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Abstract;In order to facilitate engineering design and coastal
flooding protection, the potential storm surge induced by a
typhoon is studied. Using an unstructured mesh, a coupled
model which combines the advanced circulation ( ADCIRC)
hydrodynamic model and simulating waves nearshore
(SWAN) model is applied to analyze the storm surge and
waves on the coast of Jiangsu Province. The verifications of
wind velocity, tidal levels and wave height show that this
coupling model performs well to reflect the characteristics of
the water levels and waves in the studied region. Results show
that the effect of radiation stress on storm surge is significant,
especially in shallow areas such as the coast of Jiangsu
Province and the Yangtze estuary. By running the coupled
model, the simulated potential flooding results can be
employed in coastal engineering applications in the Jiangsu
coastal area, such as storm surge warnings and extreme water
level predictions.
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torm surges are a serious natural hazard caused by
S tropical storm, which can raise the water level of in-
shore and coastal low-lying areas dramatically and result
in coastal flooding. The water levels induced by typhoon
storm surges often potentially cause significant loss of life
and property. For example, one of the greatest recorded
hurricanes in the United States was Hurricane Katrina,
which produced the highest recorded storm surge (8.5
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m) in recent history'', and killed 1 833 people through
widespread inundation”’. In China, landfalling tropical
typhoons caused direct economic losses of 28. 7 billion
Yuan and the toll was 472 people each year during the pe-
riod 1983—2006, accounting for 0. 38% of the annual
total GDP"'. Therefore, the potential storm surge in-
duced by typhoon storm surges needs to be studied for en-
gineering design and coastal flooding protection.

There are two major approaches in predicting storm
surges'®). The first one is statistical prediction, which
may be fast and simple, however this method is based on
the statistics of past events, which makes it difficult to
take future specifics into account. The second approach is
hurricane storm surge simulation, which has been a pow-
erful tool for predicting storm surges, designing protec-
tion systems, evaluating risk, and planning emergency
evacuation”'. Among many hydrodynamic models for
storm surge simulations, ADCIRC is one of the widely
used models applied to predict storm surges during ty-
phoons'®’.

Recently, coupling of hydrodynamic and wave models
has been developed in order to increase the accuracy of
simulations. Funakoshi et al. """ demonstrated a practical
application of coupling a hydrodynamic model and a wave
model for the calculation of storm tide elevations in the
St. Johns River ( Northeastern Florida) , where two cou-
pling procedures were considered, and the model results
showed that wind-induced waves can lead to additional
water level rises. Dietrich et al. "® integrated a tightly-
coupled ADCIRC + SWAN model, where the ADCIRC
and SWAN shared the same mesh and parallel computing
infrastructure, a hurricane storm surge simulated by this
coupled model displayed high levels of accuracy and effi-
ciency. Sebastian et al. ' used the ADCIRC + SWAN
model to assess the connection between the wind speed
and landfall location of Hurricane Ike and storm surges at
locations in and around Galveston Bay, and they conclu-
ded that the wind speeds increasing by 15% results in an
approximately 23% ( +3% ) higher surge. Xu et al. "
also successfully applied the ADCIRC and SWAN model
to estimate extreme high water levels in different return
periods in Colombo, Sri Lanka.

Although the previous research has demonstrated the
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successful application of the ADCIRC + SWAN model in
studying the effects of hurricanes in United States, it is
necessary to apply the ADCIRC + SWAN model to study
storm surges and waves on the coast of Jiangsu Province.
In this paper, the ADCIRC + SWAN model is employed
to simulate the potential surge setups generated by a typi-
cal typhoon and to analyze the effect of radiation stress on
storm surges at different depths.

1 Study Area

Jiangsu Province is one of the most prosperous prov-
inces of the People’s Republic of China and is located on
the coast of the East China Sea. With the rapid economic
development of Jiangsu Province, the potential danger
from storm surges and high waves, disaster prevention
and mitigation have been important concerns. The land-
falling tropical typhoons caused direct economic losses of
0.74 billion Yuan and killed 7. 4 people each year in
Jiangsu Province during the period 1983—2006""
Therefore, the underestimation of the storm surge water
levels and waves in coastal planning and development
may cause disastrous consequences.

On July 28, 2011, Typhoon Muifa (1109) formed in-
to a tropical storm above the northwestern Pacific Ocean.
It became a super typhoon twice during its movement to-
ward Chinese mainland. Although Muifa bypassed Shang-
hai and moved further north instead of striking Jiangsu
Province directly, it indeed wreaked havoc in the areas of
Liaoning, Shanghai, and Zhejiang. According to Chinese
weather websites''”’ | more than 3. 6 million people suf-
fered under the super typhoon, at least 600 houses col-
lapsed and 4 800 houses were damaged, and the direct
economic loss was 3. 128 billion Yuan. Due to the mena-
cing typhoon, a major sea bridge was closed in Shanghai.
Part of the breakwater of a chemical plant located in
Dalian collapsed. The typhoon information was provided
by the NOAA website. The details of the historical ty-
phoons including hourly typhoon tracking, central pres-
sure as well as the maximum wind speed can be obtained
from the NOAA website.

Since the observed datasets of wind speeds,
els and wave heights during Typhoon 1109 are available
for model verification and further study in this paper, Ty-
phoon 1109 is selected to analyze the effects of radiation
stress on storm surges.

water lev-

2 Numerical Model Description

2.1 ADCIRC model

The water surface elevations and vertically averaged
velocities are computed by the fully nonlinear two-dimen-
sional, depth-integrated option of the ADCIRC mod-
el''. The ADCIRC model has been widely used in
coastal hydrodynamic modeling and has had many suc-

cessful applications in coastal numerical modeling'®’. The
governing equations are described in space using the line-
ar finite element method and in time using the finite
difference method. The basic governing continuity Eq.
(1) and momentum Egs. (2) to (3) of the model are
expressed in Cartesian coordinates ;
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where ¢ is the time; x, y are the horizontal coordinates,
aligned in the East and North directions, respectively;
is the free surface elevation; U is the depth-averaged hor-
izontal velocity in x direction; V is the depth-averaged
horizontal velocity in y direction; H is the total water col-
umn depth, & +; h is the bathymetric depth; f=2{singp
is the Coriolis parameter; (2 is the angular speed of the
earth; ¢ is the degrees latitude; p, is the atmospheric
pressure at the free surface; g is the acceleration due to
gravity ; n is the Newtonian equilibrium tide potential; a
is the earth elasticity factor; p, is the reference density of
water; 7, is the applied free surface stress in x direction;
T, 1s the applied free surface stress in y direction; 7, =

C,/U'+V’/H is the bottom stress; C, is the bottom
friction coefficient; M, = E,,[ 9’ UH/ox* + 9" UH/ 3y’ ] is
the depth-integrated momentum dispersion in x direction;;
M, =E,[ 8 VH/3x* + 9°VH/9y’ ] is the depth-integrated
momentum dispersion in y direction; E,, is the horizontal
eddy viscosity.

2.2 SWAN model

The SWAN wave model developed by TU Delft was

applied for the simulation of storm-induced wind-waves.
The governing equation is expressed as"*’
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The terms from left to right stand for the change of
wave action over time; the propagation of wave action in
x space (with the gradient operator V x in geographic
space, the wave group velocity ¢, and the ambient current
vector U) ; depth- and current-induced refraction and ap-
proximate diffraction ( with propagation velocity or turn-
ing rate c¢,) ; and the shifting of ¢ due to variations in
mean current and depth ( with propagation velocity or

shifting rate ¢, ). The source term S, represents wave

tot
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growth by the following factors; 1) Wind; 2) Action lost
due to whitecap, surf breaking and bottom friction; and
3) Action exchanged between spectral components in
deep and shallow water due to nonlinear effects.

2.3 Typhoon model

As the main important input boundary conditions of
storm surges and wave models, wind and atmospheric
pressure are the main factors in creating the storm surge
and waves' ">’
ing a typhoon is crucial for the results of modeling storm
surge and wave characteristics.

The wind and pressure field for each node of the whole
studied area is very important for the hydrodynamic mod-

el and can be calculated by wind and pressure formulae,

. The accuracy of the input wind field dur-

such as the Fujita-Takahashi formula, the Myers formula,
the Fujita formula,
Ke formula and so on. According to previous studies in
the Pacific region, the Fujita-Takahashi formula has had
many successful applications and is the optimal model. In
this study, the nested model of the Fujita formula and Ta-
kahashi formula is chosen as the typhoon numerical model
to calculate its air pressure and wind field. Their distribu-
tion form can be expressed as follows:

the McNair’s formula, and the Bier

P, -P,
P(r)=P,_ -

= 0 0<r<2R (5)
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where P(r) is the pressure at a radial distance r from the
cyclone center; P is the ambient or environmental pres-
sure; P, is the cyclone central pressure; r is the radius
(distance from cyclone center); R is the radius to the
point of the maximum wind speed.

When 0<r<2R,
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where Ap =p, - p,, p. is the atmospheric pressure at a
remote point from the typhoon center and p, is the typhoon
central pressure; r is the distance of the station to the cen-
tral of the typhoon; R is the typhoon parameter; C, and C,
are empirical constants, which are 1.0 and 0. 8, respec-
tively; 6 is the inflow angle, 8 =20°; p, is the air density;
f is the Coriolis force parameter; V, and V| are the typhoon
forward velocities in x, y direction, respectively.

For the calculation of the wind field,
wind speed of radius R is also a key factor. The following
empirical formula has been selected for this study:

the maximum

R =28.52tanh[0.087 3(¢ -28) ] +0.2V, +
12.22
exp[ (1013.2-p,)/33.86]

+37.22 (11)
where ¢ is the typhoon center latitude, (°); p, is the ty-
phoon central pressure, hPa; V_ is the speed of the ty-

phoon center, m/s.

3 Model Setup and Verification
3.1 Model setup

The model domain is shown in Fig. 1, which covers
not only the major part of East China Sea but also the
whole Bohai Sea and the Yellow Sea. There are two open
sea boundaries, on the east side at 128°E and on the
south side at 25°N. The landwards boundary of the Yan-
gtze estuary is at Jiangyin. The same unstructured finite-
element mesh and bathymetry of this studied domain are
developed for both storm surge and wave simulation ( see
Fig.2). The grid resolution varies from about 50 km on

Fig.1 Model domain and its bathymetry
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the edges of the model to about 300 m in the Yangtze es-
tuary near the studied area as shown in Fig. 3. The total
number of computational nodes and triangular elements
are 31 402 and 59 590.
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Fig.3 The model mesh near Jiangsu province

At the open sea boundary, water level conditions in-
duced by astronomical tide have been adopted. The river
banks and coastlines are considered as no-flow boundaries
and zero-flux constraint boundaries. The ADCIRC model
is discretized using a 1 s time step, and the time step for
the SWAN model is 5 min. In order to realize the cou-
pling procedure and investigate the effects of wave contri-
butions on the overall storm tide water levels, SWAN pro-
vides updated wave field information ( gradients of wave
radiation stresses) to ADCIRC every 1 h and the ADCIRC
model gives feedback concerning water levels and currents
to SWAN every 1 h.

3.2 Model verification

To assess its modeling accuracy, the numerical model
system was initially applied to reproduce the wind field,
storm surge and waves. The stations for model verifica-
tion are shown in Fig. 4.

The typhoon wind speed model is verified by compa-
ring the observed wind velocity and model simulation dur-
ing Typhoon 1109. As shown in Fig. 5, model simulation
result matches well with the observed dataset. The wind
field and pressure field generated by the typhoon model

Fig.4 Stations used for verification ( DT—Datang; TYD—
Taiyangdao; HS—Hengsha; XS—Xiangshui)
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Fig. 5 Comparison between model-predicted and observed

wind velocity. (a) Datang station; (b) Taiyangdao station

are used as the forcing factor of the storm surge model
and the wave model.

Due to the lack of observed tidal level in the studied
domain during Typhoon 1109, a time period from the tid-
al level hydrograph in 1997 is chosen for hydrodynamic
model verification. The comparison shows that the mod-
el-predicted tidal level hydrograph is basically consistent
with the observed dataset (see Fig.6).

The wave height during Typhoon 1109 is also verified.
Due to the underestimation of the wind velocity in the
starting period, the model-predicted wave heights are
smaller than those from the observed datasets ( see Fig.
7). In the peak period of wave height, the model predic-
tions are relatively consistent with the observations.

4 Effect of Radiation Stress on Storm Surges

After a series of verifications, the model can be applied
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wave height at Xiangshui station

Comparison between model-predicted and observed

to simulate the storm surges and wave process on the
coast of Jiangsu Province. Typhoon Muifa was generated
around the northwestern Pacific Ocean. As Muifa moved
northward, it created large waves that radiated outward
and affected most of the East China Sea. As shown in
Fig. 8, the storm surge varies widely from deep water to
nearshore estuaries and floodplains. It is apparent that
storm surges are quite significant in nearshore areas since
the bathymetry becomes shallow. In deep water, storm

Surge/m

Socoooo -
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Fig.8 The wave-induced storm surge in the coast of Jiangsu
province

surge is merely around 0.5 m, and the peak surge oc-
curred on the coast of Jiangsu Province, in the regions
where the bathymetry is shallow. In the Yangtze estuary,
storm surges reach 0.9 to 1.1 m, and the maximum value
is more than 1.3 m. The water level induced by typhoon
storm surges around coastal areas may result in coastal
flooding, thus causing significant loss of life and property.

To analyze the effects of radiation stress on storm sur-
ges at different depths, a comparison is made between the
wave-induced storm surge and storm surge without radia-
tion stress. The radiation stress gradients are generated by
the wave transformation drive set-up and currents. Wind-
driven waves affect the vertical momentum mixing,
which in turn affect the circulation. According to Fig. 9,
there is no obvious difference between storm surges
whether with radiation stress in deep water, because in
deep water the wave cannot break. However, behind the
breaking zones, the wave-induced storm surge accounts
for 0.06 to 0.1 m throughout much of the region. These
contributions are significant when they occur near the
Yangtze estuary. The difference can reach 0.1 to 0. 18
m. Although overall the effect of radiation stress is not
very significant where the slope of this area is not very
steep, the storm surge increased by radiation stress can
reach 10 cm high/wide in the Yangtze estuary. For some
regions with steep slope, the effects must be more re-
markable. Thus, radiation stress cannot be ignored when
simulating storm surges. It is worth mentioning that the
bathymetry in some areas of the Jiangsu coast may not be
as accurate as those in the Yangtze estuary. Thus, the
simulation accuracy of storm surges and wave heights
needs to be improved by introducing more accurate local
bathymetry.

Surge/m:
0.150
0.125
0. 100
0.075
0.050
0.025
0

Fig.9 Changes in storm surge levels ( model with radiation
stress minus the model without radiation stress)
5 Conclusion

This paper applies the ADCIRC + SWAN model in or-
der to analyze storm surge behavior on the coast of Jiang-
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su Province during Typhoon Muifa (1109). The highest
surge during Typhoon Muifa occurred in the Yangtze es-
tuary, where the value was up to 1.3 m. The storm sur-
ges along the coast of Jiangsu Province were about 1.1 m
in contrast to the 0.5 m in deep water. The comparison
analysis of the storm surge simulation with waves consid-
ered or does not show that radiation stress can increase
water levels during the typhoon process. In deep water,
the effects can be ignored, however, these become appar-
ent when the wave moves into the breaking zones. The
storm surge increased by radiation stress reaches 0. 06 to
0.1 m throughout most of the studied regions in the Yan-
gtze Estuary, and the increment may be up to 0. 1 to
0.18 m.

The results provided in this paper show that the effects
of radiation stress are significant when predicting the
storm surge. Thus, in the coast of Jiangsu Province, es-
pecially, the Yangtze estuary, the waves and circulation
processes should be coupled. The model-predicted storm
surge along the coast of Jiangsu Province can be em-
ployed in coastal protection and flood mitigation.

References

[ 1] Kantha L. Classification of hurricanes: lessons from Kat-
rina, Ike, Irene, Isaac and Sandy [ J]. Ocean Engineer-
ing, 2013, 70 124 —128.

[2] Knabb R D, Rhome J R, Brown D P. Tropical cyclone
report; Hurricane Katrina, 23-30 August, 2005 [ EB/
OL]. (2005-12-20) [2014-08-17 ]. http://www. nhc.
noaa. gov/pdf/ TCR-AL122005_Katrina. pdf.

[3] Zhang Q, Wu L G, Liu Q F. Tropical cyclone damages
in China 1983—2006 [J]. Bulletin of the American Me-
teorological Society, 2009, 90(4) . 489 —495.

[4] von Storch H. Storm surges: phenomena, forecasting and

scenarios of change [J]. Procedia IUTAM, 2014, 10
356 —362.

[5] Sebastian A, Proft J, Dietrich J C, et al. Characterizing
hurricane storm surge behavior in Galveston Bay using the
SWAN + ADCIRC model [J].
2014, 88. 171 —181.

[6] Xu S D, Huang W R. Integrated hydrodynamic modeling
and frequency analysis for predicting 1% storm surge
[J]. Journal of Coastal Research, 2008 (52): 253 —
260.

[7] Funakoshi Y, Hagen S C, Bacopoulos P. Coupling of hy-

drodynamic and wave models: case study for Hurricane

Floyd (1999) hindcast [ J]. Journal of Waterway, Port,

Coastal, and Ocean Engineering , 2008, 134(6) . 321 —335.

Dietrich J C, Zijlema M, Westerink J J, et al. Modeling

hurricane waves and storm surge using integrally-coupled,

scalable computations [ J]. Coastal Engineering, 2011,

58(1) . 45—-65.

[9] Xu S D, Huang W R, Zhang G P, et al. Integrating
Monte Carlo and hydrodynamic models for estimating ex-
treme water levels by storm surge in Colombo, Sri Lanka
[J]. Natural Hazards, 2014, 71(1) ; 703 —721.

[10] Chang H. More than 3.6 million people suffered in Lia-
oning, Shanghai, Jiangsu, Zhejiang, Shandong during
typhoon Muifa [ EB/OL]. (2011-08-09)[2014-08-17].
http://news. weather. com. cn/1443798. shtml. (in Chi-
nese)

[11] Luettich R A, Westerink J J. Formulation and numerical
implementation of the 2D/3D ADCIRC finite element
model version 44. XX [ EB/OL]. (2004-08-12) [2014-
08-17]. http://www. unc. edu/ims/adcirc/publications/
2004,/2004 _Luettich. pdf.

[12] Huang W R, Xu S D. Neural network and harmonic
analysis for recovering missing extreme water-level data
during Hurricanes in Florida [J]. Journal of Coastal Re-
search, 2009, 25(2) . 417 —426.

Coastal Engineering ,

—
e}
[

ETRRABEEREEN I GBXEHHEERM

3 A S T S & AL <

(" Rk FBFR, d7F 210096)
C RFXFERIAEZSR, L 200092)
(®Department of Civil and Environmental Engineering, Florida State University, Tallahassee, FL 32310, USA)

WE AT FR IR AR B ERE, S TREERIRGREPEFTTARL. AN = ABELEHW
#-3% 5. ADCIRC K3 /1 A2 A Fo SWAN JR R AR 6948 S AR AL | JH4 2L 8 ) T 0 75030 i R 3 A R AT 2. R
ik A4 ek 69 30 9E & 9 % ADCIRC + SWAN 48 44 A 7T VAR AT W B 3B 20 X 3% 89 KA Fo ik 3. AR R 45
REWIRH B A REN T EERAZ 0, LAt Rl ER KT O LG R KRB B AR F EA
T 6 R AT R I R AR AR R 48] o TR TR e A58 AR A TR

KR R & KRR # ; ADCIRC A ; SWAN A2 A

HE 525 :U698.91



