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Abstract. A coupled tide-surge model, validated for the Typhoon 7203, is used to
construct 20 synthetic storm surge cases without and with tides by increasing wind
speeds in the Bohai Sea, Yellow Sea and East China Sea. Simulations of Typhoon
7203 and synthetic storm surges are used to study the extreme water elevations at 10
tidal stations along the coast, as well as to evaluate the impacts of increasing wind
speeds and tide-surge interactions on storm surge elevations. Results indicate that the
increasing wind speeds by 39% can result in at least 103% higher extreme water
clevations at 10 tidal stations. Furthermore, the largest differences between storm
surge elevations without and with tide-surge interactions can reach 76 and 89 cm at
YingKou and LianYunGang tidal station for 60% increase in wind speed, respectively.

1. Introduction

In the Bohai Sea, Yellow Sea and East China Sea, numerous tropical cyclones or typhoons have
produced the damaging storm surge, which is an abnormal rise or fall in the seawater level associated
with a low pressure weather system. Storm surge and related coastal flooding can result in loss of
human life and damage to property [4, 7, 8], and the abnormal low water level mainly destroys
maritime safety and coastal engineering.

As some researchers have explored, several factors can influence the height, extent and duration of
storm surge, such as tropical cyclone size [2, 5] and pre landfall wind speeds [10]. By increasing the
wind speed and changing the landfall location, Sebastian et al.[13] constructed five synthetic storm
surge scenarios in the upper Texas coast according to the SWAN + ADCIRC model. Results showed
that increasing wind speeds resulted in higher surge and shifting the storm westward caused higher
levels of surge due to more intense, higher shore-normal winds. Typhoon-induced storm surge and
coastal flooding can be further aggravated by astronomical tides [11, 17]. Using the two-way nested
coupled tide-surge model, Zhang et al. [18] explored the impacts of astronomical tides on storm surges
in the Taiwan Strait, indicating that the influence should be considered in prediction model. Based on
a regional hydrodynamic model, Quinn et al. [12] explored the influence of tide-surge interaction on
the surge in the Solent and surrounding waters, and simulation results indicated that their interactions
affected the magnitude and timing of the surge.
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Nevertheless, in the Bohai Sea, Yellow Sea and East China Sea which are vulnerable to storm
surges, the effect of increasing wind speeds on the storm surges has not received much attention. In
this study, using a two-dimensional coupled tide-surge model, we will investigate the storm surges
without and with tide-surge interactions by increasing wind speeds and explore the influences of tide-
surge interactions on storm surge elevations during the Typhoon 7203.

2. Numerical Model
The coupled tide-surge model is developed on the basis of a depth averaged flow model, and the
model framework is as below.

In the spherical coordinates, the governing equations used in the present coupled model are
composed of the depth averaged equations of continuity and momentum.
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Where ¢ is time; A and ¢ are east longitude and north latitude, respectively; u, v are east and

north components of the current; 4 is depth of undisturbed water; ¢ is sea surface elevation above
the undisturbed level; s+ ¢ is total water depth; 5 is the adjusted height of equilibrium tides; R is
earth radius and a = Rcos¢ ; f =2Qsin¢ is Coriolis parameter (here, Q is angular speed of
Earth’s rotation); k is bottom friction factor; A is horizontal eddy viscosity coefficient; A is Laplace
operator and A(u,v)=a™' [a’lﬁl(ﬁi(u,v)ﬁ R’16¢(cos¢6¢(u,v))]; p, =1025kg/m’ is seawater
density and p, =1.27kg/m’ is air density; g is gravitational acceleration. The wind-stress

coefficient C, used in this paper is determined from the equation (Wu, 1982):

(0.8+0.065xU,,)x107°,  0<U,, <50m/s
‘ :{ 0.0026, U, >50m/s &)

Where U,, is the wind velocity measured at 10-m above the mean sea surface. The surface wind
field (W, ,W,) and pressure field P, are the meteorological driving forces which generate storm

surges [1, 18]. Generally, the effect of background wind field on the storm surge elevation is weaker
than that of pure tropical cyclone, yet should not be ignored [14, 15]. In the present model, synthetic
wind field is obtained by the National Centers for Environmental Prediction (NCEP) reanalysis
surface winds data and a storm model [6]. The pressure field for the tropical cyclone is also from
Jelesnianski [6].
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In this coupled model, initial values of the surface elevation and current velocity are computed by
tidal model. It is supposed that no water is permitted to flow into the coast along the closed boundaries.
The open boundary conditions are sea-surface elevations, which are as follows:

JZif_/Hj Cos(a)jt+uj+vj_gj)» Q)

j=1
Where H, and g, are separately amplitude and phase-lag of the jth tidal constituent; @; is

angular speed; v, is initial phase angle; f ; 1s nodal factor; and u; is nodal angle.

After removing pressure term and wind stress term from equations (2) and (3), the coupled model
is simplified to the tidal model of Lu and Zhang [9]. The tidal model is actuated by open boundary
conditions and tidal potential. Sea surface level on the open boundary is calculated by equation (5) and
tidal potential is computed as Fang et al. [3]. The model starts on April 27, 1972 and runs for 90 days,
where the harmonic analysis calculation can be done for the simulated results in the last 60 days. The
absolute mean differences of amplitude and phase-lag of sea surface elevation are separately less than
4 cm and 5° between simulated results and observations at the 489 points of TOPEX/Poseidon (T/P)
tracks for four principal constituents M2, S2, K1 and O1 [16].

3. Numerical Procedure

3.1. Model Configuration

The study area in this paper covers the Bohai Sea, Yellow Sea and East China Sea, and the first island
chains and Taiwan Strait are as open boundaries. The tides in the coupled model include eight
principal constituents (M2, S2, K1, O1, N2, K2, P1, Q1). The computational domain runs from
117.5°E to 131.5°E and 24°N to 41°N in the numerical simulations, and bathymetry data is from E-
TOP-5. The spherical grid is 5'x5'. The time step is taken as 60 s.

The present model can be used to calculate three water elevations: storm surge without the impact
of tide (denoted by storm surge model); the tide only (denoted by tidal model); and total water
elevation which considers both the tide and meteorological forcing (denoted by coupled tide-surge
model) [18]. To obtain the storm surges with tide-surge interactions, the model will be run twice: once
to calculate the tide only, and once to compute the total water elevation. Subtracting the tide from the
total water elevation, we can obtain the storm surge elevation time series with the coupling effect of
tide-surge. Besides, the storm surge elevation without tide-surge interactions is simulated by the storm
surge model

3.2. Case Description

In this paper, we investigate the impacts of increasing wind speeds on the storm surges without and
with tides during the Typhoon 7203 in the Bohai Sea, Yellow Sea and East China Sea. The trajectory
of Typhoon 7203 (from July 25th to 28th, 1972) and locations of 10 tidal stations are shown in Fig.1.
The typhoon data is available every 6 hour in here.
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Figure 1. The blue asterisks denote the locations of tidal stations, red solid lines are the trajectory of
Typhoon 7203, and red circles indicate time series of the typhoon.

In order to evaluate the effect of increasing the wind speed on the storm surge, 20 synthetic storm
surge cases without and with tides are constructed when all the other conditions are the same. In other
words, there are 21 different storm surge cases when including the actual wind field. The specific
processes are determined by the following steps. In the first case (hereafter, Case 1), it is assumed that

the wind speed used in the model is the actual wind speed, symbolized by /¥, . From the second case
(hereafter, Case 2) to the last one (hereafter, Case 21), the synthetic wind speed W, can be represented
by the following equation:

W, =(1+ix3%)xW,, i=1,..,20.

4. Results and Discussion

In this section, the results of the numerical simulation will be exhibited in several ways. Each
illustrates a different aspect of the effects of increasing wind speeds on the storm surge elevations
without and with tides, and the influences of tide-surge interactions on the storm surge elevations
under different wind speed conditions.

4.1. Extreme Water Elevations of 21 Cases
Storm surge elevations without tides of 21 cases can be calculated by running the storm surge model
in the Bohai Sea, Yellow Sea and East China Sea during the Typhoon 7203. Fig.2 (left) shows the
extreme values of 21 storm surge elevations at 10 tidal stations. When considering the tides, the
extreme values of 21 storm surge elevations with the tide-surge interactions is also shown in Fig.2
(right).

As you can see from Fig.2, the effects of increasing wind speeds on the storm surge elevations
without and with tide-surge interactions are very obvious. The increasing wind speeds by 39% can
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result in at least 103% higher extreme water elevations at 10 tidal stations. But only a 36% increase in
wind speed yields at least 103% a higher extreme value after considering the tide-surge interactions.
The results indicate that the impact of tide-surge interactions on extreme water elevation of storm
surge is remarkable as the wind speed increases.
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Figure 2. Extreme values (cm) of 21 storm surge elevations without (left) and with (right) tide-surge
interactions at 10 tidal stations.

4.2. Time Series of Storm Surge Elevations
Through comparing the results in Fig.2 (left and right), differences between extreme values of 21
storm surge elevations without and with tide-surge interactions are larger at Ying Kou tidal stations for
the rising water, and at LianYun Gang tidal station for the falling water. Therefore, simulation results
in these two tidal stations will be analyzed.

For the numerical simulations in Case 1, Case 6, Case 11, Case 16 and Case 21, storm surge
elevations without and with tide-surge interactions at Ying Kou and LianYun Gang tidal stations are
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shown in Fig.3 (left) and Fig.4 (left), respectively. The results indicate that storm surge elevations
increase with increasing wind speed in these two tidal stations, but little variation in shape or timing of
the hydrograph. Fig.3 (right) and Fig.4 (right) present the differences between the storm surge
elevations without and with tide-surge interactions in above-mentioned five cases at Ying Kou and
LianYun Gang tidal stations. It can be seen that the effects of tide-surge interactions on storm surge
elevations become more obvious as the wind speed increases gradually. When wind speed has a 60%
increase, the largest difference is even up to 76 cm and 89 cm in these two tidal stations, respectively.
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Figure 3. Comparison of storm surge elevations (left) and differences (right) without (dotted lines)
and with (solid lines) tide-surge interactions in Case 1 (red line), Case 6 (green line), Case 11 (blue
line), Case 16 (cyan line) and Case 21 (mauve line) at YingKou tidal stations.
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Figure 4. Comparison of storm surge elevations (left) and differences (right) without (dotted lines)
and with (solid lines) tide-surge interactions in Case 1 (red line), Case 6 (green line), Case 11 (blue
line), Case 16 (cyan line) and Case 21 (mauve line) at LianYunGang tidal stations.

5. Summary and Conclusion

This paper used a coupled tide-surge model to analyze the storm surge in the Bohai Sea, Yellow Sea
and East China Sea during the Typhoon 7203. In the coupled model, the tide was introduced by the
tidal potential and open boundary conditions, and the wind stress was given by a synthetic wind field.
The storm surge elevations without and with tide-surge interactions were simulated under increasing
wind speeds in the whole sea areas.

In order to investigate the impacts of increasing wind speeds on storm surge elevations, storm surge
elevations of 21 cases without and with tide-surge interactions were calculated in the whole sea areas.
Meanwhile, the extreme water elevations at 10 tidal stations along the coast were analyzed. The results
showed that increasing wind speed by 39% caused extreme water elevations of storm surges without
tide-surge interactions to increase by at least 103%, but only 36% increase in wind speed for storm
surge with tide-surge interactions. Furthermore, storm surge elevations without and with tide-surge
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interactions in YingKou and LianYun Gang tidal stations were analyzed, indicating that storm surge
elevations increased with increasing wind speed, but little variation in shape or timing of the
hydrograph.

The differences between storm surge elevations without and with tide-surge interactions were also
calculated with the purpose of estimating the tide-surge interactions. For example, at YingKou and
LianYunGang tidal station, the largest differences were 76 and 89 cm as the wind speed increased by
60%, respectively, demonstrating that the tide-surge interactions must be considered.
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