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ABSTRACT

Coastal inundation due to wave overtopping coastal structures and storm surges often causes serious damage and danger
to the population of Taiwan. Ascertaining the areas that are prone to coastal inundation is essential to provide countermeasures
for mitigating the problem. Simulations without precipitation are examined in this study since overtopping has been deter-
mined to be a controlling factor in coastal flooding. We present scenarios for the simulation of coastal flooding with a unified
wind wave and hydrological watershed model. The eastern coastal areas in Taiwan are selected as the study area. Simulations
show that the resulting waves and tidal levels, generated by the Rankin-Vortex model and wind wave calculations, can be
successfully obtained from the input data during wave overtopping simulations. A watershed model, WASH123D, was then
employed for surface routing. The simulations indicate that the low-lying Yilan River and Dezikou Stream drainage systems
were among the primary areas subject to inundation. Extensive inundation along both sides of the river banks was obtained in
the case of extreme overtopping events. Coastal inundation could occur between the estuary of the Meilun Stream and most
of the Nan-Bai-Bin areas in Hualien City. Calculations showed that more croplands flooded than did residential regions. No
further damage to the upland of Hualien City was identified. The remaining study sites, Sinchen Township, Taitung City and
Taimali Township, would only be slightly affected by seawater run-ups. Inundations caused by overtopping under extreme
circumstances only affected the coast with almost trifling influence inland.
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1. INTRODUCTION

Typhoon related damage is among the most crucial di-
saster triggered issues confronted by the people of Taiwan.

sea level may be aggravated due to a global rise in the sea-
level rise associated with climate change, tidal variation, and

An average of 3 to 4 typhoons hit Taiwan from July through
October (a typical typhoon season in Taiwan) every year
producing massive amounts of precipitation over the island.
Not only the dangers of flooding due to heavy precipita-
tion, but also the likelihood of coastal inundation due to the
overtopping of costal structures needs to be clarified. Ty-
phoon induced coastal inundation could bring disaster to the
people of the island. According to the official government
website (http://www.wra.gov.tw/), Taiwan is surrounded by
ocean with almost 1200 kilometers of coastline. Increasing
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storm surges. Wave overtopping attacks the regions along
the coast with seawater intrusion affecting low-lying vil-
lages especially during typhoon seasons. The occurrence of
surface flooding obstructed by increasing sea-levels is also
frequent. In short, storm surge and overtopping often cause
serious damage and endanger the population of the island.
Securing coastal areas from flooding has become an impor-
tant task in Taiwan. Ascertaining the areas that are prone
to coastal inundation will help in planning countermeasures
for mitigation of coastal flooding. In order to investigate
coastal inundation due to overtopping, precipitation is not
taken into account in the simulations since overtopping has
been determined to be the controlling factor. The main focus
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in this paper is simulating scenarios of extreme occurrences
of coastal inundation e.g., intrusion of seawater into coastal
areas or storm surge effects. We investigate several sites
along the eastern coastal areas of Taiwan.

2. METHODOLOGY

Simulations are conducted of coastal inundation based
on a unified wind wave and hydrological watershed model.
The wind wave model is used to generate different return
periods for storm surge as boundary forcing. Overtopping
of coastal structures such as vertically walled jetties by
solitary waves was applied because the periodic wave mod-
eling was invalid (Synolakis 1987). Simulation domains
were discretized with the finite element method for water-
shed modeling. An integrated multimedia, multi-process,
physics-based distributed watershed model, WASH123D,
with various spatial-temporal scale computations was im-
plemented. The methodology is described in greater detail
below.

2.1 Wind Wave Estimations

Coastal wave run-ups are among the most important
factors considered in the design of jetties. A good index for
evaluating the possibility of overtopping and overflow is
needed. Empirical formulas have been used most often to
determine the flow rates of wave run-ups, although on oc-
casion, numerical approaches are applied for model simula-
tion. The overtopping stress on each embankment should
be less than 0.05 cm per meter to be considered safe. Over-
topping and wave run-ups are closely related. This paper
presents a wind wave model for the purpose of determining
the amount of wave run-up and overtopping along the coast.
The results of analyses of wave run-ups and scenarios of
overtopping are provided for boundary forcing for water-
shed modeling. We evaluate the protection of embankments
along the eastern coast under attack given various return
periods during extreme circumstances. Generally speak-
ing, the coastal regions in Taiwan are vulnerable to storm
surges, overtopping, and seawater intrusion. Simulations
of extreme situations are studied in this paper. In addition,
practical countermeasures for mitigation of coastal inunda-
tion are proposed.

A numerical model is adopted in which the Reynolds
averaged Navier-Stokes equation (RANS) is solved (Hsu
et al. 2009). A low-Reynolds number turbulent model
(k - € model) is further applied to capture the characteristics
of water flow (Hsu et al. 2011). The immersed boundary
method is used to simulate the complex events that occur
as waves approach the coast. We aim at modeling the cir-
cumstances that occur as the seawater interacts with the bot-
tom topography and coastal protection. The particle level
set method (PLSM) is also used to capture the variations

in wave shape near the coast (Enright et al. 2002). The in-
clusion of data assimilation techniques into the wind wave
model makes the sequential simulation more applicable
(Hsuetal.2011). This is a necessary process for Taiwan due
to its rapid change in coastal terrain. Run-ups, overtopping
and breaking of waves are simulated in our modeling. In
order to precisely evaluate the amounts of the run-ups, the
initial basic water levels due to astronomical tides and storm
surges with various return periods are assumed. Statistics
are utilized to determine adequate boundary conditions. The
wave heights and corresponding return periods are calcu-
lated. We then model the situation at embankments along
the coast in extreme case scenarios.

We establish a model designed to simulate various sce-
narios of wave run-ups and overtopping in eastern Taiwan.
After we decide on the study sites, digitized terrain informa-
tion and aerial photographs are incorporated to determine
the representative coastal embankments. Simulations using
the collected information to calculate maximum run-ups are
conducted. Then the possibilities of overtopping in eastern
Taiwan are consequently obtained.

2.2 Hydrological Watershed Calculations

We conduct simulations of coastal inundations using
the WASH 123D numerical model for surface routings. The
WASHI123D numerical model was developed to include
the flows of dendritic river/stream/canal networks, over-
land regimes and subsurface media. It is also an integrated
multimedia, multi-process, physics-based computational
model for watershed scale hydrology. We selected the
WASHI123D numerical model as the most appropriate pro-
tocol to conduct our research because it is designed to simu-
late the flow and transport processes in simulation problems
with various spatial and temporal scales as long as the con-
tinuum assumptions are valid. Moreover, it is also capable
of implementing the unsteady flows that invade a watershed
(Yeh et al. 2006).

The theoretical fluid flows and transport processes built
into the WASH 123D numerical model are based on the con-
servation laws of fluid, momentum, energy and mass. They
are associated with the constitutive relationships between
the fluxes and state variables and appropriately formulated
equations for source/sink terms. For modeling fluid flows
in river/canal/stream networks, the one-dimensional Saint
Venant equations can be modified to include the effects
on density due to temperature and salinity. These are, in
fact, the cross-sectional areas averaged from Navier-Stokes
equations. Surface runoff over the region is determined
by solving the two-dimensional Saint Venant equations
with modifications to consider the effects of the tempera-
ture- and salinity-dependent density. The two-dimensional
Saint Venant equations are, in fact, the vertically averaged
Navier-Stokes equations. The WASH123D includes three
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approaches to the modeling of surface flow in a watershed
system: the kinematic, diffusive, and dynamic wave models
(Yehetal.2011). The fully dynamic wave model complete-
ly describes water flow but is sometimes difficult to solve
under some conditions (e.g., when the slope of the ground
surface is steep), regardless of what numerical approach
is employed. On the other hand, the diffusion and/or kine-
matic models can handle a wide range of flow problems,
but are inaccurate when the inertial terms play significant
roles. Thus, three options are provided, the kinematic wave
model, the diffusion wave model, and the dynamic wave
model, to accurately compute the water flow over a wide
range of conditions. The subsurface flow is described with
the modified Richards equation. The modification incorpo-
rates the effects on density due to temperature and salinity.
The governing equation is derived based on the continuity
of fluid, continuity of solid mass, incompressibility of sol-
ids, and Darcy’s law.

WASH123D was first developed by Yeh et al. (1998),
and its design capability and flexibility have evolved. It has
been applied in many projects world-wide including the
Comprehensive Everglade Restoration Project (CERP) pro-
gram. It has not only been chosen by the US Army Corps as
the core computational code to model the Lower East Coast
(LEC) Wetland Watershed, but has also been employed to
construct a Regional Engineering Model for Ecosystem
Restoration (REMER). A newly revamped WASH123D has
been developed and applied to many of the river basins in
Taiwan for flood and inundation forecasts for the purposes
of disaster reduction (Shih and Yeh 2008; Shih et al. 2008;
Liou et al. 2009; Yeh et al. 2011). In this study, the finite el-
ement approach is implemented for various spatial-temporal
scale computations. The depth-averaged 2-D diffusive wave
equations are solved to calculate the fluid flow in the wa-
tershed system (Yeh et al. 2006). The equations are solved
with semi-Lagrangian and Galerkin finite element methods
to determine coastal inundations. Various types of bound-
ary conditions, determined based on physical reasoning, are
essential to supplement the governing equations. Adequate
data on initial conditions are obtained either from measure-
ments or simulations of steady-state versions of the govern-
ing equations.

3. MODELING CONFIGURATIONS

This section includes the characteristics of the study
sites, modeling configurations, computational procedures,
and stability tests. The impact of the storm surge and over-
topping with various return periods is calculated. The simu-
lation of the breaking of a wave on a sloping beach is dis-
cussed in the text. We also explain why the solitary wave
approach is adopted instead of using periodic wave model-
ing (Hsiao et al. 2008). The simulations are discussed in
details below.

3.1 Study Sites

Coastal inundations may be influenced by several dif-
ferent factors, e.g., local topography, land cover, land sub-
sidence, seawater run-ups, tides, and seawater intrusions,
among others. Not all coastal areas will be subjected to in-
undations; the occurrence depends on local situations. This
study is aimed at modeling extreme occurrences where the
seawater intrudes into coastal areas or storm surge effects.
The run-ups of breaking waves and the overtopping gen-
erated by drastic circumstances are assumed as boundary
forcing for watershed modeling. The effects of precipitation
are omitted in this study since it has been determined that
it is oceanic effects that are the controlling factor. Seven
townships, located along the eastern coast of Taiwan, were
selected as our study sites (see Fig. 1). Land subsidence is
not a crucial issue in most of the computational domains.
Some jetties or moles have been partially constructed for
protection. However, the inundations in low-lying coastal
region tend to happen because of surface runoff running into
the ocean often being obstructed by lifting tides. The intru-
sions of overtopping can cause local inundations, sometimes
triggering major disasters in these littoral regions.

The study area also includes three low-lying coastal
townships in Yilan County (Toucheng, Jiaoxi and Zhuan-
gwei). The raised sea levels and spring tides often lead to
a malfunctioning of the drainage system in these coastal
townships. Toucheng Township has a lower elevation, for
the most part below two meters, with some regions being
even lower than sea level. Typhoon-induced storm surg-
es and spring tides tend to obstruct flood run-off into the
ocean. There is a high potential for inundation at the above
mentioned sites. Sinchen Township is another site but with
steeper terrain and sloping beaches where the greater danger
is possible near the coast. Hualien County is another site of
interest which has been identified to have higher terrain and
unobvious land subsidence. This means less opportunity
for extensive flooding throughout the entire area. However,
overtopping and seawater intrusions are major disasters in
terms of costs. Taitung County is also selected as another
study site. In this area some jetties and protection barriers
have been constructed and much steep terrain is identified.
These engineering approaches do provide some effective
protection to ease the problems of shoreline retreat and sea-
water intrusions. However, jetties along estuaries, especial-
ly near rivers have not been established yet. The final areas
examined in this study where this is a problem are Taitung
and Tamali Townships.

The computational domain was discretized using tri-
angular elements to indicate land surface attributes. Each
element was assigned a specific material to represent the
heterogeneous characteristics. The surface elevation data
for our study sites were extracted based on digitized aeri-
al photographs taken at 40-meter intervals in 2002. Finer
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Fig. 1. Study sites.

grids were built near the coasts and coarser meshes were
arranged inland in order to save computer time and memory
storage. We built the main features artificially (e.g., rivers,
roads, buildings, well-known landmarks) into the proposed
computational domain. Then the digital elevation for each
computational node was interpolated from the DTM data.
Each type of mesh was assigned to represent a specific ma-
terial based on the latest investigation of land cover carried
out in 2006. The meshes were modified by comparison with
satellite images from 2008. The Manning’s coefficients for
hydraulic routing were determined based on the attributes
of each mesh. The values in each category were carefully
computed based on specific sites (Shih and Yeh 2011). We
used varied grid sizes to establish the main channels, drain-
age canals, riverbeds, and ponds. The appropriate bottom
elevations and attributes were designated for each specific
computational element after which the two-dimensional

WASHI123D was used to conduct surface routing. The
land use and the Manning’s coefficients are categorized in
Table 1. Based on the statistics, most land cover in the Yilan
area can be categorized as belonging to the agriculture and
forestry types. The majority of the coastal region is agri-
cultural except for some windbreak forests cultivated along
the littoral regions. Sinchen Township has cover mixed for
the most part. Hualien City, on the other hand, is more ur-
banized than the other selected sites, with almost 30% be-
ing covered by buildings. The bulk of land cover in Taitung
City is agriculture while the greater part of Taimali Town-
ship is related to forestry.

3.2 Stability Testing and Modeling Configuration

After discretization of the computational domain, sta-
bility tests were conducted for each study site. A model ex-
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amination was implemented using various types of bound-
ary forcing. Astronomical tide data were first utilized to
drive hydrological simulations to investigate mesh disposi-
tion. Figure 2 shows a plot of the astronomical tidal wave
data applied as the downstream boundary condition in our
watershed modeling.

The simulation results are plotted. Figure 3a shows the
extent of flooding within the Dezikou Stream drainage sys-

tem. It does not make sense that the drainage system would
malfunction when subjected only to astronomical tides.
In addition, there is no mention in the literature or refer-
ences revealing the circumstances for such inundations.
We therefore conducted field investigations and reviewed
government reports to find out the reasons. We found that
a protective embankment along the Dezikou Stream drain-
age system had been constructed within the last few years.

Table 1. Land Use and Manning’s roughness for the study sites.

Agricultural Forestry Traffic Water Buildings Others
Yilan area * 32.01% 51.44% 3.54% 3.08% 5.04% 4.89%
Sinchen Township 27.93% 13.06% 6.04% 4.28% 9.92% 38.77%
Hualien City 14.35% 9.08% 14.30% 5.77% 28.37% 28.13%
Taitung City 50.78% 6.53% 7.00% 7.75% 8.43% 19.51%
Taimali Township 24.57% 60.60% 321% 3.15% 2.34% 6.13%
Manning’s N 0.200 0.350 0.100 0.050 0.150 0.250

* The Yilan area includes the Toucheng, Jiaoxi and Zhuangwei Townships in this study.
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Fig. 2. Astronomical tidal wave data.
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Fig. 3. Simulation using astronomical tidal waves as boundary forcing without dike (a) and with dike (b) discretization.
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The computational domain was then modified to include the
embankments along the drainage system. The simulation
results were much more reasonable compared to the results
of previous mesh arrangements (see Fig. 3b). The influence
of the astronomical tide affects only selected beaches along
the coast. The simulation using astronomical tidal waves as
boundary forcing reveals a much more reasonable response
than dike discretization.

The results under the effects of astronomical tides for
all remaining study sites, Sinchen Township, Hualien City,

Sinchen
. Township

(b)

Taitung City and Taimali Township, were reasonable with
some minor flooding at only a few beaches. In Hualien
City, very little water appeared on the estuary of the Meilun
stream and Nan-Bai-Bin coastal areas, which is consistent
with historical experience. There is higher potential for in-
undation in the estuary areas and low-lying areas near the
coast. There were some slight side-effects identified in some
coastal areas in the remaining regions; see Figs. 4 and 5.
We then continued testing, based on storm surges
with various return periods. As stated above, the height of

Hualien City

Fig. 4. Simulations using astronomical tidal movement as boundary forcing in Hualien County [Sinchen Township (a) and Hualien City (b)].

Taitung City

(b)

Taimali
Township

depth (m)
1.0

Fig. 5. Simulations using astronomical tidal movement as boundary forcing in Taitung County [Taitung City (a) and Taimali Township (b)].
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waves generated by a storm surge is closely related to the
local geography, land use, and the hydraulic characteristics
of the watershed. Sea levels near the shore can be signifi-
cantly elevated due to the effects of atmospheric pressure
and strong winds during extreme events. Typhoon-induced
storm surges occur frequently in Taiwan leading to coastal
inundations. We applied goodness of fit tests to determine
the appropriate statistical distribution of wave height which
is different in each study. The results of statistical analysis
of wave height including various return periods were then
calculated, and are listed in Table 2. Simulation results of
storm surges using boundary forcing with different return
periods were examined, as shown in Figs. 6 to 10.

The simulation results showing storm surges in dif-
ferent return periods for Yilan County are plotted in Fig. 6.
The simulations indicated that the windbreak forests in
Zhuangwei and Toucheng Townships provided very good
protection from the storm surges, with most of the water be-
ing stopped outside the windbreaks. Even for a storm surge
with a 250-year return period there was only slight harm
in this area, as shown in Fig. 6. There are two major drain-
age systems in the study domain, the Dezikou Stream and
Yilan River. We found that the seawater could easily move
through these channels under extreme storm surges. Sea-
water intrusion along the Dezikou stream occurred within

the 20-year return period (see Fig. 6a). It was found that the
Yilan river drainage system would be impacted by severe
storm surges within a 50-year return period. Seawater in-
trusions due to extreme storm surges (return period of 250
years) occurred in both these drainage systems. No other
large-scale inundation potential was detected.

Taking a closer look at the Dezikou Stream drainage
system, it was revealed that in the extreme case, waves of
more than 1 meter height could be intercepted by the wind-
break forests, as shown in Fig. 7. We used satellite images to
identify the extent of the windbreak forests, and then applied
digital elevations to construct each computational node. The
corresponding meshes were allocated to represent the wind-
break forests. We found the elevated seawater was stopped
outside the windbreaks, providing good protection along
the coasts of Toucheng Township. Most seawater intrusions
were found to occur along the Dezikou Stream drainage sys-
tem. They would gradually move up along channels from
downstream. Very little water, (depth of less than 10 centi-
meters) reached inland from the Dezikou Stream. Most in-
trusions due to flooding appeared in the downstream chan-
nels. No large-scale overflows were detected in this region.
The well-constructed river dikes provided good protection
to neighboring areas. Generally speaking, storm surges,
even in the case with a 250-year return period, would rarely

Table 2. Statistics for wave height (m) with various return periods.

Syr 10 yr 20 yr 50 yr 100 yr 150 yr 200 yr 250 yr
Yilan area* Gumbel 1.65 1.80 1.94 2.12 226 234 240 244
Sinchen Township Weibull 1.56 1.72 1.87 2.04 2.17 224 229 232
Hualien City Gumbel 1.61 1.80 1.97 220 237 247 2.54 2.60
Taitung City Gumbel 142 1.49 1.56 1.65 1.71 1.75 1.78 1.80
Taimali Township Gumbel 1.47 1.54 1.62 1.72 2.17 2.24 2.29 2.32
* The Yilan area includes the Toucheng, Jiaoxi and Zhuangwei Townships in this paper (Unit: meters).
(a) (b)
20 years 250 years
depth (m)
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Fig. 6. Simulations using different return periods of storm surges as boundary forcing in Yilan County.
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depth (m)

Fig. 7. Simulations using a 250-year return period for storm surges as boundary forcing in the Dezikou Stream drainage system.

cause extensive damage in Toucheng Township. It is clear
that the location of the river dikes and windbreak forests are
appropriate.

Figure 8 offers a closer look at the simulation results
for the Yilan River drainage system where even in extreme
cases, run-ups of seawater intrusions could be intercepted
by the windbreak forests. They provide good protection to
the coastal area of Zhuangwei Township. Seawater might
invade the upstream area of the Yilan River in the case of
storm surges with a 50-year return period but we obtained
running floods in the drainage system only around the es-
tuary. Most intrusions of seawater flowed along the river
drainage system. No large-scale overflows were detected
in this region. The embankments provide good protection
from storm surges. Even with a 250-year return period, such
flooding would rarely cause extensive damage in Zhuang-
wei Township. The appropriate distributions of river dikes
and windbreak forests have been set in our modeling.

Hualien City is a highly urbanized area. Engineering
structures, such as building jetties to protect the population
from storm surges, have been well established. The embank-
ments constructed in the form of roads or artificial channels
are also well designed to prevent overtopping. In our initial
tests, we carried out simulations of extensive inundations
using not only tidal waves but also storm surges. We found
that the structured mesh arrangement failed to represent this
domain. To more precisely model this domain, land cover
and digital terrain had to be carefully examined. We used
unsaturated grids to construct roads, artificial channels, and
some of the main features. Protective structures including
jetties, landmarks, and embankments were also carefully
assigned. The appropriate attributes were allocated in the
re-disposed domain. We obtained reasonable results when
using the re-disposed meshes in the simulation (see Fig. 9).
We found that the engineering structures provided the

needed protection from storm surges of various degrees for
return periods. Even in the extreme case with a 250-year
of return period, the results showed that the embankments
confined the inundations around coastlands that occurred to
the regions near the Meilun Stream and Nan-Bin and Bai-
Bin coastal areas. The Meilun Stream estuary is a low-lying
area. There are some embankments in the form of roads in
the Nan-Bin and Bai-Bin coastal areas which confined the
floods resulting from storm surges along the coast. The ma-
jority of land cover is agricultural or low-lying estuary. No
further influence was identified inland in residential areas.
Simulation results for the remaining computational do-
mains, Sinchen Township, Taitung City and Taimali Town-
ship, are plotted in Fig. 10. The simulations show that there
could be minor inundations along the coastline. Generally
speaking, Sinchen Township, Taitung City and Taimali
Township are regions with steep terrain with varying de-
creasing slopes from the interior to the coast. Consequently,
seawater run-ups due to storm surges would rarely intrude
inland with inundations caused by storm surges mostly ob-
tained confined to the beaches. Most of the study sites have
been identified as safe except for selected coastal areas.

3.3 Scenario Discussion

Watershed modeling integrated with wave overtop-
ping and storm surges was conducted. Various scenarios
were designed and are discussed in this section. We used
the injected waves due to storm surges with different return
periods as boundary forcing. The amount of overtopping for
various return periods of 50, 100, 150, 200 and 250 years
was also calculated. Various simulated overtopping sce-
narios combined with storm surge data were simultaneously
considered to evaluate the danger of surface inundation in
the watershed modeling. We used the wind wave model to
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Fig. 9. Simulations using a 250-year return period of storm surges as boundary forcing in Hualien City.
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Fig. 10. Simulations using a 250-year return period with storm surges as boundary forcing in Sinchen Township (a), Taitung City (b) and Taimali
Township (c).
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generate periodic waves which were continuously injected
overland. However, overtopping as a consequence of wind
wave modeling was not considered in the study sites. Al-
though such an approach can more truly capture the char-
acteristics of the waves, it was not suitable to apply the pe-
riodic wave modeling method to model overtopping in our
computational domain of the east coast areas. Instead, we
conducted the simulations using a solitary wave approach
with vertically walled jetties. The quantities of overtopping
in the study sites were eventually obtained. The overtop-
ping and storm surge calculations were derived from one
hour simulations of watershed modeling. More details of the
simulations and a discussion are presented below.
Simulations integrating overtopping and storm surge
scenarios with various return periods in Yilan County were
conducted. Figure 11 shows the results of watershed simula-
tions obtained using continuously injected overtopping and
adopting a 250-year return period as boundary forcing. It
can be seen that only small amounts of water are identified
in the channel in the first minute which gradually spreads
from the estuary inland. However, the intrusion is still main-
ly confined inside the drainage system. After the passage
of 10 minutes, more seawater has intruded and the water
depth in the channels is getting higher. Now, inundation
begins in the Dezikou drainage system and its neighboring
regions, i.e., two sites on the Erlong River, along the banks
of Xiapu and Dazuwei. The situation at the Yilan River is
similar to the case for the Dezikou drainage system. Inunda-
tion spreads out to neighboring areas over the river bank be-
coming serious with increased simulation time. At the end
of the model simulation, after the passage of 60 minutes,
there was extensive seawater intrusion, overflowing from
the Dezikou Stream and Yilan River drainage systems. In
short, the model simulations suggest that the potential for
inundation is high for areas along the Dezikou Stream and
Yilan River, being low-lying regions in Yilan County. The
bottom elevation in the drainage system is mostly below
two meters with some channels being lower than sea level.

Surface inundations overflowing from the drainage system
could thus occur. However, the flooding only spread out
along the two sides of the channels. Extensive overflows
throughout the entire city did not occur even in the case of
extreme scenarios.

Figure 12 shows the results of watershed simula-
tions incorporating overtopping and storm surges with 50-,
150-, and 250-year return periods used as boundary forc-
ing. Surface inundation was calculated for simultaneously
simulated overtopping. According to the simulation results,
inundation would typically take place along the coastline.
Flooding could influence the south part of the estuary of
the Sanzhan stream and outside of the airport. There was
no influence inland. In short, inundation would be confined
along the coast with no effects inland of Sinchen Township
even under extreme situations.

Hualien City is the most urbanized site of all those in-
vestigated in this study. Surface inundations were examined
assuming overtopping generated by the wind wave model
with a return period of 250 years. Generally speaking, en-
gineering structures constructed to prevent waves running
up from the ocean were basically well-built and road em-
bankments and artificial channels provided good local pro-
tection. Figure 13 shows the results with the injection of
overtopping to the coastal areas of Hualien City after 10,
30 and 60 minutes of simulation time. Storm surges for the
corresponding return periods were simultaneously applied
to study the danger of surface inundation, including the ex-
treme case with a return period of 250 years. Simulations
show that inundations could occur in coastal areas around
the estuary of the Meilun stream and Nan-Bin and Bai-Bin
coastal areas. No extensive flooding was observed inland in
Hualien City. Different forms of embankments (e.g., dikes,
roads, schools, harbors) provide good protection for the
city. Most inundations were identified to occur outside of
the urban area.

However, the estuary of the Meilun stream is identi-
fied as having a high potential for flooding, being part of

depth (m)
1.0
0.9
0.8
0.7
0.6

Fig. 11. Simulations integrating overtopping and storm surges for a 250-year return period in Yilan County.
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Fig. 13. Simulations integrating overtopping and storm surge with a return period of 250 years in Hualien City.

the low-lying area of the city where inundation can occur.
In extreme cases, seawater could intrude along the Meilun
stream. Increasing run-ups and overtopping would lead to
inundation around the estuary with a gradual increase in
water depth. The Nan-Bin and Bai-Bin coastal areas were
also easily inundated by overtopping and storm surges. The
simulations results show inundation in the Nan-Bin and Bai-
Bin coastal areas after a time of 10 minutes of simulation.
Thirty minutes later, the water depth becomes higher and
also begins moving to the inland areas of Hualien City along
the roads. The inundation keeps moving inland as time goes
by. The regions covered by floods now extend outward. No
further extensive inundation is obtained. Only some of the

agriculture lands near the coast become inundated. Residen-
tial areas located inland of the city are rarely influenced. Ac-
cording to the model simulations, the flooding will be con-
fined to the coasts between the estuary of the Meilun stream,
and Nan-Bin and Bai-Bin coastal areas although seawater
will intrude from the above regions in extreme scenarios.
The agricultural lands near the coast and in the low-lying
estuary deserve more attention. No significant damage was
detected inland.

Figure 14 shows the simulation results for Taitung
County. As stated above, storm surges with various return
periods were used as boundary forcing. The overtopping
was thus simultaneously integrated for study of flood routes.
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Fig. 14. Simulations with the integration of overtopping and storm surge for a return period of 250 years in Taitung County.

Simulations were similar to the calibrated cases. The extent
of flooding along the coastlines is identified. The studied
domains have steep terrain and decreasing altitudes so small
amounts of wave run-ups and overtopping were found along
the coastlines. We found some inundations, almost 1 meter,
along the coastal areas of Taitung City. The satellite images
show the locations of irrigation ponds and the local estuary.
There were identified essentially as having a high potential
for storing water. In general, the effects of extreme cases
showed only a partial inundation of coastal areas. Even in
extreme circumstances there was almost no harm to this re-
gion.

4. SUMMARY

The paper presents simulations of coastal flooding
with a unified wind wave and a hydrological watershed
model. Five sites in eastern Taiwan were studied. We used
the Rankin-Vortex model and wind wave calculations to
implement inputs for the simulations with overtopping and
calculated storm surges as the boundary conditions in wa-
tershed modeling. The WASH123D was used to simulta-
neously integrate overtopping. The initial water levels for
various return periods were used for model calibration. Data
were accumulated from astronomical tide and storm surges.
An examination of mesh discretization was conducted with
inappropriate meshes at some computational sites corrected.
Various scenarios integrating storm surges and overtopping

were studied. We found the Dezikou Stream and Yilan
River drainage systems in Yilan County have a high po-
tential for inundation. Seawater could invade easily through
the above channels in extreme circumstances. The extent of
potential flooding in Hualien City included the coastal area
between the Meilun Stream estuary and the coastal areas of
Nan-Bin and Bai-Bin. We found the agricultural lands near
the coast and in the low-lying estuary to be at higher risk.
No significant danger of damage was detected for urban ar-
eas. Sinchen Township, Taitung City and Taimali Township
are safer compared to the other study sites with the extent of
inundation even in extreme cases only affecting the coast.

This study conducted simulations integrating wind
wave and hydrological models for practical application in
Taiwan. Simulations without precipitation were conducted,
since overtopping has been determined to be the control-
ling factor. For further discussion of extreme circumstances,
simulations of surface inundations due to combined precipi-
tation and coastal wave effects are suggested.
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