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Abstract

A two-way nested coupled tide-surge prediction model was established and applied in the Taiwan Strait and adjacent sea
area in this study. This two-dimensional (2D) model had a fine horizontal resolution and took into account the interaction
between storm surges and astronomical tides, which made it suitable for depicting the complicated physical properties of
storm surges in the Taiwan Strait. A two-way nesting technique and an open boundary condition developed from Flather’s
radiation condition and Reed and Smedstad’s local mode idea, were successfully implemented in the model. A simulation
experiment showed that the open boundary condition could be used in the coupled tide-surge model and that the
performance of the two-way nested model was slightly superior in accuracy to that of the one-way nested one.

The fluctuations of storm surge residuals with tidal period at Sansha and Pingtan tide stations during the period of
typhoon Dan in 1999 were well reproduced by the model, with the coupling effect between storm surges and tides
indicating that the effect of astronomical tides upon typhoon surges should be considered in a storm-surge prediction
model for the Taiwan Strait. The forecast experiment during typhoon Talim in 2005 showed that the storm surge
prediction outputs by the model were better in the early 20 h of the forecast period of each model run than those in the later
period due to the prediction accuracy of the typhoon track, maximum winds, and central air pressures.
© 2007 Published by Elsevier Ltd.
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1. Introduction Fig. 1). The strait is a shallow sea area with an

average water depth of about 60m (Ye et al., 1985).

The Taiwan Strait, a long channel joining the
East China Sea and the South China Sea, is located
on the wide continental shelf of the China Sea (see
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It is separated from the Western Pacific Ocean by
Taiwan Island, which is situated on the edge of the
continental shelf.

In the Taiwan Strait, complicated and sharp
spatio-temporal variations are the main character-
istics of the tide (Ye et al., 1985; Li et al., 2002). The
tide is very strong and a semidiurnal tide dominates.
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Fig. 1. Model domains for the coarse mesh and the fine mesh with bathymetric contours in meters. Sansha (SS), Pingtan (PT), Xiamen

(XM) and Dongshan (DS) tide stations are marked by circles.

The tidal range along the western coast is larger
than that along the eastern coast, and, as compared
with that in the southern part, the range in the
northern part is larger (Zhen et al., 1982; Fang et
al., 1985; Li et al., 2002). The mean tidal ranges of
some regions in the Taiwan Strait exceed 4 m, and
the largest, 5.48 m, appeared at Bangmen in Sansha
Bay (Fig. 2), in the northwestern part of the strait
(Hu and Gu, 1989). The large monthly-mean ranges
here often occur from August to October, coincid-
ing with the typhoon season from June to October
in the Taiwan Strait. According to previous studies,
the interaction between tide and storm surge is
notable where the water depth is small and the tidal
range is large (Prandle and Wolf, 1978; Zhang and
Wang, 1990; Pan and Liu, 1994). Consequently, it is
believed that the interaction between tide and storm
surge is significant in such a shallow sea area as the
Taiwan Strait, in most regions of which the mean
tidal ranges are quite large. Water level measure-
ments during several typhoons at some gauge
stations along the coast of Fujian Province, on the
western bank of the Taiwan Strait, have confirmed
this phenomenon (Zhang et al., 2004).

Storm surge numerical models have been devel-
oped for the Taiwan Strait by various investigators.
Wu et al. (1982) set up a storm-surge model for the
Taiwan Strait using vertically integrated equations,
and made a nonlinear numerical computation on
the storm surges caused by typhoon Vera in 1977.

Although their model governing equations con-
tained nonlinear advective terms, the effect of tide
was not taken into account due to the lack of tide
level values at the open boundary. Using this model,
Wu (1984) enlarged the model area from the Taiwan
Strait to the sea area to the southeast of China, but
the model domain was still limited to the con-
tinental shelf of China and tide was not included.
Chen et al. (1990) developed a 2D numerical model
for predicting total water elevation in tidal rivers or
bays with similar equations and applied it on the
Minjiang River in Fujian Province (see Fig. 2).
Here, tide was considered by superimposing tide
level on the open boundary at the river mouth.
Wang et al. (1991) established a typhoon surge
model with a grid spacing of 13.89 km, in which the
nonlinear advective terms of the vertically inte-
grated equations were omitted and no tide was
involved, and they divided the continental shelf sea
area of China into five overlapping but unattached
calculation domains. One of the five domains was
located in the Taiwan Strait and adjacent area.
These models were used in ocean engineering, storm
surge investigation, or typhoon surge forecasting in
the Taiwan Strait.

In light of the bathymetry and the tide character-
istics described above, the storm surge prediction
model for the Taiwan Strait should take into
account the following two points: (1) the interaction
between tide and surge in the whole area and (2)
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Fig. 2. Map of the Taiwan Strait (SS: Sansha station; PT: Pingtan station; XM: Xiamen station; DS: Dongshan station).

high horizontal resolution. In addition, it is also
important to utilize a large enough model domain to
ensure a lengthy forecast before a maximum
tropical cyclone event occurs. However, none of
the models mentioned above included these con-
siderations. The main aim of this study was to
develop a high-resolution coupled tide-surge pre-
diction model for the Taiwan Strait using a two-way
nesting technique.

2. Numerical model

The mathematical foundations of the two-way
nested coupled tide-surge model (the NCTSM) are
described in this section and the numerical scheme is
shown in the Appendix A.

2.1. Basic equations
In the spherical coordinates, the following gov-

erning equations, including the depth-averaged
continuity equation and momentum equations, were

used in the present model.
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where ¢ is the time; /4, ¢ the east longitude and north
latitude; { the sea surface elevation above the
undisturbed sea level; /& the depth of undisturbed
water; H the total water depth, H = h+{; u, v the
east and north components of the depth-mean
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current, q; Fy, G, the components of the wind stress
on the sea surface, t,; Fj,, G, the components of the
bottom stress, t,; p, the atmospheric pressure on the
sea surface; R the radius of the earth; g the
acceleration due to gravity; f'the Coriolis parameter,
f=2wsin@, here w is the angular speed of the
earth’s rotation; p the density of seawater, assumed
to be unchanged.

The origin of the system of coordinates is located
on the undisturbed sea surface. { is representative of
vertical displacement of the sea surface from its
undisturbed position (above which it is positive and
below which it is negative), and it denotes tide level,
storm surge, or their combination (namely total sea
level). Storm surge or residual elevation is custo-
marily defined as the difference between the total
sea level and the predicted astronomical tide level.

Because bottom stress is the only energy-dissipat-
ing term in the above governing equations, it is
significant in computing the tide and surge motions.
Its dependence on current is well known and the
quadratic law has been broadly used in the bottom
friction parameterization. In recent years, the
influence of wind wave and wave—current interac-
tion upon bottom stress has been investigated, using
numerical models (Zhang and Li, 1997; Jones and
Davies, 1998, 2001). In shallow coastal regions, the
levels of turbulence are enhanced by wind wave
orbital velocity at the sea bed, while in deeper sea
areas this effect is of less importance (Zhang and Li,
1997; Jones and Davies, 1998, 2001; Davies et al.,
2000). This indicates that the magnitude of bottom
stress in the shallow sea is larger than that in the
deep sea due to wind wave effect. Zhang and Li
(1997) remarked that this process could be para-
meterized by changing the bottom drag coefficient
in a three-dimensional (3D) model to allow for wind
wave effects. It was stated by Bao et al. (2001) that
the bottom drag coefficient should be non-uniform
and depth-dependent in the quadratic friction form
in their 3D tide model. As is known, the velocity
related to the bottom stress in the quadratic friction
formulation is usually referred to the flow of the
bottom boundary layer. However, a 2D model can
also take into account the wave—current interaction
with the appropriate parameterization and make
storm surge predictions of a comparable accuracy
with a 3D model (Jones and Davies, 1998). Since the
model domain covers both shallow water and the
deep sea, non-uniformity of the bottom drag
coefficient might be required, although only depth-
average current is considered in a 2D model (Kang

et al., 1998). The depth of water in the calculation
domain varies from less than 5m to more than
7000 m. Consequently the depth-dependent bottom
friction by means of a depth-dependent drag
coefficient could be expected. The following formula
relates the bottom stress to the depth-mean current,
q, using a quadratic law:

© = pgclqlq, 4)

where ¢ is the Chezy coefficient, ¢ = H"®/n, n
denoting the Manning coefficient. The bottom
friction formulation (4) is also implied in a 2D tide
model by Kang et al. (1998) and in a 2D storm-
surge model by Zhang and Li (1996).

In low-lying coastal regions, dry places may be
flooded with increasing water level and in very
shallow near-shore regions, wet areas may be dried
out with decreasing water level. A wetting and
drying scheme has been applied in some models to
include this effect (e.g. Flather, 1994; Jones and
Davies, 1998, 2001). Because the horizontal resolu-
tion (1/30°, about 3.7km) of NCTSM is not fine
enough to effectively handle this process in the area
of interest, wetting or drying of the grid is not
considered here. In order to prevent wet points from
drying out, the water depth of a few points
shallower than 4.5m is artificially set to 4.5m since
the measured maximum tidal range is less than 9m
in this area (Hu and Gu, 1989). Since inundation
caused by typhoon surges is very dangerous in some
low-lying coastal areas, some finer grid domains
should be nested into this model in the future, in
order to take account of the wetting and drying
effect.

The parameterization of the wind stress is also
completed with a quadratic law as follows:

T, = p,CalWIW, )

where C; is the wind-stress coefficient (drag
coefficient), p, the density of air, and W the wind
vector at a height of 10 m above sea surface. Based
on several investigations (Garratt, 1977; Smith,
1980; Large and Pond, 1981; Wu, 1982; Geernaert
et al., 1987; Yelland and Taylor, 1996; Powell et al.,
2003), C, in this paper was determined from the
equation:

1.052, IW|<6m/s,
Cy x 10° = { 0.638 +0.069|W|, 6<|W|<30m/s,
2.708, IW|>30 m/s.

(6)
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In order to make Egs. (1)—(3) closed, initial and
boundary conditions must be specified. The effect of
initial conditions on the calculated results over
several days almost disappears in the model, and
therefore the initial conditions were set to zero,
known as “cold start”.

{=u=0v=0, attimer=0. (7

Along the coastal boundaries, no water is allowed
to flow through, which means that the normal
component of the current vanishes. On the open
boundaries, a radiation condition following Flather
(1976) was used to prevent the artificial reflection at
the open boundaries of disturbances generated
within the model area,

. Cl s
4= =5 (=0), ®)
G =1, +4,".
(=" 4+,

where the subscript n stands for the component
normal to the open boundary; the superscripts, M
and T, denote the contributions to the total water
elevation or the current component, associated with
the meteorological force and the tide input,
respectively; and C = (gH)"?. ¢T and (M are given
by the forms:

m

("= fHicos(ait + Vi+u; — g)), ©)
i=1

1
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Py
where H; and g¢; are the harmonic constants,
amplitude and phase-lag of the ith tidal constituent,
respectively, o; the angular speed, f; the nodal factor,
u; the nodal angle, and V; the initial phase angle of
the equilibrium constituent at Greenwich. p, (Pa),
month-dependent, is the ambient pressure or
environmental pressure and can be specified before-
hand. The harmonic constants of eight principal
tidal constituents (M,, S,, N,, K», K;, Oy, P; and
Q) used in the present model on the open boundary
could be obtained from the global tide model
(Matsumoto et al., 2000), and o}, f;, u; and V; are
defined in advance. It is unrealistic to accurately
give ¢, and ¢,” ahead of time. For that reason, the
sum of ¢, and ¢,”, ¢, was determined by the
method put forward by Reed and Smedstad (1984),
the so-called ‘local” solution, where both the

meteorological forces and the bottom friction are
taken into account. At the same time, the current
component tangential to the open boundary was
calculated directly by this method. For example,
those at the eastern open boundary could be
calculated by the equations:

%zuv t;n @ +fU+pLH(FS_Fb)’ (11)

o _wang . g% 1,

ot R R3¢ pROp
+£ﬂ@_@; (12)

ol 1 O(Hv cos (p)' (13)

ot Rcos g dop

This open boundary condition is slightly different
from the scheme (FRO, a modification to Flather’s
radiation condition) proposed by Palma and Mata-
no (1998). In this scheme, the water level ({) at the
open boundary was specified and the normal
component (¢,) of current was the local mode or
the local solution, following Reed and Smedstad
(1984), which only contained the contribution due
to local forces, e.g. the wind stress and the bottom
stress. As we know, both current and water level at
the open boundary are local solutions in the FRO
(Palma and Matano, 1998).

2.2. Two-way nesting

There is an economical way to improve the
horizontal resolution of a numerical forecast model
by nesting a fine mesh within a coarse mesh, since
the nested model could save computer time and
memory space compared with a model having the
same fine resolution throughout the whole model
domain (Koch and McQueen, 1987). The grid
nesting could be implemented by one of two means:
one-way and two-way nesting. In a one-way nested
grid model, information from the coarse mesh could
enter and affect the fine mesh through the interface
between them, while disturbances from the fine
mesh do not feed back to the coarse. In other words,
the coarse model is entirely independent of the fine
model. Because it is simpler and requires less
computer time (Koch and McQueen, 1987; Yu
and Zhang, 2002), this approach is used in most
nested ocean and atmosphere models (e.g. Davies
and Flather, 1978; Roy, 1995; Kunz and Moussio-
poulos, 1997; Adlandsvik and Hansen, 1998;
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Monbaliu et al., 2000; Yu and Zhang, 2002). In a
two-way nested grid model, however, not only does
the coarse grid model affect the fine grid model, but
the fine also influences the coarse. Koch and
McQueen (1987) remarked that the exchange of
information between the two grid meshes was more
realistic particularly when strong mesoscale distur-
bances were generated within the fine model;
therefore, the two-way interactive nested grid
method was intuitively the more appealing of the
two approaches. Thus, a two-way nesting technique
was applied to the present model in order to
improve the storm surge predictions, even though
more programming effort and computer time were
necessary.

The domains of the coarse mesh (110-130°E,
18-30°N) and the fine mesh (113.3-121.5°E,
22.0-28.4°N) are shown in Fig. 1, and the coarse
mesh mantled the whole fine mesh. The offshore
islands, which can be distinguished by model grids,
were incorporated in the model. The sea area
southeast of Taiwan Island was not included in
the practical computation of the fine grid, which can
save some computer time, since the computed
results for the fine mesh there do not affect the
target area, the Taiwan Strait. The ratio of the
coarse grid size, 1/10° (about 11.1km), to the fine
grid size, 1/30° (about 3.7km), is an integer, 3, and
the time-steps of the two models are a consistent
value (400s in this study), avoiding the additional
error caused by temporal interpolation at the open
boundary of the fine mesh region. They are based
on the uniform governing equations and initial
conditions described above.

The interface conditions, typically including the
open boundary conditions of the fine mesh and the
feedback method for the coarse mesh (Koch and
McQueen, 1987), are of great importance for the
two-way nested model in maintaining stability and
reducing errors. For the same purpose mentioned
previously, the open boundary conditions of the fine
mesh field are also given by Eq. (8). ¢, was obtained
from the mass flux at the open boundary, inter-
polated from that of the coarse grid through the
cubic spline interpolation method, and so was the
tangential component of the current, since it can
satisfy the one-dimensional form of the continuity
Eq. (1) and thus, to some extent, keeps the
conservation of mass. After the calculations in the
fine mesh were completed, the average of the water
elevations of all fine grid cells within a coarse cell
district—except for the points at the interface

boundaries—replaced the water elevation of the
coarse cell as a new value in the common region. To
summarize, in one time-step, the nested model first
performed the computations with the open bound-
ary conditions in the coarse grid domain, then drove
the fine mesh to compute through the interface
conditions, and finally fed back the information
from the fine mesh to the coarse mesh.

2.3. Cyclone model

Meteorological driving forces of storm surges
consist of wind stress and atmospheric pressure
gradient. Therefore, determining the wind field and
pressure field of a tropical cyclone is significant and
indispensable for cyclone surge calculations.

An asymmetric wind field model for a moving
cyclone was developed by Jelesnianski (1965) and is
widely used in many tropical cyclone surge models
(e.g. Wu, 1984; Sun et al., 1994; Roy, 1995). It was
adopted in this paper and is described as follows:

r

1/ 1\

W= (Ul + V.]) + Wy— () (al + b.l)a

m+ 71 " \Im

0<r<rma

I'm . . Lr\12 .

W= (Ul + V.]) + Wm - (*> (al + b])7

I'm+r r\r

>, (14)
a= —(r; sin 0 +r, cos 0),

b=r;cos0—r,sin 0,

where (i, j) are unit vectors in longitude and latitude,
U, V the components of the translation velocity of
the cyclone center, r,, the radius to maximum wind
speed W,,, r the radial distance from the cyclone
center, r, and r,, the components of the vector r, and
0 inflow angle of range 0-30°.

The atmospheric pressure field for the cyclone
was calculated using the following formula (Hol-
land, 1980; Jakobsen and Madsen, 2004):

-B
-
Py =D+ Ap exp[—(—) 1 Ap=p, =P,

r>0, (15)

where p. (Pa) is the central pressure of the cyclone
and Ap the pressure drop or the pressure deficit; B is
the shape parameter, which can be estimated by the
following empirical relationship for the western
North Pacific (Atkinson and Holliday, 1977
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Jakobsen and Madsen, 2004)
B = 0.1397(Ap)* 8. (16)

When r equals zero, p, is set to p. and W is set to
zero.

3. Hindcast simulation and forecast experiment
3.1. Calculation scheme

The present model can be used to calculate tide
only; pure storm surge, which is without the effect
of tide; or tide plus surge motion by the control of
tidal input at the open boundary of the outer
domain and meteorological forcing. For the sake of
the storm surge with the coupling effect of tide and
surge, the model should be run twice: once to
simulate the total water level (tide plus surge) with
tidal input and meteorological forcing; and again to
predict the tide only, without meteorological for-
cing. The storm surge elevation time series was
gained by subtracting the tide level from the
corresponding total water level.

It took about 3 days for the tide computation in
this model to remove the influence of zero initial
conditions on the calculation results. Thus, in
computing the total water level, the model simu-
lated tide only for 3 days before introducing
meteorological forces, which means that the initial
conditions of coupled tide-surge computation were
actually the water level field and depth-mean
current field of the astronomical tide.

The wind speed was multiplied by a relaxation
coefficient, which changes from 0 to 1, during the
first 100 time-steps, about 11.1 h after the start-up of
meteorological forces. This reduces the impact on
calculations if strong winds blow suddenly. A
similar method was applied also to the water
elevation on the open boundary of the coarse mesh
model. This approach was very effective in avoiding
artificial disturbances just after an external force
was introduced into the model.

The computed values of every selected wet grid
point nearest to a tide gauge site were used for
comparison with the observations at the corre-
sponding tide station. Of course, there was some
difference in space between the selected grid point
and the corresponding station, and this introduced
some errors. However, the distance between them
was no more than 27"?As (As being the maximum
grid spacing), and for the fine resolution grid
mesh the errors due to this difference were

negligible. The water level observations, obtained
with float-type tide gauges, at the four tidal gauge
stations (shown in Fig. 2), managed by the State
Oceanic Administration of China were used to
validate the output of results by the model.
The observation errors of these data were not more
than +1cm.

3.2. Tide computation

Tide plays an important role in the interaction
between tide and storm surge (Prandle and Wolf,
1978). Therefore, it was crucial to verify the
computations of tides using the present model.

Water level is affected by meteorological forces,
especially by strong winds in the shallow sea area. In
order to reduce the effect of winds on water level,
there should be no wind or as weak a wind as
possible in the days selected for the validation of
tide computations. The weather was calm with wind
speeds lower than 9m/s in nearly 94% of the total
time at Pingtan station, and lower than 7 m/s in over
96% of the time at Xiamen station during the
period from 0000 LST 5 August to 2300 LST 20
August 2000 (LST refers to local or Beijing standard
time, which is 8 h ahead of the corresponding UTC,
and will be used in this paper). The exception arose
from the small effect of the outermost portion of
typhoon Jelawat, which passed through the sea area
to the north of the Taiwan Strait, during 9-11
August 2000. Using NCTSM, we computed the
tides only, covering the period from 2 to 20 August
2000.

Fig. 3 shows the results of the computation
omitting the first 3 days due to zero initial
conditions. As seen in Fig. 3, the results clearly
reproduce the variations of tides at Sansha, Pingtan,
Xiamen and Dongshan. For purposes of analysis,
the computed time series of tide levels with an
interval equaling the time step of the model was
linearly interpolated to the corresponding hourly
data, because the observations were made hourly.
The mean absolute errors (MAE) between the
computed values and the observations were under
15cm, and the standard deviations of errors
(STDE) did not exceed 18cm (Table 1). The
correlation coefficients (R) are shown in Table 1
with a corresponding statistical significance of 99%.
It can be seen from Fig. 4 that the residuals of tide
computations still contained tidal components.
Their amplitudes and characteristics depended on
the place and the period. For example, the
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Fig. 3. Time series of water levels (referred to the mean sea level during the period) at the four tide stations (continuous lines: numerical
results, circles: hourly observations, plus signs: observed high tides or low tides).

Table 1

Comparisons of the MAE (cm), STDE (cm) and R between numerically computed tides and harmonically-calculated tides

Stations Numerically-computed tides Harmonically-calculated tides

MAE STDE R MAE STDE R
Sansha 12.5 15.2 0.995 9.1 12.0 0.997
Pingtan 14.3 17.3 0.996 10.3 13.0 0.997
Xiamen 13.2 16.0 0.994 10.1 12.6 0.996
Dongshan 11.8 14.7 0.984 8.2 9.8 0.993
mean 12.95 15.80 0.992 9.43 11.85 0.996

amplitudes during the period from 5 to 8 August
were obviously larger than those during the period
from 18 to 20 August at Pingtan station, and just
the reverse at Sansha and Xiamen stations. A
semidiurnal component was dominant in the
residuals at Pingtan, which was mainly due to the

marked computation errors of the M, constituent
(Table 2). The shallow water effect played an
important role in the residuals, which included
visible higher-frequency fluctuations than the M,
constituent at Xiamen station, since this station was
located in Xiamen Bay.
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method (dotted line).

Table 2

The differences (simulated minus measured) in amplitude (cm)
and in phase-lag (deg.) between simulated and measured
harmonic constants of four principal constituents

Stations M, S, K, O,

AH; Ag; AH; Ag; AH; Ag;, AH; Ag;
Sansha —4 2 3 9 0 2 3 2
Pingtan -15 =3 0 2 0 -2 3 -3
Xiamen 4 2 3 5 3 -3 5 -1
Dongshan -1 -8 1 -7 2 -9 4 —6

On the other hand, the computed high tide levels

during the period from the afternoon of 10 August
to the morning of 11 August obviously exceeded the
observations (see Figs. 3-5), which was due mainly
to the negative set-ups caused by the winds in the
left portion of typhoon Jelawat mentioned above.

In order to ultimately show the performance
of the model computing tide, the above simulated
and observed hourly data were harmonically
analyzed, using the least-squares fit method. Ac-
cording to the Rayleigh criterion, only four
principal constituents (M,, S,, K; and O;) should
be included in the analysis with the recording length
of 384h during 16 days mentioned previously
(Foreman, 1977). Table 2 shows the differences in
amplitude and phase-lag between the constants
from simulated results and those from observations.
It can be seen that the absolute values of the
differences in amplitude did not exceed 5cm except
at the Pingtan station, and the absolute errors of
phase-lags were not more than 10°, suggesting that,
on the part of the four principal constituents, the
simulated results were in good agreement with
the observed.
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Fig. 5. Time series of water levels (referred to the mean sea level during the period) at the four tide stations (continuous lines: harmonically
calculated results, circles: hourly observations, plus signs: observed high tides or low tides).

In this paper the accuracy of numerically
computed tides via NCTSM was still no better than
that of harmonically calculated tides with 170
constituents. The astronomical tides calculated
using the harmonic method for the same period as
above were nearly consistent with the measurements
(Fig. 5). The varying amplitudes of calculation
errors by this method were commonly smaller than
those by the numerical model (Fig. 4). Seen from
Table 1, the values of both MAE and STDE from
harmonically computed data series were also
smaller than their counterparts from numerically
calculated results, and the correlation between
harmonically calculated tides and the observations
was better based on their R-values. That is why the
observed storm surge elevations were derived by
subtracting the harmonically calculated tide levels,
rather than the numerically computed ones, from

the observed water levels. For the same reason, the
storm surges computed in the present model were
defined as the differences between the tide levels
from the tide run and the corresponding total water
levels from the tide-surge coupling run, in order to
eliminate additional errors due to inaccurate tide
computations by the model, compared with those
by the harmonic method. Since harmonically pre-
dicted astronomical tide levels are generally more
accurate than numerically predicted ones, it still
may be an optimal choice that total water-level
predictions used for hazard mitigation are obtained
from the results of numerically predicted storm
surges plus harmonically predicted astronomical
tides (Flather, 2000).

Although the accuracy of the tides computed by
NCTSM was no higher than that by the harmonic
method used in this paper, it is credible enough to
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Fig. 6. Tracks of typhoons Dan and Talim. Continuous line shows the best track (Dan) or the analyzed track (Talim). Black dots denote
the typhoon positions at 0800 LST on the dates labeled by corresponding numbers, circles denote typhoon positions at 0200, 1400 or 2000
LST, and broken lines show forecasted tracks in the following 24 and 48 h.

take into account the coupling effect of tides and
storm surges in computing typhoon surges.

3.3. Hindcast simulation

The model was used to simulate the storm surges
caused by typhoon Dan during October 1999. The
track of typhoon Dan is shown in Fig. 6, based on
the best track data published by the China
Meteorological Administration (CMA). Dan devel-
oped from a tropical depression and reached
typhoon strength late on 4 October in the northern
West Pacific. After moving west for about 2 days, it
abruptly turned north late on 6 October and
continued moving north until it landed near Xia-
men, in Fujian Province at 1000 LST 9 October,
with a maximum wind speed of 35m/s and a central
pressure of 970 hPa.

Using typhoon data, including the typhoon’s
position, maximum wind speed, and central pres-
sure data obtained from CMA, a model hindcast
simulation, covering the period from 0800 LST 3
October to 0800 LST 10 October, was carried out
according to the scheme mentioned above. In
addition, and for comparison, another pure storm
surge simulation was also done.

Fig. 7 shows the time series of the simulated, the
measured, and the pure storm surges at the
locations indicated in Fig. 1. It is easy to see that
the simulated typhoon surge elevations, with the
effect of tide and surge interacting, were consistent

with the measurements, and obviously better than
the pure typhoon surges. This indicated that the
fluctuation of storm surge residuals with tidal
period was attributable to the interaction between
tide and storm surge (Fig. 7a,b). Therefore, these
fluctuations of the storm surges in the northern part
of the Taiwan Strait could not be ascribed simply to
the harmonically forecasting errors of astronomical
tides, but were principally due to the interaction
between tide and storm surge. The largest difference
between the surge elevation with the coupling effect
and the pure surge elevation exceeded 24 cm at every
station in Fig. 7, demonstrating that the interaction
was considerable in this sea area.

Fig. 6 shows that typhoon Dan moved more or
less along the open south boundary of the larger
model domain before turning north, which was a
good test for the model, especially for its open
boundary conditions. The good performance of the
hindcast simulation indicated to some extent that
the open boundary conditions used in the model
were reasonable and dependable.

To show the effect of the two-way nesting on
storm surge computation, another model run with
one-way nesting, namely no feedback for the coarse
grid model, was conducted. From Table 3, we can
see that on average, the error decreased 0.27 cm for
the fine grid model and 0.52cm for the coarse grid
model, and the STDE were reduced 0.25 and
0.55cm, respectively, when the two-way nesting
was compared with the one-way nesting. The
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line) for the period from 0000 LST 8 October to 2300 LST 9 October 1999.

Table 3
The MAE (cm)/STDE (cm)/R-values of simulated storm surges for typhoon Dan

Stations One-way nesting Two-way nesting

Fine grid Coarse grid Fine grid Coarse grid
Sansha 7.1/8.3/0.827 7.7/9.5/0.770 6.9/8.1/0.836 7.0/8.2/0.833
Pingtan 7.8/9.1/0.832 7.9/9.4/0.829 7.4/8.7/0.851 7.7/9.1/0.850
Xiamen 16.1/21.2/0.834 17.3/20.0/0.852 16.0/21.2/0.835 16.9/21.2/0.834
Dongshan 11.8/14.2/0.903 12.3/15.4/0.896 11.4/13.8/0.907 11.5/13.6/0.911
mean 10.70/13.20/0.849 11.30/13.58/0.837 10.43/12.95/0.857 10.78/13.03/0.857

one-way nested model was comparable in accuracy
with the two-way nested model, based on both
MAE and STDE. As shown in Table 4, the

R-value with a statistical significance of 99% by
two-way nesting was a little higher than that by one-
way nesting (see Table 3). This showed that the
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Table 4

The differences (cm, simulated minus measured) in the maximal
hourly typhoon surge elevations between the simulated and the
measured data for typhoon Dan

Stations One-way nesting Two-way nesting

Fine grid Coarse grid  Fine grid  Coarse grid
Sansha —6.0 —8.0 —4.2 —4.7
Pingtan —11.6 —18.6 —11.0 —-17.7
Xiamen —8.1 13.5 -7.3 —6.2
Dongshan 7.8 7.1 7.2 7.3

differences between the simulated and the observed
maximal surge elevations, based on hourly data,
were reduced by applying the two-way nesting
technique. The largest reduced magnitude was
1.8cm for the fine grid at the Sansha station and
7.3cm for the coarse grid at the Xiamen station.
Tables 3 and 4 demonstrate that both the fine grid
model and the coarse grid model were slightly
improved by two-way nesting, and more improve-
ment was made in the coarse model than in the fine
one. In addition, it is easy to see that the results
from the fine model were usually better than those
from the coarse model, indicating that the nesting
technique, whether one-way nesting or two-way
nesting, could really improve the performance of the
numerical model. Since the one-way nested model
required less computer time and was comparable
with the two-way nested model in accuracy based on
the above comparisons, it is acceptable to use the
one-way nested model from the operational point
of view.

3.4. Forecast experiment

To examine the forecasting capability of the
model, a model forecast experiment was carried
out in real time during typhoon Talim, covering the
period from 0800 LST 29 August to 0200 LST 2
September 2005. The analyzed track in real time and
the forecasted track, based on the data from CMA,
are shown in Fig. 6. Generally speaking, the interval
of the analyzed data from CMA was 6 or 3h,
depending on the strength of the tropical cyclone
and the distance from China, and was even
shortened to 1 h when the cyclone was expected to
heavily affect the coasts of China. The forecasted
data of cyclone tracks for the coming 24 and 48 h is
usually published every 6 h, at 0200, 0800, 1400 or
2000 LST every day. Thus, the track of Talim was

updated with the input of new analyzed and
forecasted data each time the model was run.

During the period from 0800 LST 31 August to
1700 LST 1 September 2005, the model was run
every 3 or 6 h depending on the interval of the track
data, and lasted less than 30 min each time. The two
time series of forecasted storm surge residuals after
the corresponding start time are shown in Figs. 8
and 9, respectively, and by comparison, the
observations and the hindcast simulation results
based on the “best track’ (not formally published at
present) data are showed, too.

Fig. 8 shows that the hindcast simulation results
were generally in agreement with the observations
except that they were underestimated at Xiamen
and Dongshan, both of which were to the left of the
typhoon’s path, and they were also underestimated
at Sansha after the typhoon landed on Taiwan
Island. This may have been partly related to the
topography of this area affecting the structure and
strength of the typhoon low-level wind field, an
effect which could not be described by the cyclone
model used in this paper. The forecasted typhoon
surge elevations in the early 20h forecast period
(from 0800 LST 31 August to 0400 LST 1
September) were nearly consistent with those of
the hindcast results while those in the late period,
after 0400 LST 1 September, were generally less
accurate than the hindcast results and the measure-
ments. Another forecast started at 0200 LST on 1
September showed that the forecasted results after
0400 LST 1 September were obviously improved, as
shown in Fig. 9. This demonstrates that the storm
surge predictions for typhoon Talim were better in
the early 20h forecast period of each model run
than those in the late period. This is possibly
because the forecasts of the typhoon track, max-
imum wind, and central pressure for the coming
24 h are more accurate than those for the next 48 h.

It can be seen in Fig. 9 that the computed storm
surge residuals based on the analyzed data of the
typhoon were a little different from the hindcast
simulation results. We found that the analyzed data
was also slightly different from the “best track”
data. The ‘“analyzed typhoon” from the analyzed
data lagged behind the “‘real typhoon’ from the
“best track™ data and was stronger. This explains
the sensitivity of the model to the track, the
maximum wind speed, and the central pressure of
the typhoon.

The forecast experiment demonstrated that the
exact predictions of the tropical cyclone track,



W.-Z. Zhang et al. | Continental Shelf Research 27 (2007) 1548—1567 1561

b

180 : : : - - ‘ - 180 :
160 Ss { 160} PT
140 | {1 140 }
120 | {1 120}
100 | {1 100 }

()]

Storm Surge Elevation (cm)

0/31 6 12 18 oN1 6 12 18 0/31 6 12 18 0N 6 12 18

Storm Surge Elevation (cm)

0/31 6 12 18 oM 6 12 18 0/31 6 12 18 oM 6 12 18
Time Time

Fig. 8. Time series of measured (continuous line), hindcast simulated (broken line), calculated (dash—dotted line, based on analyzed data
in real time) and forecasted (dotted line) surge residuals for the period from 0000 LST 31 August to 2300 LST 1 September 2005. Start time
of the model forecast was 0800 LST 31 August, denoted by a circle.

maximum winds and central air pressures were of than typhoon Talim, which is an important reason
great importance for the model to reduce forecast why the performance of storm surge hindcast
errors and to improve the storm surge forecasting simulation for Dan was better than that for Talim
accuracy in this sea area. Because of this, the (see Figs. 6, 7 and 8). The calculation of the typhoon
forecast results of storm surge residuals in the early wind field in this region still needs to be improved
forecast period were generally more credible than and should take into account the effect of topo-
those in the late period. graphy.

Taiwan Island has a great impact on the track Another source of inaccuracy was that the error
and the low-level wind field of tropical cyclones from the computation based on the analyzed
approaching and passing across it (Chang et al., typhoon data could be transferred to the later
1993; Yeh and Elsberry, 1993; Zhang and Wu, forecast, which was similar to the effect of initial
1996). However, the cyclone model used in this conditions on the forecast. Data assimilation was
study could not describe the effect of topography on not involved in this study. The assimilation process
typhoon surface wind field and pressure field. undoubtedly increases the workload of a model

Typhoon Dan was less affected by Taiwan Island and requires more computing time. Under severe
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weather and sea conditions during the lifetime of a Davies, 1998, 2001). The depth-dependent bottom

typhoon, the available in situ data is sparse and its friction formulation (4) reflected the general pattern
impact on the storm surge forecast is restricted. of wave—current interaction effects on bottom stress
Although remote sensing data are plentiful, e.g. in that the magnitude of bottom stress in shallow
altimeter data and scatterometer wind data from sea area is larger than that in deep-sea area.
satellites, currently the time intervals and delay- However, the present model does not really include
times to obtain these data are often too long for wave—current interaction, since the accurate dis-
storm surge forecasting to be used in real time. tribution of waves generated by a typhoon is
Therefore, in view of both the prediction accuracy unknown in real time. Thus, some errors due to
and the time spent in computing, at present it is wave—current interaction effects still remain.
uncertain whether data assimilation is advisable for The forecast experiment using NCTSM indicated
operational typhoon surge forecasting. that this model could be used for predicting
Wave—current interaction has an evident influ- typhoon surges in the Taiwan Strait and the
ence on bottom stress and then on storm surge adjacent sea area in real time despite the above

elevations in shallow coastal regions (Jones and sources of error.
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4. Conclusions

A two-way nested coupled tide-surge prediction
model was developed in this study and applied to
the Taiwan Strait and adjacent sea area. The model
had a high horizontal resolution and took into
account the interaction between tides and storm
surges. Thus, it is suitable for depicting the
complicated physical properties of storm surges in
the Taiwan Strait, where the water is quite shallow,
the tidal range is very large, and the tide varies
sharply. The two-way nesting technique, which
makes it possible for correct information from the
fine mesh to be fed back to the coarse grid mesh
and, in return, more reasonable values for the open
boundaries to be supplied by the coarse model to
the fine model, was successfully applied in this
model. It was shown that the computed results of
not only the coarse model but also the fine model
were improved using the two-way nesting technique
in the hindcast simulations of the surges caused by
typhoon Dan. Additionally, the open boundary
condition used in the present model combined the
radiation condition suggested by Flather (1976) and
the local mode idea (Reed and Smedstad, 1984),
and was slightly different from the FRO proposed
by Palma and Matano (1998). In this scheme, water
levels on the open boundary were specified, which
took into account the function of tide input and the
inverted atmospheric pressure effect. The compo-
nents of current were local mode since it was
impossible to predefine them exactly. However, all
of the variables at the open boundary were local
solutions in the FRO (Palma and Matano, 1998).
The hindcast experiment for typhoon Dan and the
forecast experiment for typhoon Talim confirmed
that this scheme is feasible for use in the coupled
tide-surge model.

Tide is of great importance in the interaction
between tide and storm surge, and so we first
verified the tide computation using NCTSM. The
MAE of the tide computations during the period
from 5 August to 20 August 2000 were smaller than
15cm at Shansha, Pingtan, Xiamen and Dongshan.
The tide computation by NCTSM was accurate
enough for the storm surge forecast to take into
account the coupling effect of tide and surge,
although this method was not any more accurate
than the harmonic method.

NCTSM was used to simulate the storm surges
caused by typhoon Dan. The simulation results
were in good agreement with the measurements at

the Sansha, Pingtan, Xiamen and Dongshan tide
gauge stations. They succeeded in reproducing the
fluctuations with tidal period during the typhoon
process at Sansha and Pingtan in the northern part
of the Taiwan Strait. However, they were not shown
by the pure storm surges, indicating that the
fluctuations were not principally due to the errors
of harmonically predicted tides, but were generated
mainly by the interaction between tides and storm
surges. This interaction produced marked differ-
ences of over 24cm in the storm surge residuals
compared to the pure storm surges at Sansha and
Pingtan during the lifetime of typhoon Dan.
Consequently, it would be valuable to consider the
coupling effect of tides and storm surges to improve
the accuracy of storm surge forecasts in a sea area
such as the Taiwan Strait.

A forecast experiment was carried out in real time
during the period of typhoon Talim in order to
examine the forecasting capability of NCTSM.
Sources of forecast errors mainly involved the
three following aspects. First, the uncertainty of
typhoon forecasts was a significant source of error.
Secondly, the cyclone model used in this study
did not take into account the effect of terrain
on the wind field and the pressure field of typhoons;
this could have caused a perceptible error in
storm surge forecasts for some typhoons passing
across Taiwan Island. Finally, the calculating error
based on the analyzed typhoon data before the
start time of the forecast was transferred to the
surge forecast and produced a forecast error.
Additionally, not including wave—current interac-
tion may also have caused some errors due to the
effects of shallow topography. These errors blended
together intricately and it was too difficult to
distinguish them clearly. In spite of these errors,
the performance of the model in the forecast
experiment was basically satisfactory. It demon-
strated that NCTSM can be used by operational
agencies for real-time storm surge prediction ser-
vices in the Taiwan Strait.
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Appendix A. The numerical scheme

The numerical scheme used in the present model
was developed from the Alternating Direction
Implicit (ADI) scheme (Leedertse, 1967; Pan and
Fang, 1995). The finite-difference grid was the
staggered Arakawa “C-grid”, as shown in
Fig. A.la. Time integration adopted leap-frog
differencing, and the two components of depth-
mean current, ¥ and v, were computed alternately.
Thus, u was computed in every half-time-step layer,
v in every one-time-step layer, and { in every half-
time-step and every one-time-step layer (shown in
Fig. A.1b).

For computing the east-west component of
current, u, and the corresponding water level,
Eqgs. (1) and (2) were approximated by
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Fig. A.1. Finite-difference grid: (a) spatial distribution of grid points and (b) temporal calculation order of grid points.
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At is the time step and n the time-step number. A4
and A¢g are the east-west and the south-north grid
spacing, respectively. The point number in long-
itude, 7, increases from west to east and in latitude, j,
increases from south to north. ¢; is the latitude of
the jth row. For the sake of the leap-frog difference
in time, in the first step, # and {’ are integrated for a
half step by forward time differencing.

A similar approach was used for the south-north
currents and elevations.

Based on Egs. (8)—(10) and the local solutions, the
open boundary conditions could be obtained. For
example, the open boundary condition on the
eastern side was as follows:

—h+1

~n+1 g 1
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where the subscript b denotes the point at the open
—~/

boundary of the larger domain and { is the input of
water level, composing of tide and contribution due
to the inverted pressure effect. u is the local mode of
u, following Reed and Smedstad (1984), and is
calculated by the corresponding difference form of
Eq. (11):
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v on the eastern open boundary is directly calculated
by the corresponding difference forms of Egs. (12)
and (13) as follows:
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Because two of the four points used for comput-
ing ﬁZTl are not inside the domain, L’tZ“;l in Eq. (A.5)
was approximately by

ﬁzjl = (“ZJ—F{,/‘ + ”Zﬂ,/-ﬂ)/z (A7)

The open boundary condition at the eastern side
of the fine mesh domain is similar to Eq. (A.3).
However, here {' at the eastern open boundary of
the fine mesh domain is directly interpolated from
the coarse mesh, and u and v are obtained through
the mass flux interpolated from the coarse mesh
with the cubic spline method.

Egs. (A.1) and (A.2) with corresponding open
boundary conditions can be resolved row by
row (column by column for the counterparts in
the south-north direction) in the whole domain,
using the double sweeping method or the Gauss
method. Avoiding the artificial vibration due to the
leap-frog differencing, the values of { and {’ at each
time step are slightly smoothed, respectively, as
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follows:
" n & 7 n+1
W e - (1 B E)Q/U old + 5 (Citjn + Ci,il )’ (AS)
/ &
C;Jn+l new - (l N 8)€iJn+l ’old +§ ( Zi + CZ]JF1>’

(A.9)

where ¢ is a small value between 0 and 0.5 that can
be determined by experience and 0.06 is adopted in
this study.
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