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Abstract：A two-dimensional numerical model of extratropical storm surge and inundation in Bohai Bay was built 
based on the unsteady flow Navier-Stokes equations. The model included two sections, one was for the simulation of 
storm surge tidal level and the other for the simulation of storm surge inundation in the coastal area. While simulating 
the storm surge tidal level, the alternating direction implicit (ADI) method was applied to dispersing and solving 2D 
storm surge equations. In the simulation of storm surge inundation, the 2D unsteady flow equations were dispersed and 
solved using the structureless grids of finite volume method (FVM). A coupling calculation mode of the process of 
inundation and storm surge tidal level variation was proposed, therefore the storm surge inundation process and area 
could be calculated while simulating and forecasting the process of storm surge tidal setup. Furthermore, an extratropi-
cal storm surge and inundation in Bohai Bay were simulated using this numerical model. Simulation results are in 
good agreement with the measured data, which shows that this numerical model provides a new method of simulating
and forecasting storm surge and inundation in Bohai Bay. 
Keywords：extratropical storm surge; inundation; ADI method; structureless grid 

 
  Numerical simulation of storm surge was presented 
in the 1950s for the first time. Several typhoon forecast-
ing methods were used in Japan for predicting storm 
surge in the 1970s[1], and then a scheme of numerical 
simulation of storm surge was developed in Japan[2]. Two 
operational methods to forecast storm surge were pre-
sented by Jelesnianski in the form of a numerical-
dynamical model called special program to list amplitude 
of surges from hurricanes (SPLASH)[3,4]. The numerical 
prediction model named sea, lake and overland surges 
from hurricanes (SLOSH)[5] was introduced in America 
in the 1980s, which was used to simulate storm surge 
from tropical cyclones[6]. Additionally, an extratropical 
storm surge model was built[7]. The SLOSH model was 
used by National Weather Service as the standard storm 
surge model to calculate water elevations generated by 
the wind stress and atmospheric pressure in a tropical 
cyclone[8]. An automation extratropical storm surge pre-
dicting method (sea model) was applied in the United 
Kingdom[9]. In China, the research of storm surge 

mechanism and prediction started in the 1970s, and great 
progress was made in the storm surge numerical model 
research in the 1980s[10]. Several storm surge numerical 
models were carried out, and a 3D super-shallow water 
storm surge numerical model was applied to Bohai Sea. 

A coupling model of storm surge tidal setup and in-
undation was built in this study, and the extratropical 
storm surge and inundation were simulated using this 
numerical model. The quasiuniform grid-division ap-
proach[11] was used both in the finite difference method 
(FDM) for storm surge tidal setup and finite volume 
method (FVM) for inundation. The water balance 
method[12,13] and tidal level continuous conditions were 
used in the simulation process of storm surge and inunda-
tion. 

1 Numerical model theory of storm surge 

Unsteady flow equations which are integral along 
water depth were used in this study, and the average 
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value of integral under the effect of wind stress was de-
duced. The governing equations of plane 2D storm surge 
numerical model are 
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where ξ  is tidal level setup; h  static water depth; H total 
water depth, H h ξ= + ; f  Coriolis coefficient; g  grav-
ity acceleration; ,x sτ  and ,y sτ  offing wind stress in x  and 

y  direction; C Chezy coefficient, 1/ 61C h
n

= , h  average 

value of water depth; n  roughness coefficient; u  and v  
average velocity in x and y direction. 
  The alternating direction implicit (ADI) difference 
method was applied to dispersing and solving 2D storm 
surge equations in the numerical model. 

2 Numerical model theory of inundation 

In traditional numerical simulation of hydraulics, the 
discrete equations usually use regular grids difference 
scheme. However, in the calculation of inundation for the 
complex computing region, considering the influence of 
railway, highway, river and all kinds of flood protection 
dike, the FVM was used and the 2D structureless irregu-
lar grids technique was applied to this model to better 
reflect the inundation characteristic. 
2.1 Governing equations of inundation model 

The 2D unsteady flow fundamental equations were 
introduced as the governing equations in the numerical 
model of inundation to simulate storm surge and inunda-
tion. The governing equations are 
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where Z  is water level, 0Z Z H= + , 0Z  river bed eleva-
tion; q  source sink term; M  and N  unit width flux in x 
direction and y direction, N Hv= . 
2.2 Coupling of inundation grids and storm surge 

grids 
  The junction of calculation grids was important be-
cause the model was a coupling model of storm surge and 
inundation. In the calculation of storm surge, the square 
grids were applied to domain subdivision, while in the 
inundation calculation structureless grids were applied. 
For the junction of two kinds of grids, the square grids 
were also applied to the inundation calculation, therefore 
the grids could totally coincide with each other at the 
junction and the boundary calculation was reduced re-
markably. At the junction of ground-water boundary, the 
water level was determined using water balance method. 
If the water level in the center of storm surge calculating 
grid was higher than the elevation of inundation grid 
channel, water exchange between the two grids was cal-
culated and so inundation was calculated. 

3 Establishment of numerical model of 
storm surge and inundation 

3.1 Establishment of storm surge model  
  The range of 2D storm surge numerical model cov-
ered both Yellow Sea and Bohai Sea. The storm surge 
which occurred in Bohai Sea was simulated using the 
model. The measured tidal level data of Qingdao port 
between Mar. 1st, 2002 and Dec. 31st, 2002 was adopted 
for calculating harmonic constants in the model with 
harmonic analysis method, and the measured tidal level 
data of Qingdao port from Mar. 1st, 1994 to Mar. 10th, 
1994 was used as verification. The measured and calcu-
lated tidal level curves of Qingdao port are shown in 
Fig.1. The calculated results are in good agreement with 
the measured data. 

 
Fig.1 Verification of Qingdao port tidal level 
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  The tidal level process of Qingdao port tidal station 
was used as boundary conditions, and then the tidal flow 
field of Bohai Sea and Yellow Sea was calculated. The 
measured tidal level data of Tanggu port tidal station 
from Mar.1st, 1994 to Mar.10th, 1994 was used as verifi-
cation. The measured and calculated tidal level curves of 
Tanggu port by the model are shown in Fig.2, and the 
verification result shows a good agreement. 

 

Fig.2 Verification of Tanggu port tidal level 

  The storm surge model was applied to Bohai Bay. In 
order to improve the accuracy of the simulation results, 
this model was firstly applied to calculating the 260-h 
tidal flow after 20:00 on Mar. 5th, 1994 in Bohai Bay 
without the influence of wind field. The tidal level proc-
ess of March, 1994 which was calculated by the storm 
surge model was used as the water boundary conditions. 
The tidal level process of Tanggu station was also 
adopted as verification, and one point in the Bohai bay 
was selected for velocity verification. The velocity verifi-
cation is shown in Fig.3. The calculated velocity roughly 
matched actual conditions, therefore the calculated results 
can be the foundation for further calculation of the storm 
surge inundation. 

 
Fig.3 Verification of Tanggu port velocity 

3.2 Establishment of inundation model  
  The topography information of inundation land is 
shown in Fig.4. The water level boundary of the inunda-
tion model was derived from the tidal level process of the 

storm surge model. The inundation occurs if the tidal 
level is higher than the sea wall as shown in Fig.5. The 
MM5 mode provided by Institute of Tianjin Meteoro-
logical Bureau was used in wind field calculation and the 
hourly wind stress on the grids was obtained. 

 

Fig.4 Topography information of inundation land 

 
Fig.5 Coupling of inundation and storm surge 

4 Application of 2D numerical model of 
storm surge and inundation 

4.1 Simulation and verification of tidal level of 
storm surge 

  After simulating the tidal level using the storm surge 
numerical model, the 37-h tidal level process of a large 
extratropical storm surge which occurred in Bohai Bay 
observed at Tanggu port between 16:00 on Oct. 10th, 
2003 and 4:00 on Oct.12th, 2003 was applied as verifica-
tion. The measured and calculated tidal level and setup 
curves are shown in Fig.6 and Fig.7 respectively. The 
calculated high tidal level roughly matched measured 
value, while the calculated low tidal level was higher 
than the measured value because of the wind stress inac-
curacy. The calculated process tendency of storm surge 
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Fig.6 Verification of storm surge tidal level at Tanggu port 

 
Fig.7 Verification of storm surge setup 

setup was correct but it had a certain lag. Therefore the 
calculated results can be the foundation for further calcu-
lation of the storm surge inundation. 
4.2 Simulated results of storm surge inundation 

Storm surge inundation between 16:00 on Oct.10th, 
2003 and 4:00 on Oct.12th, 2003 was simulated with the 
mean breakwater height assumed to be 2 m or without 
considering the breakwater height. Without considering 
the breakwater height, the inundation range while no 
storm surge occurred and the tidal level reached the 
maximum is shown in Fig.8(a); the inundation range 
while the storm surge tidal level reached the maximum is 
shown in Fig.8(b). Considering the 2 m high coast 
breakwater, the inundation range while no storm surge  
occurred and the tidal level reached the maximum is 
shown in Fig.8(c); the inundation range while the storm 
surge tidal level reached the maximum is shown in 
Fig.8(d). 

  

      
(a) Inundation range at the highest astronomic tidal level (without breakwater)  (b) Inundation range at the highest storm surge tidal level (without breakwater) 

 
(c) Inundation range at the highest astronomic tidal level (breakwater is 2 m)   (d) Inundation range at the highest storm surge tidal level (breakwater is 2 m) 

Fig.8 Simulation results of inundation range 
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5 Conclusions  

  Based on the unsteady flow equations the numerical 
model of storm surge and inundation was built in this 
study. The ADI method was applied to simulating storm 
surge and the FVM method was applied to simulating 
inundation. Tidal flow field in Bohai Bay was simulated, 
and the tidal level process of Tanggu port from Mar.1st, 
1994 to Mar.10th, 1994 and the velocity of the tidal flow 
were verified. Furthermore, the large extratropical storm 
surge which occurred in Bohai Bay between 16:00 on 
Oct.10th, 2003 and 4:00 on Oct.12th, 2003 was simu-
lated. The simulation results were consistent with the 
observed data. The storm surge inundation process was 
also simulated, and a good simulation result was obtained 
based on the topography information on land. 
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