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Abstract. Based on an analysis on the available tools for simula-
tion of coastal flooding in urban and estuarine area an integrated
approach is demonstrated, focused on the use of advanced numeri-
cal modeling tools, verified by large scale physical model tests, and
data from coastal oceanography surveys. Two different numerical
tools have been tested for various flood events in urbanized coastal
areas with high risk of compound flooding. Flood inundation has
been simulated for various scenarios for urbanized coastal area,
Bulgaria, and parameters of wave overtopping for the protective
dike of Beilun city, China, have been calculated under combined
action of sea-level variations and waves. The numerical results
can be used to assist flood risk assessment and contribute to envi-
ronmentally sound solutions for protection of coastal and riverside
cities against compound flooding.
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1. INTRODUCTION

The integrated modelling, which unites physical modelling, numerical sim-
ulations, and verification with field measurement data, gives a reliable ap-
proach to improve modelling and achieve a reliable prediction of inundation in
floodplain areas at different scenarios of the initial conditions. The numerical
modelling of flooding and other flood-related processes in coastal and river-
side areas with complex topography, bathymetry and morphology frequently
requires significant efforts to build a detailed digital elevation model, as well
as further model optimisation, in order to achieve useful conclusions. Physical
model tests should be carried out at a large enough scale to minimise the scale
effects, and concentrating on important processes that are not well enough
understood to be modelled accurately in a numerical model, i.e. interactions
of short-scale and long-scale processes. The results of model tests are analysed
to increase process understanding of the behaviour of the system but are also
parameterised so that they can be incorporated into a numerical model that
covers a wider area.

The elements of integrated modelling can essentially complement each other
– physical model provides verification data for numerical models; numerical
simulations and lab tests provide the continuum information to bridge the
gaps in field data. In addition, numerical modelling can also be used for the
design of the physical model and to overcome its limitations, as well allows
initial assessment of the conditions which must be reproduced in the laboratory
experiment. A detailed analysis of the possibilities, strengths and weaknesses
of physical and numerical models is presented in [1].

Integrated modelling approach is applicable for assessment of coastal flood-
ing processes due to storm surges, wave action, tide, overtopping, breaches,
as well as for flash floods and river overflow due to excessive rainfall over an
extended period, but most of all – for the worst combination of these natural
phenomena in coastal and estuarine areas. It should be noted that a single
modelling tool cannot adequately reproduce the complex processes involved in
flooding problems, and thus replace all the others. Different modelling tools
add value, but also add cost. Therefore it needs to consider in advance how
many physical and numerical models and field measurements can complement
each other, and then decide if it matters to invest to combine them. In ad-
dition, care must be taken to not transfer or multiply errors or scale effects
from one model to another [2].

The objective of the present study is to test and discuss two cases of inte-
grated modeling and respectively the using of two different tools for numerical
simulation of coastal flooding in urban and estuarine area in coastal region
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of Bulgaria, and overtopping of coastal dike under combined effect of storm
surge and waves in coastal region of P. R. China.

2. CASE STUDY I: ASPARUHOVO–KARANTINA
COASTAL AREA (BLACK SEA, BULGARIA)

Asparuhovo–Karantina is urbanized coastal area near Varna, Bulgaria,
Fig. 1. It is located in the southern part of Varna Bay on the western coast of
the Black Sea (a closed sea, with negligible tidal variations). The residential
area includes a sandy beach, actively used by tourists in summer season. The
study area includes also a fishing harbor and a small river (gulley) next to
it, whose design layout was used in the study. This area, being at low eleva-
tion above the sea level, was already flooded in a flash flood in 2014, and is
therefore considered with moderate to high risk of flooding.

Fig. 1. Case study area near Varna, Bulgaria

2.1. Terrain and bathymetry data

Detailed field measurements were carried out to collect field data neces-
sary to build an accurate Digital Elevation Model (DEM) of Karantina area,
including terrain of land with buildings and infrastructure in the urbanized
area. The DEM was created with a spatial resolution of (1 × 1) m in plan,
and 15 cm in vertical on the base of data from hydrographic measurements
and terrain scanning. Terrain and bathymetry data were integrated in a GIS
environment, and used to generate a 3D surface map on the base of standard
triangulation techniques.

2.2 Numerical modelling by MIKE 21

From wide range of models in MIKE Software family, developed by Danish
Hydraulic Institute and released during more than 30 years, numerical models
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MIKE FLOOD, MIKE 21 Spectral Wave (SW) and MIKE 21 Boussinesq Wave
(BW) were used in this study.

MIKE FLOOD is flexible software with the possibility to integrate 1D
(MIKE 11) and 2D (MIKE 21 FM/HD) models and perform more complex
hydrodynamic simulations by different combinations between the 1D and 2D
model.

MIKE 21 SW is a state-of-the-art third generation spectral wind-wave
model that simulates the growth, decay and transformation of wind-generated
waves and swells in offshore and coastal areas. It includes two different formu-
lations: A fully spectral formulation and a directional decoupled formulation.
The first formulation is based on the wave action conservation equation and
the second one is based on a parameterization of the wave action conservation
equation. MIKE 21 SW is mainly used for simultaneous wave analysis on
regional and local scale. A coarse mesh and large time steps are employed for
the regional scale, while a high resolution boundary and depth-adaptive mesh
are used for the shallow water areas.

Several data sets were combined in the process of the generation of the
unstructured computational mesh for the simulations with MIKE 21 SW of
Asparuhovo–Karantina beach area. The generated meshes are illustrated in
Fig. 2 (a, b).

(a) (b)

Fig. 2. Unstructured flexible mesh for MIKE SW simulations:
(a) Varna bay; (b) Asparuhovo beach area and fishing harbor Karantina

A MIKE SW model was applied to evaluate waves entering shallow water,
and provide boundary conditions for a MIKE 21 BW model to study wave
diffraction/transformation in the nearshore zone and in the harbor area.
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The numerical model simulation results from MIKE 21 SW model were
compared with water level (storm surge) and wave data for the shallow water
and wave breaking zone of the Asparuhovo beach area provided from Institute
of Oceanology, BAS [3].

On the basis of the numerical bathymetry and the prepared meshes for
the SW model, an additional numerical model has been set up with a higher
resolution for the Karantina area in order to construct the final model for
the simulations of combined flooding, including spill of the river combined
with rising sea level driven by a storm. The described high resolution Digital
Elevation Model (DEM) in the area of the river, harbor and beach is illustrated
in Fig. 3.

Fig. 3. 3D Visualization of the DEM of the Asparuhovo beach
and residential area, including sea bathymetry, sand beach,
terrain, roads, buildings, fishing harbor and a small river

A MIKE FLOOD model was used to study riverine flow in the small
river (1D approach), followed by a 2D MIKE 21 FM model, integrating both
sea level elevation (coastal flooding) and the fluvial flood (river overflow). The
calculation mesh comprises of 500 000 finite elements. Bed resistance is varying
in the domain, higher values close to the beach and lower values offshore.

For numerical simulation of the inundation in the case study area a gradual
increase in the mean sea level was simulated to levels typical of extreme me-
teorological events with a very long return period, and which levels are quite
significant in terms of beach flooding and overtopping the new harbor and
coastal infrastructure.

A combination with multi-year river discharge was added to try to estimate
compound flooding. Results of the simulations in the high-resolution DEM of
the study area are illustrated in Fig. 4.
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Fig. 4. Example results of tests by MIKE FLOOD model of compound
coastal and fluvial flooding in Asparuhovo–Karantina area

(Sea level rise and water coming from the small river)

3. CASE STUDY II: PROTECTIVE DIKE AT BEILUN COAST
(CHINA)

The study area is located at Beilun coast in Ningbo, Zhejiang province,
which is severely affected by storm surge disasters along the west coast of the
Chinese Sea, Fig. 5.

Fig. 5. Case study area near Beilun city, China
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Prediction of wave overtopping of existing coastal structures is an impor-
tant requirement when assessing the risk of coastal floods. At present, the
mean rate of wave overtopping for a particular coastal structure is commonly
estimated with empirical formulae or by detailed physical model tests. The
physical model results are restricted to specific wave conditions, specific ge-
ometries and structure characteristics related to the laboratory or prototype
configurations.

Modern tide-wave-surge coupled numerical model uses the wave simulated
by the phase-averaged wave model, which is based on a spectral energy balance
equation. However, the phase averaged wave model has a strong limitation in
the nearshore areas, especially when interacting with a structure like sea dike.

3.1. Physical model

The physical model experiment of overtopping was conducted for the dike
engineering of Beilun, Fig. 6, to simulate the dynamic process of the combined
action of storm surges, waves and tides; the geometric scale of the model was
set at 1:16.

Fig. 6. Typical seawall cross-section in Beilun, Ningbo

Wave and tidal coupling simulation was carried out in the long wave flume
(175 × 1.2 × 1.8) m of State key laboratory of hydrology-water resource and
hydraulic engineering in Nanjing Hydraulic Research Institute (NHRI), Fig.
7. The working section of the flume is divided into two parts each 0.6 m
wide. The one part is used to place the model section and conduct model test,
and the other part is used for diffusing the secondary reflection wave of the
wave making plate. The flume is equipped with a gentle slope for dissipating
waves on one end, and with a push-plate irregular wave generator produced
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by NHRI on the other end, which is automatically controlled by the computer
to generate wave elements requiring simulation. The wave making system can
produce regular and irregular waves of different spectrum. The wave height
was measured by a DS30 capacitive wave height meter, which collects and
records the wave data by computer, collecting box and corresponding software.
The ZWS-40 intelligent water level tracker is used to measure dynamic water
level.

Fig. 7. A schematic diagram of the wave flume

The simulated waves and storm surge were reproduced from the registered
data of Typhoon Winnie, No. 9711, which induced the most severe storm
surge in Ningbo area for 1/100 years. Figure 8 shows the water level changes
of storm surge, significant wave height and mean wave period during 4 days
of typhoon Winnie in the region of the engineering site. The red frame range
in Fig. 8 is the selected time period for simulation during the model tests.

In order to simulate the combined effect of storm surges and waves, the
flume was modified to simulate tidal level change by controlling the tail gate
height to adjust the variation of water level. During the experiment the wave
maker and tide generator generated synchronous waves and storm surge. Fig-
ure 9 illustrates the superposed water level process of waves and storm surge.

3.2. Numerical modelling by SWASH

In recent years, advances in numerical methods and computer hardware
have enabled the implementation of the Reynolds-average Navier–Stokes equa-
tions (RANS) to simulate the wave overflow of impervious seawalls by imple-
menting Euler (VOF) or Lagrangian free surface tracking (SPH) techniques.
Although the RANS model shows good agreement with the physical model
results of the wave overtopping, these models require advanced numerical sim-
ulation techniques to achieve computational intensification or shortening the
computational time. On the other hand, the models based on the Nonlinear
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(a)

(b)

(c)

Fig. 8. (a) Water level, m; (b) wave period, s;
(c) wave height, m, during typhoon Winnie
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Fig. 9. The hydrograph of laboratory simulation of wave + tidal level changes

Shallow Water (NLSW) equation use a more efficient computational technique,
but they have limitations due to hydrostatic pressure assumptions and for that
reason have limited capabilities to describe the hydrodynamic processes in the
swash zone.

One of the non-hydrostatic wave models is Simulating Waves till Shore
(SWASH) developed by the Delft University of Technology, The Netherland,
which can achieve reasonable overtopping for impervious dike under a tide-
wave coupled sea dynamics. The governing equations of SWASH are the
non-hydrostatic, free-surface, non-linear shallow water equations, and option-
ally the equations for conservative transport of salinity, temperature and sus-
pended sediment in one, two or three dimensions. SWASH can appropri-
ately simulate surface waves and small-scale flows around hydraulic structures,
waves approaching a beach, wave penetration in a harbor, flood waves in a
river, complex changes to rapidly varied flows typically found in coastal flood-
ing resulting from e.g. dike breaks, tsunamis, and flood waves.

In this study numerical simulations were carried out with SWASH (version
5.01). The physical model layouts described in Section 3.1 were reproduced
in the SWASH numerical domain. The upstream boundary of the numerical
model was 186 m ahead of the toe of the seawall, with the attempt to weak
the reflection wave caused by the seawall. The total length of the numerical
model domain from the upstream boundary to the end of the seawall was set
to 200 m. The grid size in the X-direction was set as 0.02 m. The model was
run with one layer in the vertical direction since the kd value was less than 3,
indicating that the estimated phase velocity error is insignificant. The time
series of water surface elevation was obtained from the wave gauge before the
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dike was put in the flume. The incident wave time series was prescribed at
the wave boundary in the numerical model with a weakly reflective boundary
condition. A Sommerfeld radiation condition and sponge layer were applied at
the downstream end of the numerical domain in order to minimize the effect
of the reflection. A still water level was applied as the initial condition for all
numerical models tests. The numerical time step was automatically changed
during SWASH calculations to satisfy the Courant–Friedrichs–Lewy (CFL)
condition. A Manning coefficient of n = 0.012 s/m1/3 was adopted for the
numerical simulation.

In the numerical model a time series of overtopping layer thickness h (t),
and overtopping velocity u (t) on the sea dike or on top of the wave wall
were extracted at the crest point. Then the overtopping discharge Q (t) per
unit length was calculated as the result of overtopping layer thickness and
overtopping velocity. The free surface elevation, overtopping layer thickness
and instantaneous overtopping discharge at a certain period of the typhoon
development (water level) are plotted in Fig. 10.

Fig. 10. Measured (blue line) and computed (red line) free surface elevation,
overtopping layer thickness, instantaneous overtopping discharge

at the prototype water level 5.01 m
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To understand the ability of the numerical model to resolve single intense
overtopping events, the water surface elevation predicted by the numerical
model in front of the sea dike is compared qualitatively using video images from
the physical model, right panel in Fig. 10. The results show that when the tide
level rises, the amount of overtopping discharge increases gradually. Generally,
the numerical model gives reasonable results compared to the physical model.

4. CONCLUSIONS

Two cases of application of the integrated approach to modelling and study
coastal flooding in coastal urban and estuarine area are tested and discussed in
this paper. Respectively, two different tools were used for numerical simulation
of physical processes.

MIKE 21 (MIKE FLOOD) numerical tool for simulation of inundation in
urbanized coastal region of Bulgaria with complex topography and bathymetry
was used in first case. On the basis of the field measurements and processed
geodetic data a DEM with high resolution was built. The results obtained
by numerical modeling of compound flooding in study area and the provided
statistical & field observation data are in good agreement that gives reason to
use this approach when developing coastal flood protection projects.

Another variant of integrated approach has been demonstrated to study
overtopping of the sea dike in coastal region in China under compound impact
of sea level variation (tide and storm surge) and waves using phase-resolving
model SWASH and physical model test in wave flume. Numerical results
indicated that using a phase resolving numerical model could provide the wave
overtopping which compared well with the physical model tests.

The integration of physical and numerical modelling (and where appropri-
ate verification with data from field measurements) can provide a compre-
hensive approach to achieving a reliable prediction for flooding in areas with
complex topography and bathymetry, as well as to deliver essential informa-
tion to decision makers for flood risk management.
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