delled and observed sea surface elevation profiles.

2. TIME DEPENDENT SEA SURFACE
EQUATION

The time varying part of the sea surface can be
broadly classified into two types based on their
periodicity of occurences. The periodical com-
ponents include the solid earth and ocean tides
whereas the transient components are due to the
varying sea surface wind and pressure gradient fields.
The sea surface height h ‘(¥ , ¢ ,t).above the standard
ellipsoid (semimajor axis=6378137m and flatten-
ing=1/298.257) in satellite recording geometry is
basically of type (Cartwright and Alcock (1981)).

h'(X, ¢,t) =hor (¥, ¢,t) —ha (X, 6, t) =h. (1)

where (¥, ¢,t) are the spatial and time coordinates,
h,(x, ¢,1) is the estimated orbital radius of satellite
by ground tracking system, h, (¥, ¢,t) is the
altimeter height after removing instrumental error
and atmospheric delay, and h,, is the adopted
reference (or standard) ellipsoid. This equation is
closely approximated by the geoid, plus other known
time varying sea surface phenomena (Le Provost
(1983), Cartwright and Alcock (1981).

G (x, é, t)+h,+h,, +hl+hs+hw+hpe+5 =
h(x,¢,t) (2)

where

G(x, ¢,t)-geoid above the standard ellipsoid
h, -body tide of the solid earth

or-OC€an tide
h, -ocean induced loading tide of the earth
crust

h, -long wavelength (low frequency) steric
variations of the ocean

h,, -sea surface fluctuation caused by wind

h,-sea surface fluctuation caused by
pressure gradient

€ -contains unmodelled error of both satel-

lite measurements and the time invariant
part of the steric ocean surface set up by
quasi-steady currents.

The time varying part of the sea surface T(t) can
then be expressed by:

T (t) =hb+hot +hl +hs+hw+hps 3)

Most of thhe items in the above equaton are given
in the SEASAT-ALT GDR except for the effects due
to the meteorological forcings which require accurate
information of local weather conditions. In continen-
tal shelf areas or coastal sea basins, some of these
given items are considered to be insufficiently precise
for specific application. For example, the two global
ocean tide models in the GDR prepared by Schwider-
ski (1978) and Parke and Hendershott (1980) are pri-
marily for the deeper part of the ocean, and their
values in shelf areas may need to be recomputed. In
the study of the ocean bottom friction using the
SEASAT-ALT data, equation (2), is slightly rear-
ranged as follow:

h' (x,¢,t) -G, 8, t)+e=T({t)+e. (4)

where € is introduced to represent error in the com-
putation of different components. Equation (4) im-
plies that the altimetric-derived sea surface height
with respect to a mean equilibrium signature normal-
ly the geoid plus errors in altimeter data processing
algorithms, is balanced by the total time varying sea
surface heigh with respect to an initial state of rest,
with some computational uncertainties.

The variable G(x , ¢,t) can be substituted by any
existing geoid model, although a locally constructed
geoid will be the best to use. In SEASAT-ALT GDR,
a fairly accurate geoid surface proposed by the God-
dard Space Flight Center is included. The GEM 10B
gravimetric geoid was constructed using the global
set of GEOS 3 altimeter data with GEM 9 data plus a
global set of 1°x1° surface gravity data. Although
this model was completed to a degree and order of
36, it was found to have up to a few meters of error in
some area (Marsh and Martin (1982)). These un-
certainties are significant since they may be includ-
ed in the measurements if they were true anomalies.
Thus an altimetric-derived reference surface, SS3
surface, is chosen as the equilibrium sea surface in
equstions (2) and (4). This means ocean surface is
given above the standard ellipsoid and was con-
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Fig. 2. Geometry of the SEASAT-ALT measurement. h ' is
the sea surface height above the standard ellipsoid
(defined by semimajor axis 6378.137 km and
flattening of 1/298.257) after all corrections have
been applied except for the transient effects and the
ocean tides.

structed by Marsh and Martin (1982) using the the
SEASAT ephemeris calculated by the Preliminary
Gravity Solution-SEASAT 3 (PGS-S3) and SEASAT
altimeter data from the period 28 July to 14 August.
PGS-S3 contains data from GEM 9, SEASAT laser,
S band, global gravimetry and GEOS 3 (Lerch et al.
(1981)) altimetry. In their analysis, both data sets are
combined by accurate gridding techiques to yield
global contour maps of the means sea surface
topography (SS3). The data of SS3 surface north of
60 degree and south of 63 degree are set to zero due
to the possibility of icebergs. This SS3 surface is
believed to give a more accurate representation of the
equilibrium sea surface than those computed pre-
viously (Marsh and Martin (1982), Fu (1983)).
Hence, the SEASAT altimeter GDR tape also accom-
panies the SS3 data set as an alternative reference
geoid to the Goddard Earth Model 10B(GEMI10B)
earth gravity model already adopted for the GDR
production. Figure 2 is a schematic diagram showing
the SEASAT data collecting geometry.

Equations (2) and (4) are inevitably contaminated

by a number of errors which include: (1) the SEA-
SAT ephemeris error which was up to 1.5 m rms, (2)
the numerical erros of gridding and interpolation for
the production of the SS3 surface, and (3) some
unknown systematic erros which can not be minimiz-
ed by the gridding procedure. Equations (2) to (4)
represent all time-dependent sea surface phenomena,
as far as they are known, but obviously, the impor-
tance of each individual component varies signifi-
cantly with locality. In the study of sea surface eleva-
tions and slopes of the northeast Atlantic Ocean
(Cartwright and Alcock (1981), for example, loading
tide was completely ignored over the North Sea
region, but its effect on open ocean was taken as a
constant fraction of the ocean tide. Also, the mete-
orologically induced sea surface variation was
calculated differently for the shelf area and open
ocean. In the North Sea and adjacent shelf areas, it
was computed by a surge-forecasting model while the
same component was estimated by simple hydrostatic
law in open sea. Similar simplifications were in-
troduced by Le Provost (1983) in the English Chan-
nel where the body tide, loading tide, and steric
variations of the ocean were ignored simply because
of their small magnitudes compared to other oceanic
events.

Employing the gridding technique developed by
Schwiderski (1978), the loading tide and body tide
were calculated during the two selected mission times
to examine their contributions to the sea surface
elevation change. As a first attempt, a 0.5°X0.5°
grid was used wit all availble tidal constituents (11 of
them). This grid required excess computational time.
Thus it was cut down to two 1°x 1° grids for the East
China Sea and the Yellow Sea, separately, with the
M,, S,, K, and O, tidal constituets. The loading tide
in this part of the continental shelf was found to be
less than 4.5 cm, a value which is negligible compared
to the ocean tide itself, Ocean tide is a well known
ocean phenomenon in this area and it dominates all
other components in the time varying sea surface
equation. The body tide value along the satellite
tracks will be presented later, but their effects,
similar to the steric variations of the ocean, are also
negligible due to their extremely low frequency cha-
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racteristic along each orbit track. The largest and
smallest magnitude of the body tide are about -12 cm
and 3 cm according to the computations. Hence the
time varyng sea surface equation can be expressed as:

hl(x.¢'t)_G(Xv¢yt)=hot+hw+hpg+5c (5)

Before the application of equation (5) which in-
corporates the corrected SEASAT altimeter data
with the model results, short wavelength geoid an-
omalies have to be investigated over the area. The sea
surface height given in GDR is an averaged mea-
surement of 1 sec interval, this is a sampling of a sur-
face distance of 7 km. Therefore, the smallest
resolvable wavelength in the measurements along the
tracks is approximately 14 km (a distance of 3 con-
secutive points), according to the Nyquist criteria.
Small scale geoid anomalies of the this order could be
very important because they can attribute to observa-
tions which can not be accounted for in the sea
model. The geoid profiles of six up-track and four
down-track orbits during the tow selected time per-
iods are shown in Fig. 3. The are mostly charac-
terized by linear functions (extremely low frequency).
The possible high frequency components in the geoid
were also extracted along the satellite tracks by
removing the geoid profiles from the SS3 reference
surface profiles. The residual also indicates a low fre-
quency content along the tracks. Thus the geoid, at
least along these tracks, is basically long wavelength,
and the reduction of the satellite data by a higher fre-
quency reference surface (SS3 surface) should further

45.00

GEM 10B GRAVIMETRIC GEOIO RBOVE REFERENCE ELLIPSOID

supress somewhat the small scale geoid anomalies if
they exist.

3. OCEAN TIDE AND SURGE MODEL

In the past decade, considerable development has
been undertaken on the linear shelf model (Heaps
(1969)) and the result is a much improved non-linear
version capable of simulating the main tides, surge,
and tidal interaction (Heaps (1983)). The major dif-
ference between the vertically integrated model and
the non-linear version is the inclusion of the advec-
tiveerms, which have been shown to be important in
shallow water bodies (Charnock and Crease (1957)).
Including both the atmospheric driving force terms
and the non-linear advective terms in the equation of
motion, the non-linear version in vector form is given
by:

v - - -
Z—;\/—%—V - VV420wAV =
- - g
—-gVe+tr,—15-VP, (6)
The equation of continuity is given by:

o 3
=4V £V=0 (7)
ot ¢
- « . . .
where V is the vertically-averaged horizontal velocity
£ is the sea surface elevation, wis the angular speed,
g is the gravity acceleration, r 5 is bottom friction
term , 75 is the surface friction due to wind stress,
and f’),, is the atmspheric pressure. The equivalent
scalar forms of the equations of motion and con-
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Fig. 3. Six up-track and four down-track geoid profiles from the GEM 10B gravimetric geoid over the East China Sea

and Yellow Sea.
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tinuity are given by Davies and Flather (1978) and
Choi (1980).

These equatios are solved iteratively through time
for £and V starting at an initial state of rest. Because
of the capability of handling shallow water effects
and modelling of different types of motion, this al-
gorithm has been used for some time in the East
China Sea and Yellow Sea continental shelves to
study the nature of tides without meteorological in-
put forcings, i.e. pressure gradient and wind stress at
the sea surface (Choi, (1980)). Some agreeable com-
parisons between the model results with a number of
measurements conducted across the continental shelf
during the joint USA-China Marine Sedimentation
Dynamics Study have been reported by Larson and
Cannon (1983) and Choi (1983). In this paper, the
algorithm is modified to include the meteorological
forcing in addition to the original tidal forcing. The
tidal constitutents considdred are two semi-diurnal
tides (M, and S,) and two diurnal tides (K, and O)).
The model results will be utilized to compare with the
corrected SEASAT observations to study the ocean
bottom friction coefficient in that area.

The mechanism of bottom stress that takes place
at the sea floor is not well understood and two alter-
native representations are acceptable in numerical
modelling. If the linear stress law is assumed to be the
bottom frictional dissipation mechanism for the tran-
sient surge, the bottom stress term is given by:

5
r,;z’;{—” v (8)
where 7is the linear stress coeffcient having a typical
value of 0.24 cm/s (Weenink, 1958)), #is thdensity of
the sea water, and H is the water depth. For both
surge and tide modelling, the linear law has been
demonstrated to be a reasonable approximation (e.g.
Grace (1931), Heaps (1969)).

The second and more commonly used alternative
of frictional dissipation is to express the botiom
stress in terms of the square of the current velocity.
This is expressed as:

YRy

2= V| (9)

where C is the quadratic stress coefficient which
traditionally takes values close to 0.003. Although
these values have been used in a variety of hydrody-
namic modelling with success (Flather and Heaps
(1975), Flather and Davies (1978), Choi (1980),
whether the particular numerical value used is an op-
timum one for global ocean or different continental
shelf problems has been questionable.

The supply of atmospheric energy and the dissipa-
tion of frictional energy in the sea model occur con-
tinuously during the computation of the sea eleva-
tion, and after a period of time the influence of the
intial conditions becomes negligible. To solve equa-
tions (6) and (7), the following initial conditions are
used:

(X, ¢, )=V(x,¢,t)=0 at t=0 (10

This condition implies that the sea surface elevation
change is generated from an initial state of rest. The
sea surface at this state is called the initial state of
equilibrium. The coastal boundary condition is give
by:

V, cos¢ +Vysing =0 (1

where ¢ denotes the inclination of the normal to the
northerly direction and (V,, Vy) are the components
of the depth-averaged current vector.

The finite difference technique used to approx-
imate the nonlinear dynamical equations is the angl-
ed derivative method developed by Robert and Weiss
(1976). This is an explicit method that relies on the se-
quential updating of the current values over the grid
to evaluate derivatives in the advective terms at each
middle time step. The method employed for imple-
menting this experiment is described by Flather and
Heaps (1975), Flather and Davies (1978), and Choi
(1980). The equations of motion and continuity
(equations (6) to (8)) are discretized in time and space
using a staggered spatial grid in which the current
components are computed at different grid points
(Hansen type).

The bottom topography of the model and the dis-
crete water depth values were obtained earlier from
various sources (Choi (1980)), Korean Hydrographic
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#1262 and #1262 and #2347; and J_apanese
Hydrographic Charts #182a, #182b, #187, #210, and
#302. The open sea boundary of the model is chosen
to be bound by a 200 m water depth contour and the
entire continental shelf has a typical water depth
value of about 80 m.

The grid resolution of the sea model is 0.2 degree
in latitude and 0.25 degree in longitude. According to
Flather (1972) and Choi (1983), the stability criterion
of a linearized version of the scheme in rectangular
coordinates is closely approximated by the CFL cri-
terion as follows;

A<y 2 A% 1)

gh'2

where Ax is the grid spacing in Cartesian coordinates
and At is the time step for the computation.

The above condition gives a minimum time step of
3.75 min. Even though it is obtained from a simplifi-
ed assumption, it should be treated as a guide for
numerical computation.

4. INPUT FORCING FUNCTIONS FOR
THE HYDRODYNAMIC MODEL

Tidal forcing

There are several expressions for input tidal forc-
ing depending on the type of modelling and the struc-
ture of the numerical scheme. For tide and surge si-
mulation, Davies and Flather (1978) used the follow-
ing open boundary condition for sea surface eleva-
tion in their North Sea model which was previously
developed by Davies (1976).

X, o, )=Cmlx, 6, ) +E 1 (X, 8,t) 13

where £ (X, ¢,t) is the surge elevation due to the
meteorological influence either observed or com-
puted by simple hydrostatics law at the open boun-
daries and £ ( ¥, ¢,t) is the part due to tidal motion
given by:

Er(x. 8. t)=t, (2, )+ ZEH, (x, 4)

cos(V,+o,t+U,-g, (x, ¢)) (19

where

t (X, ¢)-mean sea level takin to be zerc
__ f,» Uynodal factors
H{x, ¢ )-the amplitude of constituent i
o the speed of the constitutent
V,— the phase corresponding equilibrium con-
stituent at time =0 at Greenwich
E,(x ,$)-the phase lag of the tidal constituent
behing the equilibrium constituent
Alternatively, the tidal current and surge current
can be specified at the open boundaries through the
radiation condition used by Flather (1976).

a=awt e+ B (€ - Lamt) 03

where

q,- ith constituent tidal current at the open boun-
dary

{r- ith constituent tidal amplitude at the open
boundary

q, - surge current at the open boundary

¢, surge amplitude at the open boundary

The tidal part of the normal current q is deter-
mined from the following:

qr=§?151 cos (;H:\V/t +I~J,- -7:)) (16

where
6 ;- amplitude of the normal component of the
depth-averaged current of constituent i
7, - phase of the current of tidal constituent i
Equations (13) to (16) supply the tidal forcings to the
sea model through the open boundary. Slightly dif-
ferent expressions can be derived from the above
conditions in a different type of simulation. For ex-
ample, Flather (1979) used equations (15) and (16)
with only M, and S, tidal constituents in storm surge
modelling whereas Heaps and Jones (1979) and
Davies (1976) used exactly the same constituents but
employed equations (13) and (14) instead.

Meteorological forcing

The major difficulty of predicting the surface
wind speed of a typhoon using the approach of sur-
face wind analysis (Moon and Tang (1984), Tang and
Moon (1984), Hsueh and Romea (1983), Heaps
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(1983)) has been the lack of an accurate method of
converting geostrophic to surface wind speed. From
the examination of weather charts obtained from the
Korean and Japanese meteorological offices, it is
found that not only the weather systems move with
an unpredictable speed and direction, but that the
pressure gradient near the center of the typhoon may
also give unrealistically high geostrophic wind speed.
To current the predicted wind speed to typical values
of a typhoon, a number of numerical experiments
were carried out in this study for the Yellow Sea and
East China Sea area.

Several formule for converting geostrophic ap-
proximation to surface wind are reviewed and plotted
in Figure 4. With those proposed by Hasse and
Wagner (1971), four more geostrophic to surface
wind relations were tested; the first two of these were
modified from Hasse and Wagner (1971), while the
last two were derived by Hsueh and Romea (1983)
during the wintertime experiment (December 1, 1980
through March 31, 1981) over the East China Sea.
The proposals by Hsueh and Romea (1983) were ob-
tained by comparing the geostrophically approx-
imated wind speed from weather charts (supplied by
the Japanese Meteorological Agency) with the obser-
vations made around the Korean and Japanese

30.00
25.00
20.00

15.00

10.00

SEA SURFACE WIND |W,| (M/S)

5.00

coastal stations. Based on a practical stand point and
the evaluations of testing results, the following
geostrphic wind speed (]\_7)ng) to surface wind speed
(]\?Vsl) conversion equation is adopted for the East
China Sea and Yellow Sea area:

|Ws| =0.443|Wg| +2.92 m/s {1

The back angle is assumed to be 20 degrees. The
adoption of equation (17) is aimed to reduce the
magnitude of surface wind and, in addition, the ine-
quality below is added to ensure a realistic range of
deduced typhoon wind speed:

- - -
[Ws|>20m/s, |Ws|=(]Ws|+20m/s)
X 0.1657+20m/s

where |V_)Vs] is the magnitude of sea surface windfield
vector derived by the model. The inequality gives a
reasonably acceptable pattern of the two dimensional
windfield since it suppresses unrealistically high wind
speeds near the storm center while it retains nearly
normal wind speeds away from it.

The apply the method of extracting wind speed
for the East China Sea and Yellow Sea model, an
18 X 23 atmospheric model grid is set up over the
region with a resolution of 1° by 1°, Fig. 5 shows

TESTED FORMULAE FOR CONVERSION OF
GEOSTROPHIC TD SURFACE WIND SPEED

O HASSE & WAGNER (19711
A HASSE & WAGNER (1971)
+ HASSE & WAGNER (1971)
X TESTED FORMULR

o TESTED FORMULA

4 HSUEH & ROMER (1983
X HSUEH & ROMER (1983)

© WY =0.56 WU + 3.0 M/S
&Y 20,56 FQ + 2.9 M/S
4+ Y =0.56 WG + 1.5 M/S
x W% =0.51 Wl + 1.42 H/S
& W -0 uu3 Al o+ 2.92 M/S
4 @Y =0,39 Wl M/S

X I3 =0.50 Wl M/S

0.00 0.00 5.00 10.00 15.00

20.00 25.00

30.00 35.00 40.00 45.00

GEOSTROPHIC WIND IV_V)g] M/S)
Fig. 4. Geostrophic wind speed (1\)\73|) to surface wind speed (]V\_/:l) conversion formulae used in the test runs of the East

China Sea and Yellow Sea atmospheric model.
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Fig. 5. Some geographical locations of the atmospheric
model’s grid points. The sea model boundary is
shown as solid line segments.

some the grid points in and near the study area. A
smaller resolution of 0.5 degree (longitude) by 0.4
degree (latitude) was also examined; however, the
computation time increases significantly with only a
slight improvement in the results.

A total of 13 days of weather (2 periods) is con-
sidered over the East China Sea and Yellow Sea area
during the SEASAT mission. Each period is charac-
terized by a strong tropical weathe disturbance
(typhoon) with a duration of almost 6 days. Fig. 6,
depicts the tracks of the typhoons with Wendy (July
28- Aug. 2) as a dashed line and Carmen (August
15-August 21) as a solid line. They enter the sea
model at the south-east corner and become sta-
tionary over East China Sea region for about 4 days
before they move away through the north-east corner

Fig. 6. Traces of the two tropical storms (typhoon): Wen-
dy (dashed line) and Carmen (solid line), during the
SEASAT mission time over this area.

of the model (Korea). Since the weather information
is collected every 6 hours, it may not be continuous
enough to describe the changing weather pattern. Ex-
periences from storm surge modelling in the North
Sea and Irish Sea areas (from the research at the In-
stitute of Oceanographic Sciences (10S) at Bidston,
UK) show that at least 3-hour intervals of weather in-
put are preferred to produce realistic surge pheno-
mena. Thus interpolation of weather charts in time
and space is performed for both periods along the
disturbance tracks. This procedure assumes that the
typhoons move linearly between two points at which
the weather information was made available. A
windfield is then recreated evenly along the line
defined by these positions at hourly intervals.
Wind stress that inputs into the sea madel ic rom
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Fig. 7. Plot of surface wind speed to wind stress conversion formulae tested for the sea model.

puted by the standard quadratic law
— - -

rs=pqoC" (|Ws|) Ws|Ws| 18
where p_ is the density of air. Various representations
of C ’(IVVSD (Fig. 7) were numerically examined
before the adoption of Wu’s proposal (Wu, (1980,
1982)). Previous investigation on the sea surface
response caued by wind stress over the Hudson Bay
area by Moon and Tang (1984) has also concluded
the practical usefulness of Wu’s equation during a
strong wind environment. This equation is given by
Wu (1980, 1982).

C’ (|Ws)) =0. 840, 065] Ws) 19

It is interesting to note that the Powell’s relation
of wind stress coefficient (Powell (1980)) obtained
from hurricane data is quite consistent with Wu’s
formula at high Wind speeds (Fig. 7). Fig. 8 and 9
show some sample wind stress patterns calculated
frm the atmospheric model. Isobars are overlain in
each diagram to show the direction of movement.

Since tidal phenomena has been known to be im-
portant in this area, ocean tide was calculated
separately and also inclusively with surge analysis.
Surges in this case have special importance because
they were produced by typhoons. Fig. 10(a) through

10(j) show the relative magnitudes of surge, ocean
tide, and body tide along the satellite orbit tracks.
Ocean tide was generated by 4 major tidal consti-
tuents (M,, S,, 0, and K,) and they have been shown
to be sufficient for the reproduction of tide in this
region (Choi, (1980)). In general, the variations of
ocean tide along the tracks is about 1.75 m with the
largest value occurring (in revolution 794) at about
3m. Surge amplitude was smaller according to com-
putation, with a typical value being about 0.5m. The
effect of computing surge and tide together may
change the shape of these profiles due to the surge
and tide interaction. Fig. 11 illustrates examples of
the surge plus tide simulation along four satellite or-
bit tracks using a value of 0.0025 as the quadratic
friction coefficient. Also plotted in this diagram are
the-DC corrected residual sea surface elevation pro-
files (dashed lines) obtained by subtracting the
SEASAT observations from the SS3 altimetric-deriv-
ed reference sea surface. The amount of DC shifting
for each orbit track is computed by the difference
between the satellite observed value and the com-
puted value at the mide-point of the profile, This
point corresponds to the time when the simulated
profile was produced. Comparing the surge and tide
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Fig. 9. Samples of wind stress patterns as the results of typhoon Garmen over the East China Sea and Yellow Sea. (a)
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Fig. 10. Magnitude of ocean tide, storm surge and body tide along the satellite profiles shown in Fig. 1.
(a) Revolution 456, (b) Revolution 464, (c) Revolution 485, (d) Revolution 499, (e) Revolution 507, (f) Revolution
729, (g) Revolution 751, (h) Revolution 772, (i) Revolution 786, and (j) Revolution /94.

simulations with the results shown in Fig. 10(a)
through 10(j), suggests that the sea surface topo-
graphy (surge +tide) along the tracks is associated
with the feature which has the largest relative

magnitude, that is the ocean tide. The surge profiles
modify the profiles of ocean tide slightly by adding to
them with a small residual, probably, caused by some
interaction. 1t is also obvious from Fig. 10(a) through
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Fig. 11. Diagram showing the results of surge and tide si-
mulations (solid triangles) taking into account
their interactions. Dashed lines are the residual
DC shifted sea surface elevation profiles obtained
from the SEASAT-ALT data after removing
from them the SS3 reference sea surface.

(a) Revolution 456, (b) Revolution 499, (¢) Re-
volution 751, and (d) Revolution 794.

10(j) that low frequency, small magnitude body tides
along the satellite tracks cause negligible vertical
shifts of the profiles when they are subtracted for
correction, and thus they can be safely ignored.

5. QUADRATIC FRICTION COEFFICIENT
OF THE OCEAN BOTTOM

In general, the expression for the bottom friction
law must satisfy the following criteria:
(1) It should give a reasonable magnitude of bottom
stress in shallow water (less than 1m), since both
the linear and quadratic laws approach infinity
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Fig. 12. Graphical representation of the relative magnitude
of Equation (20) as a function of water depth.

nearly exponentially as the depth approaches
Zero.

(2) It must be computationally simple to use. A com-
plex expression may be physically unrealistic in
practice. Furthermore, a suitable representation
should somehow vary with water depth, an
important control parameter.

(3) It should be compatible with the conventionatl
bottom friction laws (i.e., the linear or quadratic
friction laws, as the water depth increases).

Given these conditions, the following generaliza-
tion for the ocean bottom friction term can be used

(Kinsman, (1965); Ramming (1978)).

Tp=d, eHM £ %A 20
where M=1or2and N=0, 1, 2,.--. Th parameter M
denotes the selection of firctional law with V corre-
sponding to the magnitude of depth-averaged cur-
rent. The parameter N denotes the selection of the
damping effect in shallow water and a, is a constant
with or without dimension depending upon the selec-
tions. For N=0, the generalized bottom friction law
of equation (20) reduces to the familiar linear and
quadratic friction laws for M =1 and 2, respectivelyy
(equations (8) and (9)). In these cases, a, becames the
linear stress coefficient and quadratic stress coeffi-
cient, accordingly. To see the behavior of the gene-
ralized law in shallow water, equation (20) is plotted
for a few combinations of N and M against the water
depth H, assuming both the current and the constant
to be unity (Fig. 12). From this diagram, it is evident
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Table 1. Values of quadratic friction coefficients for bottom friction process.

Frictional
Author Coefficient Area
Grace [1930] 0.003 Gulf of Suez
Bowden & Fairbairn [1952) 0.0036 Red Wharf Bay, Anglesey
Bowden & Fairbairn [1956] 0.0024 Red Wharf Bay, Anglesey
Bowden er al. [1959] 0.0035 Red Wharf Bay, Anglesey
Charnock [1959]) 0.0034 Red Wharf Bay, Anglesey
Sternberg [1968] 0.0031 Puget Sound, Washington
Hearthershaw [1976] 0.0015-0.0019 Irish Sea
Stock [1976] 0.0015 Gulf of California
Wolf [1980] 0.0014-0.0271 Northern Irish Sea
Weatherly & Wimbus [1980] 0.0056 Blake-Bahama Outer Ridge
Chriss & Caldwell [1982] 0.0032-0.008 Oregon Shelf
Bowden & Fergurson [1980] 0.0040-0.0047 Eastern Irish Sea
Moon and Tang [1985) 0.0019-0.0046 Hudson Bay, Canada
Tang et al. [1990] 0.0023-0.0027 East China Sea and Yellow Sea

(this study)

that the functions 1/H (linear friction) and 1/H**H
(quadratic friction) which are associated with depth-
averaged current are not suitable for shallow water
(e.g. from 0.6m to 1.2m). However, the magnitudes
predicted by various values of N and M uniformly
converge to a consistent value as the water depth in-
creases. In general, the addition of the inverse ex-
ponential function exp(-NH) in equation (20) reduces
the magnitude of the bottom stress when the water
depth approaches zero. If the water depth field in the
modelling area is restricted similarly to the number
given in the figure, equation (20) with N=1 or 2
would be adquate to minimize the instability of the
hydrodynamic solution in shallow water. Further
practical experiments have to be carried out to ex-
amine other treatments of the bottom friction defin-
ed by equation (20). This will require proper insitu
measurements in coastal water areas. Further com-
plications arise if the coefficient a, in equation (20) is
no longer simply a constant. From the experiences
with the sea surface wind stress coefficient, one may
assume that a, may vary with current (for example, a
linear proportionality of a, to current speed). This is
itself a very complicated matter to be studied with our
present knowledge, although the possibility does ex-
ist for further experiment. The proposal of equation
(20), however, overcomes the problem of shallow
water and converges to usual friction law when water

depth increases. Table 1 summarizes some of the ear-
lier as well as recent works done on the estimation of
the quadratic friction coefficient (N=0, M =2).

Most of these values are derived from the tidally-
induced current observations through a combination
of the quadratic stress law with one of the other
methods, such as the velocity profile technique or the
Reynold stress method. These values are largely con-
fined by the number of measurements, so they can
not be regarded as reliable representations. From
Table 1 it is clear that the consistency of the quad-
ratic friction coefficient is not satisfactory, although
the values obtained from the Red Wharf Bay indicate
a small deviation and fall in a range near the tradi-
tional value of 0.003. Our confidence with regard to
the derived value can only be improved by increasing
the number of observations and by extending the ex-
periment to different areas with a consistent ap-
proach.

Only the quadratic friction term is a tested in this
area simply because the nonlinearity of the term is
consistent with the sea model formulation (advec-
tion) and other phenomena such as the influence of
nonlinear interactions among the tidal constituents.
With the quadratic fricton dissipation implemented
in the equation of motion, the SEASAT-ALT data
and the model results during the selected time periods
are subjected for analysis through a function defined
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by Tang (1984):
1 3 ] e d (M| 2
N Z, 16t @-ta©F @

where

Var, (C)-variance function for the ith orbit track

C-experimental quadratic friction coefficient

c- optimum value of C when Var; (C) is
minimized

N-number of recording points along the orbit
track

{-computed sea surface elevation profile of ith
orbit track

7,5~ observed sea surface elevation profile of ith
orbit track

The optimum frictional coefficient C in equation
(21) is assumed to be the truth value that gives rise to
te satellite recordings. Ideally, the optimization pro-
cedure can be carried out using equation (5) which
links the satellite data collecting geometry with the
sea model coordinates. It is, however, that the long
wavelength unmodelled error in orbit computation
due to insufficient accuracy in the gravity model and
radom noise are excluded. Since the unmodelled er-
ror is in general long wavelength of semi-cyclic per
revolution (Marsh and Williamson, (1980)), it would
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only have an effect on local ‘DC’ shifting in the
SEASAT-ALT data segments such as those used in
this research. In fact, ‘DC’ shifting can also be true
for other uncorrected long wavelength small ampli-
tude anomalies of tidal loading of the solid earth,
body tide, and steric ocean variations.

The variance curves (Var, (C)) for the correlation
between the model and the altimeter derived obser-
vations for each revolution are displayed in Fig. 13(a)
through 13(j). The results of the optimization are
very consistent with each other within a range of
values from 0.0023 to 0.0027. An averaged value is
obtained to be 0.002505 for the friction coefficient of
the quadratic law.

6. CONCLUSIONS

The quadratic ocean bottom friction law has been
examined in the East China Sea and Yellow Sea area
through numerical modelling and optimization pro-
cedures, in which various frictional coefficients were
used in the equation of motion. The variance func-
tions computed by measuring the error between the
satellite observations and the theoretical values show
surprisingly good agreement. From a total of 10 orbit
tracks during two tropical storm periods, a range of
quadratic coefficient between 0.0023 and 0.0027 was
obtained. The correlation between the satellite mea-
surement and the modelling conclusively show con-
sistency of the estimated friction coefficient close to
the conventionally adopted value of 0.0025.

The small range of coefficients obtained in this
paper has several important meanings. Firstly, it in-
dicates the effectiveness of the modelling technique
which is capable of handling ocean tide, storm surge,
and (possibly) their interaction simultaneously. This
thereby allows an accurate comparison with the satel-
lite data to estimate a value for the quadratic friction
coefficient. Secondly, it implies the validity of the
empirical relations used to predict surface wind speed
and wind stress. These relations appear to be able to
produce reasonable and practical estimations of the
magnitude of wind speed for the sea model. Finally,
it shows some indications of qualitative improve-
ments in the signal to numerical noise ratio (modell-

ing accuracy) when the surface wind speed or stress
increases. This is supported by the earlier investiga-
tions in Hudson Bay (Moon and Tang (1984), Tang
and Moon (1984)) during which the range of coeffi-
cients was found to be larger in a calm to moderate
wind speed (1 m/s to 10 m/s) environment.
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