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ABSTRACT
Introduction: Typhoon-induced disasters including storm surge and high wave are obvious
threats to coastal areas in Vietnam. Thus, many researchers have paid their attention to this issue.
The approaching methods are varied, including statistical methods and also numerical methods.
This study suggests the coupledmodels Delft3D-FLOWandWAVE, using themeteorological output
data from the Weather Research Forecast (WRF) for investigating the typhoon induced disasters in
the coastal areas in Viet Nam. Method: WRF is run in multiple domains with different grid resolu-
tions simultaneously and there is an interaction between them to reproduce the wind field during
the typhoon events. Delft3D-FLOW is coupled with Delft3D-WAVE (SWAN) through a dynamic in-
teraction, in which the FLOW module considers the received radiation stresses calculated by the
wavemodule. On the other side, the updated water depth including the contribution of the storm
surge will be used by theWAVEmodule. Both Delft3D-FLOW and Delft3D-WAVEmodels used wind
fields from the WRF simulation output as the meteorological input data. The total surge level in-
cludes the storm surge, wave-induced setup and the tidal level. Results: The case of extreme
weather event Typhoon Kaemi (2000) was used to validate the wind field and the wave height. The
calibration process of the the storm surge level was based on the observed data during Typhoon
Xangsane (2006), while Typhoon Durian (2006) were used to validate the coupled models. The
comparisons show the good agreement between simulated results and observed data, especially
in terms of the peak water level and highest significant wave height, whichmainly governed by the
typhoonwind field. The simulated results reveal that the surge height durring TyphoonDurrian pe-
riod along its path was ranged from 1.2 to more than 1.4m, which can be considered to pose the
greatest risk to low-lying coastal areas of the Mekong Delta. Conclusion: The suggested coupled
models can be used to investigate the impact of typhoon induced disasters.1–26 27–38 39–63
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INTRODUCTION
Typhoons are one of the most hazardous extreme
meteorological phenomena that most of the coastal
countries in the world have to cope with it. Strong
wind and heavy rain from typhoons can cause ma-
jor disasters. During a typhoon, the seawater level
is increased abnormally by the effect of strong winds
and sea level pressure drop near the center. This phe-
nomenon is called the combination of inverse baro-
metric effects and air-sea interactions. It generates
storm surges, which a type of long wave with a char-
acteristic of occurrence time from several hours up to
one day and a wavelength approximately between 150
and 800 km1. Furthermore, under the typhoon con-
dition, the dominant process of momentum transfer-
ring from the atmosphere into the ocean also results
in waves. This wave field introduces radiation stress
gradients, which further influence seawater and raise

its level.
Storm surge is one of the most catastrophic disasters
causing extensive physical impact. For example, more
than 1000 fatalities were recorded during Hurricane
Katrina in 2005 in Louisiana and 200 in Mississippi,
which was the consequence of the 10-meter storm
surge occurring along the Mississippi coastline2. In
the inner-most part of Layte Gulf in the Philippines, a
6m storm surge3 caused by the catastrophic Typhoon
Haiyan (2013) resulted in enormous economic dam-
age, with more than 6000 individuals were reported
dead4. Recently, the storm surge caused by Typhoon
Hato (2017) reached up to 2.5-m in Macau and sig-
nificantly impacted Macau’s economy5, fortunately,
in this case, the number of the casualty was relatively
low. Additionally, typhoon induced high waves also
have the potential to cause severe physical impact.
The maximum hindcast wave heights due to the pas-
sage of Haiyan through eastern Samar was up to 20
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m6.
Vietnam is a country that is frequently hit or affected
by the typhoon, typhoon related events occupied 80%
of the number of disasters affecting Vietnam 7. The
peak occurrence of typhoon landfalls is different in
each region. For the central part, the peak time is
normally during October, whereas, in the southern
part, it is November. According to statistical data,
approximately 786 typhoons that approached or af-
fected Vietnam during the twentieth century were
recorded. These storms mainly made landfall at the
coastal provinces in the north and the center of Viet-
nam8. Recently, the Ministry of Natural Resources
and Environment of Vietnam (MONRE) pointed out
that the number of high-intensity typhoons affecting
Vietnam had increased due to global climate change.
It has been identified that there is a trend that typhoon
tracks tend to move southward and the typhoon sea-
son is lasting long9,10. Summing several Vietnamese
reports and articles, MONRE also declared that the
higher number of typhoons in the context of climate
change could lead to growing concerns over the threat
posed by typhoons. According to the statistical data,
storm surge has also been identified to cause severe
damage in Vietnam. For example, Typhoon Kelly in
1981 made landfall in Nghe An, Central Vietnam,
caused storm surges up to 3.2 m; water level elevation
during Typhoon Andy, 1985 in Quang Binh, Central
Vietnam, was 1.7m. In 1986, inThai Binh, NorthViet-
nam, a storm surge induced by Typhoon Wayne was
recorded as high as 2.3 m 11.
Due to the severe consequences of typhoon related
disasters, including storm surge and high wave, many
researchers had paid attention to investigating histor-
ical events. In the past, they often used the numer-
ical model to simulate a single phenomenon such as
the tide or wave, or storm surge component of a ty-
phoon. Kim, 2010 12and Islam et. al., 2020a13, sug-
gested that storm surge could not be represented com-
prehensively by using only the wind and pressure field
of a typhoon for open coasts. An advanced way to
simulate storm surge requires the coupling of differ-
entmodels, includingmeteorological, hydrodynamic,
and wind-wave model. For example, Mastenbroek,
199314 and Zhang& Li, 1997 15 coupled storm surge
and wind-wave model. However, the wave model
WAM that they used did not consider the shoaling
and diffraction effect, including a breaking wave. Re-
cently, Xie et. al. 2008 16 investigated the impact of
radian stress on the coastal flooding during Typhoon
Hugo (1989) by using the POM model developed by
Princeton University and SWANmodel.

At the same time, the issues regarding storm surge
have also been investigated by many Vietnamese re-
searchers. Vu Nhu Hoan, 1988 17 used statistical and
graphical methods to investigate the storm surge at
the interesting locations. Pham Van Ninh, 199218 de-
veloped 2-D storm surge model within the project
UNDP VIE/87/020. However, this model was cali-
brated based on the data from the Sixties. Nguyen
Vu Thang, 1999 19 estimated the surge level at the
coastal area in Hai Phong based on the finite element
method. He introduced the procedure to generate
the storm surge forecasting map. Bui Xuan Thong in
200020 applied the numerical model using the nested
grids to reproduce the storm surge in the Vietnam
coastal area. In this way, he was successful in over-
coming the limitation of the computational resources
and obtain accurate results. Another studywas imple-
mented by Nguyen Xuan Hien, 2012 21 implemented
the empirical equation to estimate the surge level un-
der the effect of wave in the coastal zone inHai Phong.
The present study suggests the coupledmodels, which
considered the interaction between storm surge and
wind-wave, using for investigating the typhoon in-
duced disasters in the coastal areas. The paper has the
following structure of two parts. First, we outline the
way how meteorological data was reproduced by us-
ing theWRFmodel. The second is focusing on apply-
ing the reproduced wind field into the coupled storm
surge – wave model. The significant typhoon events
in Central and Southern Vietnamwere chosen as case
studies.

METHODOLOGY
Numerical analysis is an effective way to forecast the
typhoon related disasters according to the expected
spatial and temporal distribution. The storm surge
risk and also high wave during the typhoon period
have already been investigated bymany researchers in
developed countries such as America, Japan. To ac-
curately reproduce the storm surge and high wave, it
is necessary to consider three main components, in-
cluding how to generate themeteorological data, what
type of storm surge andwind-wavemodel are suitable,
and also how to couple these models.
Several researchers focus on numerical weather pre-
diction (NWP) models to overcome the limitation of
synoptic and statistical methods. The ultimate goal of
these models is to reproduce wind-field as accurately
as possible so that the intensity of typhoons and re-
lated extreme atmospheric phenomena could be ex-
actly evaluated22. One of the famous mesoscale me-
teorological models basing on the joint development
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between The National Center for Atmospheric Re-
search (NCAR) and the National Center for Environ-
mental Prediction (NCEP) is The Weather Research
and Forecasting (WRF) model23. The WRF model
can be simulated at different scales for both global and
regional climate, as well as the atmospheric motion.
Besides, air quality can also be evaluated by WRF.
WRF is also can be used for typhoon simulation and
reproduce the interaction between air-sea, that why
it is widely used and has become the most common
mesoscale atmospheric model. Currently, there are
two different dynamic frameworks of WRF includ-
ing ARW (the advanced research WRF) and NMM
(the non-hydrostatic mesoscale model), maintained
and developed by the NCAR and NCEP, respectively.
The ARW-WRF24, which is one of the most popular
models using to predict typhoons due to its stable per-
formance, is used in this paper. Mori, 2014 25 simu-
lated Typhoon Haiyan, 2013 mainly based on the re-
sults from WRF, and the results show that WRF has
the potential to reproduce the wind field during ty-
phoon Haiyan reasonably accurate. Then, they used
the output of the WRF as the boundary conditions of
the ocean–wave coupled model.
When using WRF, two aspects need to be paid at-
tention to is the changes in the track and inten-
sity of the typhoon. The interaction of multi-scale
meteorological systems such as the interaction be-
tween the occurrence and development of the sub-
grid process and the large-scale background environ-
ment26–28 resulted in those issues. In another word,
the simulation results depend on the use of different
grid resolutions in typhoon numerical simulations.
Usually, because of the limitation of the integral cal-
culation of the numerical model, the description of
the atmospheric motion close to the grid or either
the sub-grid scales will be less accurate. Generally,
to overcome this issue, the parameterization of vari-
ous physical processes of these sub-grid scales includ-
ing radiation, cumulus convection, boundary layer…
need to be considered 26,29,30.
In terms of the storm surge model, many studies
were conducted a long time ago. Jelesnianski imple-
mented the simple numerical model, in which he ig-
nored the friction and non-linear components to rep-
resent the storm surge. The result showed that the
highest water level appeared on the right side of the
affected area and simultaneously with the typhoon
hitting land31. One of the well-known storm surge
models is SLOSH model developed by NOOA (Na-
tional Oceanic andAtmospheric Administration) and
widely used to simulate the coastal flooding caused
by typhoons. Threr is a simplified parametric wind

model integrated in the SLOSH model. The SLOSH
is a 2-D explicit, Finite Difference (FD) model formu-
lated on a semi-staggered Arakawa B-grid 32. SLOSH
can be used for wetting and drying simulation as well
as it is able to parameterize sub-grid scale features in-
cluding 1-D channel flow with contractions and ex-
pansions, overtopping flow through the vertical ob-
structions (levees, roads…), and friction drag increas-
ing due to the vegetable. However, as other numeri-
cal models, SLOSH does have limitations. First, the
SLOSH grid shows the limitation in size especially at
the coastal shelf surrounding the study area. Second,
the lack of knowledge of set-up at the open bound-
ary leads to the less accuracy of boundary conditions
specification during storm surge events, this limita-
tion also makes the dynamic coupling to larger basins
impossible. SLOSH also does not include precipita-
tion, river flow, and wind-driven waves.
Furthermore, several other storm surgemodeling sys-
tems have been widely used for predicting the im-
pact of typhoons (inundation in coastal areas due to
tropical storms), covering a range of numerical meth-
ods, model domains, forcing and boundary condi-
tions, and purposes. Standard other models include
the Advanced Circulation (ADCIRC) model, Primi-
tive Equation Community Ocean Model (FVCOM),
the PrincetonOceanModel (POM), Curvilinear-Grid
Hydrodynamics 3D Model–Storm Surge Modeling
System (CH3D-SSMS), the Finite-Volume. While all
these models are used for the same purpose, each
model has its pros and cons and more well-suited for
a particular application.
For the wave modeling, numerical models such
as Wave Action Model (WAM)33, WAVEWATCH
III (WW3) 34, MIKE21 Spectral Waves35, Simu-
lating Waves Nearshore (SWAN)36 are commonly
used37–39. WAM and WW3 are mainly used for
global and regional scale applications, whereas SWAN
is suitable for nearshore modeling. There is the fact
that the wave models strongly depend on wind field
variations, thus the quality and the accuracy of the
wind fields also affect the quality of numerical wave
hindcast40,41.
When simulating the storm surge andwave by the nu-
merical model, it is noticed that the interaction be-
tween storm surges and waves is a two-way interac-
tion. Wave height is controlled by wave breaking.
In other word, waves height also depend on the lo-
cal water depth. Thus, the contribution of increas-
ing water caused by a storm surge, wave set-up, and
tide to the total water depth affects wave height. On
the other hand, the presence of waves generates radi-
ation stresses, which will increase the peak water level
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through the phenomenon named wave set-up42,43.
The contribution of wave set-up to total increasing
water level was confirmed by Xie et al., 2008 16 when
they investigated the inundation in Charleston Har-
bor during the 1989 Hurricane Hugo by applying
the Princeton Ocean Model and Simulating Waves
Nearshore (SWAN) model. Funakoshi et al., 2008 44
pointed out that the contribution of rising ware caus-
ing by wave-induced radiation stresses reached up to
10–15% of the total increasing water levels by cou-
pling ADCIRC (Advanced Circulation Model) and
SWAN for the case study of Hurricane Floyd in 1999.
Chen et al., 2008 45 researched Hurricane Katrina in
2005 and concluded that the local wind forcing played
the main role in the generation of storm surge when it
was responsible for 80%of themaximum surge, while,
the remaining 20% was caused by the combined ef-
fects of tides, surface waves, and offshore.
In this study, the Delft3D-WAVEmodule, which uses
the SWAN spectral wave model is used. The third-
generation wave model SWAN is suitable for simu-
lating the random, short-crested, and wind-generated
waves in coastal regions and inland waters36. The
governing equation of the SWAN model is based on
the action balance equation with sources and sinks
(Equation 1). The hydrodynamics module Delft3D-
FLOW is used to investigate the typhoon-inducedwa-
ter level. FLOW is based on the assumptions of shal-
low water and hydrostatic to solves the continuity
(Equation 2) andNavier–Stokes equations (Equation
3, 4) for an incompressible fluid. The Delft3D FLOW
module can be applied to three-dimensional phenom-
ena. However, in cases of long waves such as storm
surges46, tsunamis, and tidal propagation47 a two-
dimensional horizontal grid is commonly used.
InEquation 1, the first term in the left-hand side takes
the time-depending local rate of change of action den-
sity into account, while the second and third terms
represent the propagation of action in geographical
space (with propagation velocities cx and cy in x- and
y-space, respectively). The fourth term represents the
shifting of the relative frequency causing by the varia-
tions in depths and currents (with propagation veloc-
ity cσ in σ -space), while the last term is the depth-
induced and current-induced refraction (with cθ is
propagation velocity in θ -space). The above propaga-
tion speeds are based on the linear wave theory 48–50.
The term S = S(σ ; θ ) at the right-hand side of Equa-
tion 1 is the source term in terms of energy den-
sity representing the effects of generation, dissipation,
and non-linear wave-wave interactions.
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In these equations, coefficients
√

Gξ ξ
√

Gηη are
used for the transformation from the curvilinear to
rectangular coordinates, Q is the global source (sink)
per unit area, νV is the vertical eddy viscosity co-
efficient, Pξ and Pη represent the pressure gradi-
ents. The forces Fξ and Fη in the momentum equa-
tions represent the unbalance of horizontal Reynold’s
stresses. Mξ and Mη represent the contributions
due to external sources or sinks of momentum in ξ -
and η- direction (the external could be caused by hy-
draulic structures, discharge or withdrawal of water,
wave stresses, etc.). The gradients of radiation stress
from wave represents the input source terms in the
momentum equations. Therefore, the obtained radi-
ation stress will make the surge module be modified
to include the effect.
Delft3D-FLOW is coupled with Delft3D-WAVE
(SWAN) through a dynamic interaction, in which
the FLOW module considers the received radiation
stresses calculated by the wave module. On the
other side, the updated water depth including the
contribution of the storm surge will be used by
the WAVE module. Current feedback was not
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considered in this study. In the coupled model,
the FLOW module is expected to read wave data
from the communication file at certain time points
during the computation. The process names Online
Delft3D-WAVE is selected to enable the coupling
process between the Delft3D-FLOW computation
and the Delft3D-WAVE (SWAN). This feature is
called the Online-WAVE option. To clearly describe
the coupling procedure, the diagram in Figure 1 is
shown. In the 2-way coupled model, Delft3D-FLOW
always runs first. The storm surge calculated by
Delft3D-FLOW in the first time step is transferred
to the common file (so-called, communication
file). Accordingly, the wave module updates the
water depth (the sum of still water depth and storm
surge) using the latest communication file and starts
calculating wave height and wave radiation stress. In
the next round, the hydrodynamic module considers
the effect of the radiation stresses calculated by
the wave module. The varying radiation stresses
induce changes in the mean surface elevation (wave
set up). The new water level is then updated in
Delft3D-FLOW in the next time step. Those cycles
are iterated until the end of simulation time period.

MODEL SETUP
The simulation was implemented for the case of three
typhoons including Typhoon Kaemi (2000) and Ty-
phoon Xangsane (2006) made landfall in Da Nang
area, Typhoon Durian (2006) made landfall at the
Mekong Delta (Figure 2). The procedure of model
simulation is described in Figure 1. Meteorological
model WRF was used to reproduce the wind field, in-
cluding wind speed and central pressure. There are
three simulated domains in each WRF running: Do-
main 1 with a resolution of 30km x 30km (73x73 grid
points) cover the entire area of the East sea, Domain 2,
with a resolution of 10km x 10km (73x73 grid points)
focusing on the offshore area in theCentral Vietnam–
DomainD2-1 (for the case of TyphoonKaemi andTy-
phoon Xangsane) and in Mekong delta (for Typhoon
Durian)- Domain D2-2. Domain 3 with resolution
3.33km x 3.33km (73x73 grid points), including D3-
1 and D3-2 focusing on the coastal area around Da
Nang and Ho Chi Minh City, respectively. In this
study, the input meteorological data were taken from
the National Centers for Environmental Prediction
(NCEP).Then, the generation process of the initial at-
mospheric conditions for the WRF was done by the
Global Forecast System (GFS). As mentioned above,
in the WRF setting, several physical schemes need to
be parameterized to overcome the problem that the
less accuracy of the atmospheric motion close to the

grid or the sub-grid scales due to the limitation of the
integral calculation of the numerical model:

• The cumulus parameterization is responsible for
the calculation of the effect of subgrid-scale con-
vection on the grid-resolved thermodynamic
variables.

• The planetary boundary layer (PBL) considers
the phenomenon of transportation of eddy in
the whole atmospheric column, which results in
the vertical sub-grid-scale fluxes. The flux pro-
file within the well-mixed boundary layer and
the stable layer is also determined by the PBL
schemes. In addition, the prediction of temper-
ature, moisture (including clouds), andmomen-
tum tendencies in the horizontal plane in the
entire atmospheric column are also provided by
the PBL schemes23.

• The microphysics parameterizations (MP) ex-
plicitly handle water vapor, cloud, and precip-
itation processes. Furthermore, MP is also ac-
counted for the processes of melting of snow,
graupel and cloud ice hydrometeors, suppres-
sion of falling rain by evaporation.

• The land-surface models (LSMs): the pro-
cesses including the thermal and moisture
fluxes in multiple layers of the soil; canopy ef-
fects and surface snow-cover are considered by
LSMs. These models use information from
other schemes to run, such as using atmospheric
information from the surface layer scheme, ra-
diative forcing from the radiation scheme, and
precipitation forcing from the microphysics and
convective schemes. As the results, the LSMs
output includes heat fluxes and moisture over
the land points and sea-ice points, that used as
the lower boundary condition fluxes for the PBL
schemes23.

• Short wave radiation (SWR) schemes handle the
atmospheric heating as the consequence of radi-
ation flux from the Sun. The SWR scheme is also
responsible for the calculation of the process of
absorption, reflection, and scattering in the at-
mosphere as well as from the surface.

• The long wave radiation (LWR): the process of
absorption (emission) of infrared (thermal) ra-
diation by gases and surfaces are the main ob-
jects of LWR.

WRF version 3.9.1 was used in this study. The two-
way nesting scheme was set up. In others words, there
are 3 domains with different grid resolutions run si-
multaneously inWRFmodel and the communication
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Figure 1: The procedure of coupling models

Table 1: WRF configuration

Simulation time (all domains)

Typhoon Kaemi (2000) 0:00 UTC 19/08/2000– 0:00 UTC 24/08/2000

Typhoon Xangsane (2006) 0:00 UTC 25/09/2006– 0:00 UTC 02/10/2006

Typhoon Durian (2006) 0:00 UTC 01/12/2006– 0:00 UTC 06/12/2006

Grid resolutions

(D1; D2-1; D3-1) 30.0; 10.0; 3.3 km

(D1; D2-2; D3-2) 30.0; 10.0; 3.3 km

50 hPa

Pressure top of the model 27

Number of Vertical layers 2-way nesting (3 domains)

Nesting scheme Revised MM5 surface layer scheme 51–55

Surface layer WRF Single-Moment 6-class scheme (WSM6) 56

Micro physics
Land surface option

Noah land surface model 57: unified NCEP/NCAR/AFWA
scheme with soil temperature and moisture in four layers.

Planetary boundary condition Yonsei University scheme (YSU) 58

Map projection Lambert conformal

Bathymetry data USGS

Meteorological data NCEP FNL Operational Global Analys

Meteorological data resolution 1ox1o
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between them is enable: It means after the coarser do-
main run, the boundary values from it will be pro-
vided for the nest, then the nest run its calculation and
feeds back to the coarser domain (Figure 2). By using
the World Programming System (WPS), which is the
WRF pre-processing software, the computational grid
was created. The grids parameter (size, resolution),
the simulation time, and also the schemes are pre-
sented in Table 1. The simulation run-time was cho-
sen from 5-7 days in order to cover the entire occur-
rence period of the typhoon events. The atmospheric
input data was generated from the NCEP FNL Oper-
ational Global Analysis (NCEP FNL 2000) 6-hourly
GRIB-formatted meteorological data with 1-degree
grids.
The hydrodynamic and wave model run in the same
domains as theWRFmodel, but with different resolu-
tion. All three domains D1, D2-1/ D2-2, D3-1/D3-1
are used for the Delft3D-FLOW simulation. The do-
mainD1with the resolution of 0.2 degrees is the com-
putational domain for the astronomical tide model,
thus it runs first. The boundary conditions (tidal forc-
ing) are derived from the Global Inverse Tide Model
(TPXO 8.2). The providing tides are composed of
amplitude and phase, including eight primaries (M2,
S2, N2, K2, K1, O1, P1, Q1), two long periods (Mf,
Mm), and 3 non-linear (M4, MS4, MN4) harmonic
constituents. The tide simulation is run for 30 days
to provide a tidal level variation. It is noticed that
the later and finer resolution domains were nested in
and used water level from the larger domains as the
boundary data. The domains D2-1 and D2-2 with the
same size as the domains of WRF model, but with
a resolution of 0.1 degrees, received the water level
along its boundary from the domain D1 and then
transmit the tide level to the smaller nested domain
inside, D3-1 and D3-2 respectively. The storm surge
simulation was run in the domains D3-1 and D3-2
with a resolution of 0.01 degrees. Wave simulation us-
ing Delft3D-WAVE (SWAN) only used domains D3-
1 and D3-2 as the computational domain and cou-
pled with the hydrodynamic model through a two-
way coupled method, as mentioned above (Figure 3).
The computational period of Delft3D-FLOW model
was as same as period of the WAVE model. The
timesteps as short as 0.1 minutes was chosen for the
stable computation purpose. The coupling timestep
between the two models was every 20 minutes. The
simulated period for the coupled model is the same
as the calculation period using for the WRF model
(Table 1). Both Delft3D-FLOW and Delft3D-WAVE
model simulations used the bathymetric data re-
trieved from theGEBCO08. Bothmodelswere forced

by the wind fields from the corresponding WRF sim-
ulation results (domain D3-1 and D3-2). The out-
put data from WRF contain many variables, such as
sea-level pressure and x-, y- direction components of
wind.
Among the physical processes available in the
Delft3D-WAVE module, the depth-induced wave
breaking, bottom friction effect, wind-wave growth,
white-capping effect, non-linear triad, and quadru-
plet interactions were enable. The wave spectral
parameters were set as default: the frequencies range
between 0.05 Hz and 1 Hz, divided into 24 bins,
while the wave directions were divided into 36 bins
separated by 10◦ for each bin.

MODEL CALIBRATION AND
VALIDATION
In the hydrodynamic model Delft3D-FLOW, there
are two main parameters that need to be considered
to calibrate models: wind drag coefficient and the
roughness parameter. In this paper, the authors re-
ferred to the common publications that also focused
on similar interesting areas to choose the suitable
wind drag coefficient and roughness parameter (Man-
ning coefficient)59–61.
Due to the lack of real wave data, thus the wind speed
data and wave parameters are only compared with
data at Tien Sa lighthouse and the nearshore loca-
tion (named Wave observation), respectively, which
referred toNguyenNgoc Tran et. al., 2003 61 (Figure 4)
for checking the accuracy. The simulated water level
is calibrated by comparing with the data of water level
at Son Tra gauge station (Da Nang), which was re-
ferred to the research of Vu Hai Dang et al., 2017 60.
The hourly measured water level at Vung Tau gauge
station was used to validate the simulation of water
level during Typhoon Durian, 2006.

RESULTS
The peak typhoon season in Central Vietnam often
starts from August until October. Typhoon Kaemi,
which was chosen for the validation wave model in
this study. Five typhoons had formed on the South
China Sea before Kaemi. It is noticed that the total
time from creation to the landing of this typhoon was
relatively short, just only 2 days. The maximum 10-
minute average wind speed during Typhoon Kaemi
(2000) was estimated at 20m/s, while the highest in-
stantaneous wind speed reached 26 m/s occurring
at 5.50 and 9.25 on 22 August (local time -UTC+7)
measured at Tien Sa Lighthouse. The maximum 10-
minute average wind speed was 21 m/s recorded at
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Figure 2: WRF Calculation domains a) For Typhoon Kaemi (2000) and typhoon Xangsane (2006); b) For Typhoon
Durian (2006)

Figure 3: Computational domains for Delft3D models

5.50 on 22 August (local time -UTC+7)61. The simu-
lated wind speed from the WRF model in the case of
Typhoon Kaemi is shown in Figure 5. The compar-
ison with measured data showed a good agreement,
especially in terms of the maximum wind speed at
the time mentioned above from the published article.
In another word, the reproduced wind filed from the
WRFmodel is reliable enough to use as the input data
for the hydrodynamic and wave model.
The time series of the simulated results comparedwith
the record in terms of wave heights are shown in Fig-
ure 6. It can be seen that from the observed data,
there are two peaks, one high and one low. The val-
ues reproduced by the models also show two peaks at
the corresponding time. However, the model results
appear to be underestimated compared with the ob-
served data before the typhoon hit the land. It can

be partially explained by the limitation of swell simu-
lation, which propagates before the occurrence of lo-
cally generatedwindwaves. Thewind-generatedwave
in the near shore zone could be reproduced by run-
ning the WAVE model within the computational do-
main D3-1, but this size is not sufficient for simu-
lating the swell propagation that travelling from the
offshore. Therefore, the model’s ability regarding the
simulation of maximum wave height during the ty-
phoon landfall period is the main thing we concen-
trate. In this sense, the model is accurate when the
simulated peak fits well with the real value, around
5m. After the typhoon made landfall, the wave was
mainly governed by the typhoon. Thus the patterns
for wind speed can be visually estimated as quite sim-
ilar.
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Figure 4: Gauge stations, Meteo station, and wave observed station

To validate the simulated water level caused by the ty-
phoon, the cases of typhoon Xangsane (2006) and Ty-
phoon Durian (2006) were used. According to the
Japan Meteorological Agency (JMA), a tropical de-
pression formed on September 25 on the East side
of the Philippines. After that, the system quickly
strengthened and moved toward the west direction,
and both the JMA and the JTWC announced it
reached the tropical storm intensity on September 26.
Then, Xangsane was used as her international name.
After passing over Manila, it approached the South
China Sea and continued moving westward. The ty-
phoon hit central Vietnam on September 30, and by
Sunday, October 1, had passed through southern Laos

and into Thailand as a tropical depression. It was re-
ported that 13 people were killed from storm-related
injuries due to this typhoon in Vietnam. According to
JMA, the central pressure reached the value of 965hPa
beforemaking landfall and the sustainablewind speed
was around 70 knots (35m/s).
The wind field of Typhoon Xangsane was reproduced
by the WRF model, using the same computational
mesh as Typhoon Kaemi (2000). The simulation pe-
riod was 7 days, cover all the period since Xangsane
started coming into the East Sea. TheDelft3D-FLOW
coupled with Delft3D-WAVE (SWAN) using the out-
put from WRF as input and considered the tidal ef-
fect to simulated the storm surge caused by Typhoon
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Figure 5: Wind speed during Typhoon Kaemi, 2000 (UTC)

Figure 6: Reproduced and measured wave height at “Wave observation” during Typhoon Kaemi, 2000 (UTC)
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Xangsane. The observed water level from Son Tra
gauged60 was used to calibrate the model results. In
this paper, the author used the wind drag coefficient
according to Nguyen Tho Sao, 2015 59: CD = 0.00063
with a wind speed of 1m/s and CD = 0.00723 with a
wind speed of 100m/s. The other parameter Rough-
ness is adjusted by referring to the publications that
also focused on the similar interesting areas59–61, that
range from 0.018-0.026. The default value of theMan-
ning coefficient in Delft3D-FLOW is 0.015. The com-
parison results of adjusting the value within the men-
tioned range show insignificant variation, thus the au-
thors apply the value of 0.02 for the Manning coeffi-
cient as the majority of other authors used and also
best fit with the observed data (Table 2). The compar-
ison of the model results and measured data is shown
in Figure 7. It shows that the coupled model could
well simulate the water level (RMSE=0.42), especially
during the landfall period - 1 day around the landfall
time (RMSE=0.33), including the peak value (approx-
imately 1.5m surge), while it shows the limitation of
the earlier and later period. However, themost threat-
ening risk of the storm surge coming from the peak
rising water level. In this aspect, the coupled models
almost did that.
Compared to Northern and Central Vietnam, the fre-
quency of typhoons in Southern Vietnam—which in-
cludes theMekongDelta and other remote islands—is
relatively low. As such, the risk of a typhoon disas-
ter tends to be overlooked in this region; however, ty-
phoons do occasionally make landfall in the southern
part of Vietnam62.
Due to this reason, we chose Typhoon Durian (2006),
which was considered a violent tropical typhoon to
validate the accuracy of the models. For the case of
Typhoon Durian, the central pressure went down to
940hPa during her first landfall period in the Philip-
pines with a wind speed was up to 90 knots (45 m/s)
and cause severe damage at the islands. Fortunately,
after crossing the South Chian Sea, Typhoon Durian
weakened when it approached the Mekong Delta
coastal zone, with the central pressure was 980hPa
and 60 knots (30 m/s) wind speed. Strong winds cap-
sized several boats offshore Vietnam, and heavy rain-
fall from the typhoon destroyed many schools and
houses. We also used a coupled models to investigate
Typhoon Durian with the same input parameters as
the case of Typhoon Xangsane, 2006. The measured
data taken from the Vung Tau gauge was used to com-
pare with the model output. The results in Figure 8
showed that the reproduced values well matched with
the water level in terms of amplitude and phase.

DISCUSSION
In terms of high wave distribution caused by Typhoon
Kaemi, according to Figure 9, the significant wave
height in the offshore area outside Da Nang was more
than 10 m. This wave was hazardous for any fish-
ing boat or ship, which still staying outside the shel-
ter. As mentioned above, Typhoon Kaemi developed
and propagated very quickly within 2 days. Thus it is
necessary to have an early warning system to reduce
the loss in such extreme weather events. According to
Figure 10, the wave height when Typhoon Kaemi hit
the land was around 5m, and the affected area (with
significant wave height more than 2,0m) stretched
fromThuaThien Hue to Quy Nhon, show the exten-
sive impact. It is noticeable that Central Vietnam is
famous for the beautiful sandy beaches. Hence, many
densely populated areas are found close to the beaches
with many buildings, houses, hotels, resorts, restau-
rants…serving for tourist industry located along the
empty beach (without adequate protected structure).
Due to this situation, the places within the affected ar-
eas are very vulnerable to the simulated wave height.
To estimate the surge height (excluding the as-
tronomic tide level) caused by Typhoon Xangsane
(2006), the reproduced water level from the cou-
pled hydrodynamicDeft3D-FLOWandWAVEmodel
with andwithout considering the tide effect were plot-
ted. The surge level was the difference between two re-
sults (Figure 11), it was around 0.53m. This abnormal
rising water level probably caused flooding at some
places in Da Nang. According to Figure 12, the ris-
ing water level along the coastline from Da Nang to
Quang Nam ranged between 1.2 - 1.8 m. A flooded
situation was also recorded in Hoi An. The concave
shape of the coastline at Da Nang and Hoi An prob-
ably amplified the water level, which made the situa-
tion more severe.
The well-reproduced water level during Typhoon
Durian period in Figure 8 shows that the domain D1,
which is used for the tide simulation, probably is large
enough to include the effect of all tidal constituents.
The observed data show the harmonic fluctuation,
and there was almost no abnormal peak. Thus the
water level mainly governs by the tidal level, which
means the effect of the typhoon on water rising in this
area was not significant. The track of TyphoonDurian
that crossed along the coastline, not like typical ty-
phoon track as propagating into the land, probably
one of the reasons for this result. However, according
to Figure 13, also due to the sliding track, the rising
water level was the same along its paths, including in
HoChiMinh City and also Long An, Tien Giang, Ben
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Table 2: TheManning coefficient calibration

Manning coefficient 0.015 0.018 0.02 0.023 0.026 Observed

Peak water level at Son Tra gauge,
m

1.53038 1.52262 1.51689 1.50923 1.50217 1.51

Figure 7: Water level at Son Tra Gauge station durring Typhoon Xangsane, 2006 (UTC)

Figure 8: Water level at Vung Tau Gauge station during Typhoon Durian, 2006 (UTC)
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Tre, TraVinh…provinces, whichwas ranged from1.2
to more than 1.4m. It is noticeable that storm surges
can be considered to pose the greatest risk to low-lying
coastal areas of theMekongDelta, which is around 1m
above mean sea level. In contrast, fluvial and pluvial
flood events appear to be more predominant in the
upper part of the delta, close to the Cambodian bor-
der63.

CONCLUSION
Typhoon related disasters are the obvious risk for
the Vietnam coast due to the high frequency of ex-
treme weather every year. In this situation, numer-
ical models used to forecast the physical impact, in-
cluding storm surge and high wave, in order to miti-
gate the damage caused by those events, is necessary.
TheWRFmodel withmodified schemes show its abil-
ity to reproduce the wind filed during the typhoon
period, which fit well with the observed data. The
coupled models Delft3D-FLOW and Delft3D-WAVE
(SWAN) using meteorological input from WRF sim-
ulated the storm surge and high wave caused by ty-
phoons, that underestimated the value before the ty-
phoon made landfall. The limitation of the models
come from the size of the domains and also the ef-
fect from other factors such as river discharge, swell…
However, the results showed a good agreement with
the measured data after the typhoon made landfall,
especially in terms of the peak value, including peak
water level and highest significant wave height, which
mainly governed by the typhoon wind field. In other
words, the suggested coupled models can able to use
to investigate the impact of the typhoon induced dis-
asters.
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Figure 10: The wave height distribution when Typhoon Kaemin, 2000 made landfall at Da Nang
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TÓM TẮT
Giới thiệu: Các hiện tượng thiên tai do bão gây ra bao gồm nước dâng do bão và sóng cao là
những mối đe dọa đối với các vùng ven biển Việt Nam. Chính vì vậy, nhiều nhà khoa học đã tập
trung nghiên cứu về vấn đề này từ lâu với nhiều cách tiếp cận khác nhau, từ thống kê cho đến sử
dụng mô hình số trị. Nghiên cứu này đề xuất sử dụng mô hình kết hợp Delft3D-FLOW và WAVE
sử dụng trường gió mô phỏng từ mô hình Dự báo khí tượng (WRF) để nghiên cứu các hiện tượng
thiên tai do bão gây ra tại Việt Nam. Phương pháp nghiên cứu: mô hình WRF được vận hành
sử dụng nhiều lưới tính toán với các độ phân giải khác nhau đồng thời và có xét đến tương tác
giữa các lưới này với nhau (lưới lồng) để mô phỏng lại trường gió trong các cơn bão. Mô hình
Delft3D-FLOW được kết hợp với mô hình Delft3D-WAVE (SWAN) thông qua cơ chế tương tác động,
có nghĩa là mô hình FLOW sẽ xét đến ứng suất tán xạ do sóng mà mô hình WAVE tính toán. Đồng
thời mực nước tính toán từ mô hình FLOW bao gồm cả mực nước dâng sẽ được cập nhật và sử
dụng bởi mô hình WAVE. Cả hai mô hình Delft3D-FLOW và Delft3D-WAVE đều sử dụng trường gió
mô phỏng từ mô hìnhWRF. Mực nước dâng tổng cộng sẽ là tổng hợp củamực nước dâng do bão,
mực nước dâng do sóng và thủy triều. Kết quả: Trường hợp cơn bão Kaemi, 2000 được sử dụng
để kiểm định trường gió và chiều cao sóng mô phỏng. Quá trình hiệu chỉnh mô hình nước dâng
do bão dựa trên dữ liệu mực nước thực đo trong cơn bão Xangsane (2006), trong khi trường hợp
cơn bão Durian (2006) được dùng cho mục đích kiểm định mô hình. Quá trình so sánh cho thấy
sự tương đồng cao giữa kết quả mô phỏng và kết quả thực đo, đặc biệt là các giá trị mực nước cực
trị và chiều cao sóng cực đại, các giá trị này chủ yếu bị chi phối bởi trường gió bão. Kết quả mô
phỏng chỉ ra rằng, dọc theo đường đi của bão Durian, mực nước dâng đạt giá trị 1.2 – 1.4 m, các
chiều cao mực nước này có thể được xem là có thể gây tổn thương cho những vùng ven biển với
cao độ mặt đất thấp tại Đồng bằng sông Cửu Long. Kết luận: Mô hình kết hợp được đề xuất có
khả năng ứng dụng trong việc nghiên cứu các hiện tượng thiên tai do bão gây ra tại Việt Nam.
Từ khoá: bão, nước dâng do bão, sóng gió, Việt Nam, WRF, Delft3D
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	Nghiên cứu hiện tượng nước dâng do bão và sóng tại Việt Nam bằng mô hình kết hợp Delft3d-FLOW và WAVE sử dụng trường gió mô phỏng từ mô hình dự báo khí tượng (WRF)


