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Abstract: Typhoon Noru (2022) was a historic storm that caused significant damage to the central
region of Vietnam. Typhoon Noru has caused strong winds and torrential rainfall in Da Nang, Quang
Nam, and Quang Ngai. Quang Nam Province saw many trees and power lines fall, and many
areas were flooded. The Da Nang government has reported the typhoon toppled many trees, blew
the rooftops of three houses, damaged the walls of several schools, and caused a power outage at
some 3200 substations. It resulted in widespread flooding in coastal areas and downstream from the
Vu Gia-Thu Bon River river basin. This study evaluates the impact of Typhoon Noru. The results
show that: (1) The numerical simulation was applied to re-analyze the offshore meteorological field
with the Coupled Ocean—-Atmosphere-Wave-Sediment Transport (COAWST) model as an input
for 2D wave propagation and hydraulic models; (2) The study couples the 1D and 2D models in
MIKE FLOOD to simulate the flood and inundation caused by Typhoon Noru in the study area. The
calibration and validation results of the 1D hydraulic model, the 2D wave propagation model, and
the 2D hydrodynamic model were reasonably good, with a Nash coefficient ranging from 0.84 to 0.96
and a percent bias (BIAS) of —0.9% to 7.5%. The results of the simulation showed that the flood and
inundation caused by Typhoon Noru resulted in significant damage in two districts: Thang Binh in
Quang Nam province and Hoa Vang in Da Nang province. The practical significance of these results
is that they provide valuable support for warning systems and troubleshooting efforts related to the
impact of typhoons.

Keywords: COAWST model; flood and inundation; Typhoon Noru; Vu Gia-Thu Bon River; Vietnam

1. Introduction

Floods and inundations caused by storms or storm surges often result in heavy damage
to coastal areas and the areas downstream from river basins worldwide [1-3]. The coastal
area is a highly sensitive ecological environment and is vulnerable to the impact of rises in
sea levels, waves, and high tides caused by storms, tropical cyclones, and circulation [4-6].
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Many studies have been conducted to evaluate the effects of storm surges that cause floods
and inundations [7-11]. There are three main causes, namely, meteorology, hydraulics,
and hydrology, that affect the characteristics of storm surges, floods, and inundations. The
study of the interaction between the sea and the atmosphere has been quite popular, and
the dynamical and meteorological components have been analyzed and simulated through
modeling. However, the hydrological component of the interaction has only received
attention in recent years [12,13]. Storm surge scenarios of flooding in previous studies have
shown that the contribution of hydrological components such as river discharge and in situ
rainfall contribute significantly to increased inundation for coastal areas and downstream
areas of rivers. Therefore, studies showing the interaction between tides and rising water
have profound importance in the operation of storm surge forecasting systems [14,15]. The
interaction between the hydrological and hydrodynamic components in the river under
storm surge conditions can significantly alter the characteristics of the surge as well as the
flooding scenarios along the lower reaches of the river [14,15].

Previous studies on the interaction between tides and rivers have been
published [16-19], and there are also a few studies that discussed the interaction between
rivers and rising tides [20,21]. Therefore, studies on integrating hydrological components
into storm surge models are still under development [22]. For example, a storm surge
caused by Hurricane Isaac (2012) as it made landfall in southern Louisiana was simulated
using the SWAN + ADCIRC modeling system for coastal waves and circulation [23]. A
storm surge in the low-lying delta of Bangladesh was simulated using a combination of
wave and hydrodynamic modeling (SWAN + ADCIRC) [13]. Additionally, hydrodynamic
and coastal hydrodynamic models were combined to evaluate the performance of a real-
time forecasting system during Hurricane Irene (2011) [24]. The use of a surge, wave, and
tidal model (SuWAT) was combined to simulate storm surges for three storms: Xang-sane
(2006), Ketsana (2009), and Nary (2013) [24]. Furthermore, the use of surge, wave, and tidal
models (SuWAT) was combined to simulate storm surges for two storms: Frankie (1996)
and Washi (2005) [25]. Models were also developed to predict/prevent storm surges at
Sakaiminato Port, Torrori, Japan, using the method of data processing (GMDH) algorithms
for Typhoons Maemi (2003), Songda (2004), and Megi (2004) [26]. Finally, a summary of pre-
vious studies shows that the results only focus on individual problems such as waves, tides,
and storm surges combined using open-source models (SWAN, SuWAT, etc.). There has not
been an overall study to comprehensively evaluate flooding in the river, sea-atmosphere
interactions, waves, and inundation on the coast.

Vietnam has a coastline of 3260 km from north to south. According to statistics from
the National Center for Hydrometeorology Forecasting (NCHMEF), every year in the East
Sea, there are about 9 to 10 typhoons and 3 to 4 active tropical depressions, of which about
5 to 6 storms and 2 to 3 tropical depressions directly affect the mainland of Vietnam. This
study focused on analyzing and evaluating the effects of Typhoon Noru, which caused
floods and inundation in Quang Nam province and Da Nang City. The storm formed on 21
September 2022 and dissipated on 28 September 2022. This is considered to have been the
strongest storm in the past 20 years since Typhoon Xangsane (2006) made direct landfall in
Da Nang City [27,28]. To date, there has not been a study that analyzed and evaluated the
impact of Typhoon Noru and how it caused floods and inundation in Quang Nam province
and Da Nang City.

This is the first study that comprehensively simulated and evaluated the impact of
storm surges, tides, waves, floods, and inundation using a combination of hydraulic, atmo-
spheric, and rainfall-produced wave, flood, and inundation models (MIKE 11, Coupled
Ocean—Atmosphere-Wave-Sediment Transport (COAWST), MIKE 21SW, MIKE 21 FM,
MIKE FLOOD) and GIS tools to simulate and display the results of flooding in the areas
affected by Typhoon Noru. Usually, coupled flood models have focused on the effects
of only one of the components (storm surges, tides, waves, floods, sediment transport,
etc.) [29-33], which leaves a gap in the precise representation of the combined interactions
among them [34].
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The study objectives were: (1) To apply the atmospheric and rainfall figures produced
by the COAWST model to simulate and evaluate the wave propagation results of Typhoon
Noru. (2) To establish the coupled mesh domain in 1D and 2D to simulate wave propagation
from the sea to the rivers. (3) To use the hydraulic model FM in a 2D model to analyze the
hydraulic regime. (4) To use the coupled 1D and 2D MIKE FLOOD model to calculate and
determine the depth of the flood before, during, and after the typhoon.

This study is structured as follows: Section 2 introduces the study site, the methods
used, the numerical model, and its setup. Section 3 presents the results of model calibration
and validation of the 1D hydraulic model, the 2D wave propagation model, the 2D flow
regime, and the simulation of the flooding and inundation caused by Typhoon Noru.
Section 4 discusses a lack of comparative analysis with the study results. Finally, Section 5
summarizes the major findings of this study and future work to improve the quality of the
study results.

2. Materials and Methods
2.1. Description of the Study Site

According to the World Meteorological Organization, Vietnam is located in the area
of the Northwest Pacific typhoon zone, with about 30 typhoons per year and accounting
for 38% of global typhoons [35]. Statistics from the National Center for Hydrometeorology
Forecasting (NCHMF) show that every year in the East Sea, there are about 9 to 10 typhoons
and 3 to 4 active tropical depressions, of which about 5 to 6 typhoons and 2 to 3 tropical
depressions directly affect the mainland of Vietnam. As a result, every year, Vietnam
suffers heavy damage caused by typhoons in terms of both people and property. Improving
forecasts of the location, intensity, and area of strong winds during typhoons will contribute
to ensuring the safety of fishers at sea. Better forecasting of the time and location of landfall,
heavy rain zones, and areas of strong winds will contribute to minimizing the number of
deaths and missing people and reducing the economic damage caused by a typhoon.

The central coastal region is an area with harsh natural conditions that are affected by
many natural disasters and dangers. In recent years, the central region has been greatly
affected by climate change, storms, floods, and rising sea levels. Statistics from the past
four decades, from the 1970s to the present, show that the intensity and frequency of storms
and regional flooding are increasing [36].

The Vu Gia-Thu Bon River river basin is a major river basin of Vietnam and an
important river basin of the central region (Figure 1). The Vu Gia-Thu Bon River basin
is representative of the central river basins, with a short, steep terrain and a fast flood
concentration time in the basin and the mainstream, combined with narrow plains and very
poor flood storage and flood regulation. As a result, this area often experiences widespread
flooding every year. Under the impact of climate change, increasingly extreme rains and
storms are increasing the level of danger for buildings and downstream areas. The Vu
Gia-Thu Bon River river basin, the coast, and the sea are interrelated. Therefore, flooding
downstream from the Vu Gia-Thu Bon River river basin, in addition to being caused by
heavy rains upstream, is also relatively strongly affected by sea level rises due to flooding.
Therefore, this study focused on researching and applying simulation models of floods and
inundation in the areas downstream from the Vu Gia-Thu Bon River river basin under the
impact of sea level rises caused by Typhoon Noru, which occurred in September 2022.
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Figure 1. Map of the study location.

2.2. Methodology

The outline of the study is presented in Figure 2. This study used the re-analyzed wind
field from the COAWST model to simulate and evaluate wave propagation for the MIKE 21
SW model of Typhoon Noru. The study established the coupled mesh domain in 1D and
2D to simulate the propagation of waves from the sea to the river. The hydraulic model FM
in the 2D model was used to analyze the hydraulic regime. A coupled 1D-2D model, the
MIKE FLOOD model, was used to calculate the depth of the flood before, during, and after
the typhoon (Figure 2).

2.2.1. Description of the COAWST Model

The COAWST 3.7 model system is a state-of-the-art, community-based, open-source
modeling framework that allows for the simulation of complex physical processes in the
coastal ocean and atmosphere, as well as the transport of sediments and the generation
of waves [37]. The COAWST model system is a powerful tool for studying the impacts of
climate change, coastal hazards, and oceanographic processes in coastal regions and has
been widely used in research and operational applications [38].

The COAWST model system is based on the coupling of several models, including the
Weather Research and Forecasting (WRF) atmospheric model, the Regional Ocean Modeling
System (ROMS), the Simulating Waves Nearshore (SWAN) model, and the Community
Sediment Transport Model (CSTM) [39]. The COAWST model system allows for two-way
coupling between the atmosphere and the ocean, as well as one-way coupling between the
ocean and waves and between the waves and sediment transport. The system is highly
configurable, allowing users to choose which models to use, the spatial and temporal
resolutions, and the boundary conditions, among other options.
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Figure 2. Flowchart of the study (the upper-right panel is from www.usgs.gov).

The COAWST model system has been used in a variety of applications, including
studies to predict typhoon-related coastal flooding and erosion [40], the impact of storms
on coastal communities [41], and the effects of climate change on coastal ecosystems [42].
The system has also been used for operational forecastings, such as predicting storm surges
and flooding during hurricanes and typhoons [43-47]. For example, the author of [48]
applied a high-resolution COAWST model to simulate storm surges and inundation in
the northern Gulf of Mexico during Hurricane Laura. The author of [49] used a COAWST
model to simulate the storm surges and inundation in the East China Sea during Typhoon
In-Fa. The results showed that the COAWST model accurately simulated the storm surges
and inundation along the coast, and the model could be used for early warning systems
and decision-making during typhoon events.

Previous studies have demonstrated that the COAWST model system can accurately
simulate storm surges and inundations along the coast and provide valuable information
for early warning systems and decision-making during typhoon events. This study applied
the COAWST model system to simulate atmospheric and rainfall factors for evaluating the
results of the SW wave propagation model for Typhoon Noru.

2.2.2. Description of the 1D and 2D Models
(@) One-Dimensional Hydraulic MIKE 11 Model

MIKE 11 HD by DHI, Denmark (2014) is applied for the dynamic description of
waves. It solves the vertically integrated equations of the conservation of continuity and
momentum (the Saint Venant equations) [50] based on the following assumptions.

The derivation of the equations of continuity and momentum, as used by MIKE 11,
are as follows:

9Q dA
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where Q is the discharge, A is the area of the flow, g is the lateral inflow, & is the stage above
the datum, C is the Chezy resistance coefficient, R is the hydraulic or resistance radius, and

« is the distribution coefficient of the momentum.
The solution of the equations of continuity and momentum was based on the implicit
finite difference scheme developed by [50]. The scheme was structured to be independent

of the specific wave description (i.e., kinematic, diffusive, or dynamic).
(b) MIKE 21 SW Wave Propagation Model

The dynamics of the gravity waves are described by the transport equation for the
density of the waves’ action. For small-scale applications, the basic transport is usually
formulated in Cartesian coordinates, while spherical polar coordinates are used for large-
scale applications. The density spectrum of waves’ action varies in time and space and
is a function of two parameters of the wave phase [51]. The two parameters of the wave

—

0 2

phase are the vector of the wave number k with a magnitude of k and the direction of
6. Alternatively, the parameters of the wave phase can be the waves’ direction, ¢, and
either the relative (intrinsic) angular frequency, o = 2nf,, or the absolute angular frequency,
w =2mf,. In the present model, a formula for the waves’ direction, 6, and the relative
angular frequency, o, was chosen [52]. The density of action, N(c,0), is related to the energy
density E(c,0) by Equation (3):

E

N== )

For the propagation of waves over slowly varying depths and currents, the relationship
between the relative angular frequency (as observed in a frame of reference moving with
the current’s velocity) and the absolute angular frequency, w, (as observed in a fixed frame)
is given by the following linear dispersion relationship:

o = \/gk tanh(kd) = w — k-U @)

o
where g is the acceleration of gravity, d is the depth of the water depth, and U is the current’s
velocity vector. The magnitude of the group velocity, cq, of the wave’s energy relative to
the current is given by Equation (5):

dor 1 2kd o
Tk 2 (1 + sinh(de)) (%) ®)

The phase velocity, c, of the wave relative to the current, is given by Equation (6):

=% (6)

The frequency spectrum is limited to the range between a minimum frequency, ¢y,

and the maximum frequency, 0q¢. The frequency spectrum was split into a deterministic

prognostic part for frequencies lower than the cut-off frequency and an analytical, diag-

nostic part for frequencies higher than the cut-off frequency. A dynamic cut-off frequency

depending on the local wind speed and the mean frequency was used, as in the WAM

Cycle 4 model [53]. The deterministic part of the spectrum is determined by solving the

transport equation for the density of wave action using numerical methods. Above the
cut-off frequency limit of the prognostic region, a parametric tail was applied.

E(o,0) = E(max, 0)( 7 )—m @)

Omax
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where m is a constant, and the present model applied is m = 5. The maximum prognostic
frequency was determined as

Ocut—of f = Min[Oimax, max(2.50, 40pp)] (8)

where 04y is the maximum discrete frequency used in the deterministic wave model,
0 is the mean relative frequency and opyr = g/ (28uqp) is the Pierson-Moskowitz peak
frequency for fully developed waves (Ujg is the wind speed 10 m above the mean sea level).
The diagnostic tail was used in the calculation of the non-linear transfer and the calculation
of the integral parameters used in the source functions. Below the minimum frequency, the
spectral densities were assumed to be zero [52].

(¢) Two-Dimensional Hydraulic MIKE 21 Model

The MIKE 21 FM (2014) module is a two-dimensional model for calculating the flow
in a vertically homogeneous fluid layer [54]. The flow’s modulus is solved by the finite
element grid method. This module is based on the solution of the Reynolds-averaged
Navier-Stokes equations for 2- or 3-dimensional incompressible fluids combined with
the Boussinesq hypothesis and the hydrostatic pressure hypothesis. The two-dimensional
elements can be triangular or quadrangular. Through the integration of the horizontal
momentum equations and the continuity equation over the depth 1 = 7 + d, the following
two-dimensional equations for shallow water can be obtained:

oh oJu oJdv Jw
5 Tax Ty Tz =S ©)

where ¢ is time; x, y, and z indicate the direction in Cartesian coordinates; # is the surface
elevation; d is the depth of still water; i = 7 + d is the total depth of the water; u, v, and w are
the velocity components in the x, y, and z directions, respectively; S is the magnitude of the
discharge due to point sources; and (i, vs) is the velocity at which the water is discharged
into the ambient water [55].

(d) The MIKE FLOOD Simulation Model

A dynamic link between the one-dimensional model and the two-dimensional model
was developed in the form of a pair of points, where the endpoint of the tributary was
assigned to a point or region in the two-dimensional model, e.g., the river flowing in or out
of the lake. The types of connections in MIKE FLOOD (2014) [56] include standard links,
lateral links, structure links, and zero flow links. In a standard connection, one or several
grid cells of MIKE 21 are linked to one end of the flow in MIKE 11. Standard connections are
available when only the ends of a stream have water pouring out, such as water pipes. Ina
lateral connection, a sequence of grid cells in MIKE 21 will be linked to either side of a flow
segment (a section, a flow section, or an entire flow). We used lateral links when the current
was likely to overflow, such as rivers and the sea [54]. MIKE FLOOD has the following
model connection types: HD coupling, AD coupling, and both dynamic and propagandistic
connections. The connection depends on the requirements of each problem [56].

2.2.3. Setting Up the Model
(a) Model Input

This study used the following data as input for the model:

— Discharge data from the hydrographic stations of Nong Son and Thanh My (Figure 3c);

—  Water level data from the stations of Hoi Khach, Ai Nghia, Giao Thuy, Cau Lau, Hoi
An, Son Tra, and Ly Son (Figure 3a,c);

—  For some coastal estuary locations where there was no measuring station, this study
used the tides predictions in the MIKE 21 toolbox as the lower boundary for the
calculation model (Figure 3d);

— Meteorological data from the COAWST model with a resolution of 0.125° (14 km);

— Topography: DEM 30 m x 30 m;
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The study established an integrated mesh of the meteorological, wave, and hydraulic
data at the study site and detailed mesh coupling of rivers and the sea (Figure 3a,b).

MIKE 11 HD Model
The hydraulic network of the MIKE 11 HD model was established for the Vu Gia-Thu

Bon River river system: Vu Gia River, Thu Bon River, Bung River, Cai River, Con River, Co
Co River, Vinh Dien River, Ba Ren River, La Tho River, and Ai Nghia River (Figure 3c).
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Figure 3. (a) Establishment of the integrated mesh of the study site; (b) detailed mesh coupling of
rivers and the sea; (c) hydraulic network in MIKE 11; (d) mesh in the coupled 1D-2D models in
MIKE FLOOD.

(c) MIKE 21 SW Model

To obtain a wave field for the study area, it was necessary to simulate the wave field
for the wider area, so the calculation range of the selection model was as shown below.
The wide area of the simulated waves ensured that the scale of the wind’s momentum
was large enough to form a wave mode that propagated into the coastal area to create a
high-precision wave field. The domain used for the area of the MIKE 21 SW model was
limited from longitudes of 106°44" E to 111°23’ E and latitudes of 14°23’ N to 17°88’ N.

After simulating the waves for the entire large area, this study set the domain for the
study area, using the wave transmission function from the deep-water wave model to the
study area with the margins scaled.

A small grid area was modeled for the area of 108°02’ E to 109°32’ E and 15°24' N to
16°31" N. The grid of signal h was selected as a grid combining unstructured grids, and
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the domain had a mesh of 24,000 elements and 1300 grid nodes. In particular, the area was
set up with a relatively detailed grid with a smooth resolution in the coastal area, with
the smallest mesh edge being about 10 m. The zone was set up with a rough grid in the
offshore area, with the largest mesh edge being 1000 m (Figure 3d).
(d) MIKE 21 FM Model

The MIKE 21 EM model was set up using the same mesh as the MIKE 21 SW model,
with the marginal data being the tidal water level obtained by DHI's MIKE 21 toolbox. The
MIKE 21 model, once set up for the study area, was connected to the simulated hydrometry
network in the MIKE 11 model described above to establish the MIKE FLOOD model that
simulated flooding over the study area.

(e) MIKE FLOOD Model

The MIKE FLOOD model was established on the coupled link between MIKE 11 and
MIKE 21 for the study area. The link was lateral, connecting the left and right banks. For
the chainage of the river’s end, the link was the standard link for the hydraulic connection
between MIKE 11 and MIKE 21 (Figure 4).
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Figure 4. Coupled 1D-2D models in MIKE FLOOD.

3. Results
3.1. Calibration and Validation of the Hydraulic Model
3.1.1. Calibration and Validation of the MIKE 11 HD Model

The results of the calibration and validation of the water level in the MIKE 11 HD
model were used to find a suitable parameter for the Vu Gia-Thu Bon River basin during
the floods from 15 October 2019 to 15 November 2019 and on 1-31 October 2020 at the
hydrological locations of Hoi Khach, Ai Nghia, Giao Thuy, and Cau Lau (Figures 5 and 6).
The calibration and validation results showed that the error index reached an outstanding
level, with the Nash index ranging from 0.84 to 0.96 and the PBIAS error ranging from —0.9
to 5.9% (PBIAS < +10%) for both calibration and validation (Table 1) [57]. The parameters
of MIKE 11 HD were used to simulate and calculate a pair of 1D-2D models to evaluate
the impact of flooding and inundation in the areas downstream from the Vu Gia-Thu Bon
River river basin. The bed resistance (Manning number) of the rivers was from 0.023 to
0.032 (s/m!/3), and the timestep was 5 s.
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Figure 6. The results of validation of the water level in the 1D hydraulic model.
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Table 1. Assessment of the error of calibration and validation of the hydraulic parameters.

Calibration Validation
Station River
NSE PBIAS NSE PBIAS
Hoi Khach Vu Gia 0.89 14 0.96 -0.9
Ai Nghia Vu Gia 0.93 5.5 0.94 5.7
Giao Thuy Thu Bon 0.94 5.9 0.96 34
Cau Lau Thu Bon 0.84 5.6 0.94 59

3.1.2. Calibration and Validation of the MIKE 21 SW Model

The calibration and validation of wave height used the Coupled Ocean—-Atmosphere—
Wave-Sediment Transport (COAWST) model [37-40] for a re-analysis of the simulated
wind field. The COAWST model was established with a definition of 0.125° (14 km)
from longitude 105°00" E to 111°40’ E and latitude 14°00’ N to 18°00’ N (Figure 3a). The
calibration and validation of wave height used the data from the Ly Son marine station
during the floods from 15 October 2019 to 15 November 2019 and 1-31 October 2020,
respectively (Figure 7a,b). An assessment of the results of calibration and validation with
the Nash index ranged from 0.68 to 0.79, and PBIAS ranged from 4.4 to 7.5 (PBIAS < +10%)
for both calibration and validation (Table 2). The set of parameters used for the MIKE 21
SW model wave propagation model are presented in Table 3.
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Figure 7. The results of (a) calibration and (b) validation for wave height at the Ly Son marine station.

Table 2. Assessment of the error of calibration and validation of the MIKE 21 SW model.

Calibration Validation
NSE PBIAS NSE PBIAS
Ly Son Vu Gia 0.79 44 0.68 7.5

Station River
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Table 3. The set of parameters used for the MIKE 21 SW model wave propagation model.

No. Parameters Value
1 Number of directions 16
2 Bottom Friction 0.035-0.04 (m)
3 Energy transfer Include quadruplet-wave interaction
4 Wave breaking 0.7-0.8

Generally, the errors in the waves’ height and pattern were within the permissible
range. The model was calibrated to ensure reliability, and it could be used to forecast waves
in the study area. The results of the maximum wave height simulated for Typhoon Noru
are presented in Figure 8. The time of the sea level rise during Typhoon Noru was from
11:00 p.m. on 27 September 2022 to 14:00 p.m. on 28 September 2022. According to the
water level observed at the hydrographic stations, the biggest sea level rise during Typhoon
Noru at the Ly Son station (Quang Ngai Province) was 1.1 m.
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Figure 8. The results of maximum wave height for 26-28 September 2022.

3.1.3. Calibration and Validation of the MIKE 21 FM Model

The calibration and validation of the MIKE 21 FM used the water level at the Ly
Son marine station from 15 October 2019 to 15 November 2019 and 1-31 October 2020,
respectively (Figure 9). The results of calibration and validation based on the Nash and
PBIAS criteria showed high similarity in the phase and amplitude of oscillations (Table 4).
The results for the offshore water levels and flow rates in the river showed that the hydraulic
parameters of the MIKE 21 FM model were relatively suitable for the study area. Therefore,
it would be possible to use the MIKE 21 FM model to simulate the impact of the hydraulic
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regime on flooding and inundation in the study area. Table 5 presents the set of parameters
of the hydraulic model.

Table 4. Assessment of the error of calibration and validation of the MIKE 21 FM model.

Calibration Validation
NSE PBIAS NSE PBIAS
Ly Son 0.90 2.8 0.84 3.6

Station

Table 5. The set of parameters for the MIKE 21 FM hydraulic model.

No. Parameters Value
1 Eddy viscosity—Smagorinsky 0.28-0.38 (m?/s)
2 Bed resistance—Manning 32-42 (m1/3/s)
3 Wind Friction 0.002-0.0027
4 Time step 30 (s)
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Figure 9. The results of (a) calibration and (b) validation of the water level at the Ly Son marine station.

3.2. Results of Flooding and Inundation

Typhoon Noru formed on 22 September from a tropical depression east of the Philip-
pines. After three days of approaching Luzon Island, the depression strengthened into
a super-typhoon with winds from 185 to 210 km/h. The super-typhoon then went west-
ward, entering the mainland of the central provinces and cities of Vietnam, causing very
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heavy rain, followed by floods, flash floods, and landslides. In fact, due to the influence
of Typhoon Noru, from the afternoon of 25 September, the eastern sea in the north and
the middle of the East Sea had strong winds, gradually increasing up to Category 8-9 and
then to Category 10-11. The area near the center of the typhoon passed Category 12-13,
with gusts reaching Category 16. The sea waves were 6-8 m high, those in the area near
the center of the typhoon were 8-10 m high, and the sea was violent. At 7:00 p.m. on 27
September, Typhoon Noru’s winds reduced to 195 km/h (Category 16). However, by 7:00
a.m. on 28 September, the strongest winds near the center of the typhoon were expected
to remain at 165 km/h (Category 14) [28]. At 9:00 p.m. on 27 September, the National
Center for Hydrometeorological Forecasting said it had measured a Category 10, Category
12 hurricane, up one level from several hours earlier. The islands also recorded increased
hurricane levels; for example, Con Co recorded Category 7 and Category 9, and Dong Hoi,
Hue, and Da Nang recorded Category 7.

The results of the simulation of the COAWST model relatively accurately forecasted
the trajectory and intensity of typhoons in the East Sea and forecasted the area of heavy rain
and strong winds during the typhoon’s landfall that affected the central region (Figure 10),
so the results of simulating the flood in the study area were quite close to reality (Figure 11).
After the typhoon weakened to a tropical depression under the influence of rain, the tropical
convergence band formed by Typhoon Noru continued to cause moderate rain, heavy rain,
and very heavy rain and caused widespread flooding in the north-central areas. Thus, if
the study’s calculation areas were expanded, it would be possible to assess not only the
impact caused by Typhoon Noru when it came inland but also the impact of heavy rains
after the typhoon on neighboring areas, which was an avenue for future study.
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Figure 10. The results of the wind field in the 2D model from 26 to 28 September 2022.
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Figure 11. The simulated and observed results of the water level at Hoi Khach, Giao Thuy, Ai Nghia,
and Cau Lau stations in the Vu Gia-Thu Bon River river basin after, during, and before Typhoon Noru.

The study used the results of Typhoon Noru simulated with the COAWST model
and combined with the MIKE FLOOD model to simulate flooding and inundation in the
areas downstream from the Vu Gia-Thu Bon river basin at the time before the storm made
landfall, when the storm made landfall, and after the storm weakened.

From the morning of 27 to 28 September, due to the influence of circulation, Typhoon
Noru weakened into a tropical depression and then into a low-pressure area over Southern
Laos, so there was heavy rain in the central region. The rainfall from 07:00 h on 27 September
to 13:00 h on 28 September in Da Nang and Quang Nam was 300400 mm and over 450 mm
in some places. The simulation of the flood in the Vu Gia-Thu Bon River on 27-29 September
2022 showed that the peak flood at the Hoi Khach and Ai Nghia stations on the Vu Gia
River at 11:00 h and 14:00 h on 28 September 2022 was 15.35 m (<BD2 = 0.15 m) and 8.87 m
(<BD3 = 0.13 m), respectively; the peak flood at the Giao Thuy and Cau Lau stations on the
Thu Bon River at 15:00 h and 21:00 h on 28 September 2022 was 7.64 m (>BD2 = 0.14 m)
and 3.41 m (>BD2 = 0.41 m), respectively (Figure 11). The flood’s amplitude fluctuated on
Vu Gia River from 5.37 m to 6.04 m. The fluctuation on Thu Bon River was from 2.87 m to
6.65 m.

The map (Figure 12) shows the flooded part of the study area before the typhoon
made landfall and after Typhoon Noru weakened into a tropical depression and off the
area outside the mainland of Quang Nam Province and Da Nang City. The results for the
flooded area by the administrative unit are shown in the statistics of the corresponding
flood area in Tables 6—8. The total area of flooding before the typhoon made landfall was
smaller than after the typhoon made landfall. This is reasonable because before the typhoon
made landfall, the downstream area was mainly flooded due to heavy rains that caused an
overflow at the shore, but when the typhoon made landfall, heavy rains combined with the
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sea level rise caused by the typhoon made the flooding worse, especially in coastal areas

with a low terrain such as Thang Binh, Dien Ban, Hoi An, and Hoa Vang.

Table 6. Statistics of the flooded area caused by rains before Typhoon Noru.

Province/City District 0.2-0.5 0.5-1.0 1.0-2.0 2.0-5.0 >5.0 Sum
Thang Binh 0.03% 0.06% 0.01% 0.05% 0.003% 0.15%

Dien Ban 1.21% 0.001% 0.00005% - - 1.21%

Duy Xuyen 0.02% 0.10% 0.03% 0.23% - 0.38%

Que Son - - - - - -
uang Nam

QPrO\%ince Hoi An 0.46% 0.00% 0.20% 0.001% - 0.66%
Dai Loc 0.19% 0.07% - - - 0.26%

Nui Thanh - - - 0.09% 0.01% 0.10%
Tam Ky - - - - 0.001% 0.001%

Sum 1.91% 0.23% 0.24% 0.37% 0.01% 2.75%

Hoa Vang 0.54% 0.59% 0.32% 0.02% 0.01% 1.49%

Cam Le 3.29% 0.63% - - - 3.92%
Hai Chau 6.27% 2.26% 0.56% 2.43% 1.04% 12.56%
Da Nane Cit Thanh Khe 11.61% 7.09% 1.39% 0.28% - 20.37%
&Y Lien Chieu 0.54% 0.49% 0.40% 0.29% 0.23% 1.94%

Son Tra 0.53% 0.49% 0.70% 1.53% 0.46% 3.71%

Ngu Hanh Son 2.98% 0.43% 0.24% - - 3.66%
Sum 25.76% 11.98% 3.62% 4.55% 1.74% 47.65%

Table 7. Statistics of the flooded area caused by Typhoon Noru.

Province/City District 0.2-0.5 0.5-1.0 1.0-2.0 2.0-5.0 >5.0 Sum
Thang Binh 3.65% 4.21% 6.73% 7.83% 0.003% 22.42%
Dien Ban 14.97% 4.65% 0.10% 0.06% - 19.78%

Duy Xuyen 1.80% 1.21% 0.54% 0.51% 0.13% 4.20%

Que Son 0.86% 1.06% 0.21% - - 2.13%

Quang Nam Hoi An 5.32% 1.48% 0.34% - - 7.14%
Province Dai Loc 0.27% 0.21% 0.02% - - 0.51%
Nui Thanh - - - 0.09% 0.005% 0.10%
Tam Ky - - - - 0.001% 0.001%
Sum 26.87% 12.83% 7.94% 8.49% 0.14% 56.27%

Hoa Vang 0.55% 0.59% 1.22% 0.27% 0.03% 2.65%
Cam Le 3.73% 4.81% 2.78% - - 11.32%
Hai Chau 5.16% 3.11% 2.50% 1.99% 1.04% 13.79%
Gi Thanh Khe 10.74% 13.99% 0.76% 0.28% - 25.76%

Da Nang City Lien Chieu 1.13% 0.53% 0.75% 0.16% 0.22% 2.79%
Son Tra 0.29% 0.34% 0.86% 1.51% 0.46% 3.46%

Ngu Hanh Son 2.93% 0.71% 0.24% - - 3.88%
Sum 24.52% 24.08% 9.11% 4.20% 1.74% 63.64%
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Figure 12. Map of inundation depth in the Vu Gia-Thu Bon River basin caused by rain (a) before

Typhoon Noru; (b) during Typhoon Noru; and (c) after Typhoon Noru.

Table 8. Statistics of the flooded area after Typhoon Noru.

Province/City District 0.2-0.5 0.5-1.0 1.0-2.0 2.0-5.0 >5.0 Sum
Thang Binh 0.03% 0.06% 0.01% 0.05% 0.003% 0.15%

Dien Ban 1.21% 0.001% 0.00005% - - 1.21%

Duy Xuyen 0.02% 0.10% 0.03% 0.23% - 0.38%

N Que Son - - - - - -

Q‘liang_ am Hoi An 0.46% 0.00% 0.20% 0.001% - 0.66%
rovince Dai Loc 0.19% 0.07% - - - 0.26%
Nui Thanh - - - 0.09% 0.01% 0.10%
Tam Ky - - - - 0.001% 0.001%

Sum 1.91% 0.23% 0.24% 0.37% 0.01% 2.75%
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Table 8. Cont.
Province/City District 0.2-0.5 0.5-1.0 1.0-2.0 2.0-5.0 >5.0 Sum
Hoa Vang 0.54% 0.59% 0.32% 0.02% 0.01% 1.49%
Cam Le 3.29% 0.63% - - - 3.92%
Hai Chau 6.27% 2.26% 0.56% 2.43% 1.04% 12.56%
Da Nang City Thanh Khe 11.61% 7.09% 1.39% 0.28% - 20.37%
Lien Chieu 0.54% 0.49% 0.40% 0.29% 0.23% 1.94%
Son Tra 0.53% 0.49% 0.70% 1.53% 0.46% 3.71%
Ngu Hanh Son 2.98% 0.43% 0.24% - - 3.66%
Sum 25.76% 11.98% 3.62% 4.55% 1.74% 47.65%

Detailed results of the flooded area by the district in Quang Nam Province and Da
Nang City before and after Typhoon Noru fell (Figure 13) are as follows:

— Quang Nam Province: After the typhoon made landfall, the flooded area increased
significantly, partly due to heavy rains combined with sea level rise caused by the
typhoons, which made water from the river not only not drain into the sea but also
flow back into the river. In coastal districts, strongly influenced by the lower margin
of the sea level (e.g., Thang Binh, Dien Ban, and Hoi An), the area and depth increased
significantly. After the typhoon passed, Quang Nam was still deeply flooded in some
locations because although the seawater had receded and the water could drain from
the river, the hydropower upstream discharged floods;

— Da Nang City: Similar to Quang Nam Province, Da Nang City also had heavy rains
before the typhoon made landfall. After it made landfall, heavy rains caused the
river water to increase rapidly, overflowing the banks and flooding many areas of
Da Nang. When Typhoon Noru went inland, the sea level rise reduced the ability
of the river to drain, and the flooding was aggravated. After Typhoon Noru passed,
the sea level lowered, the river water drained into the sea, and the water level of the
rivers decreased, increasing the drainage capacity. Therefore, the city was almost no
longer flooded.

Early forecasts of the time when the storm will make landfall, as well as warnings about
the risk of inundation caused by rainstorms, will help the district’s People’s Committees
to proactively come up with an effective and timely response plan. For example, the
simulation results showed that Thang Binh district (Figure 13a) had the deepest and widest
area of flooding in Quang Nam Province. Thang Binh district is agricultural, with nearly
60% of the population engaged in agricultural production, and the area of agriculture is
29,081 ha, accounting for 70.5% of the district’s area. At present, the proposed response
plan is to proactively harvest rice and vegetables early, and check the operation of the
pump system, etc., to minimize the consequences that the storm has in that district.

For Da Nang City, the results of the simulation showed that the Hoa Vang district
(Figure 13b) was the most affected by flooding. Hoa Vang is an agricultural district and has
the famous tourist area Ba Na and Nui Chua. Therefore, when the results of the simulation
indicated the possibility of large-scale inundation, the district’s People’s Committee should
not only formulate plans to reduce the damage to agriculture but also take proactive
measures regarding the response of the tourism industry such as mapping the route with
the possibility of deep flooding, prolonged flooding, etc., and providing complete and
accurate information early so that visitors can arrange the most favorable travel schedule.
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Figure 13. The statistics of inundated areas by the flooding depth due to the influence of rain before,
during, and after Typhoon Noru in (a) Quang Nam Province and (b) Da Nang City.

4. Discussion

The results showed that forecasts of the trajectory and intensity of typhoons in the
East Sea, the heavy rains, and strong winds associated with landfalling typhoons affecting
the central region, combined with flood simulation models, will give warnings based on
the impact caused by typhoons and floods on each specific object. This study was limited
to the statistics of flooded areas by administrative unit. However, these, if combined with
other databases such as agricultural production and aquaculture, can be used to issue
a warning bulletin for each specific audience, supporting detailed scenarios to support
decision-making.

Quang Nam Province and Da Nang City are one of the areas frequently affected by
typhoons. Damage is caused by typhoons every year, especially in the lower Vu Gia-Thu
Bon River river basin, where there is a large population and a strong tourism industry.
Currently, there have been many studies related to the problem of adapting to as well as
mitigating the impacts of climate change in general and of typhoons and floods in the
study area. However, most of the study results have only provided methods to predict the
likelihood of typhoons or heavy rains occurring in the region or to assess the impact of
typhoons on Da Nang’s society and economy. However, these have been limited to sporadic
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studies, without providing warnings based on specific impacts when typhoons occur so
those responsible can proactively take effective measures, minimizing the possible damage.

Through applying the COAWST model, a warning system based on the impact of
typhoons and floods in Vietnam can be built with high accuracy, which may become one
of the effective support tools for supporting decisions to respond to typhoons and floods
at all levels of government. Currently, in Vietnam, there are no studies that have applied
the COAWST model to simulate storms. Most studies have only used the WRF model
to simulate the meteorological field without combining it with the simulation of ocean
waves. Some storm forecasting studies can be mentioned, such as a study evaluating
the heavy rain predicted by the WRF model due to the formation of cold air combined
with high easterly winds for the central region [58]. Another study applied numerical
modeling (SWAN + SuWAT) [24] to examine the storm surges of Typhoon Xangsane [59]
and Ketsana [60] on the central coast of Vietham. The author of [61] determined the
influence of moving speeds, wind speeds, and sea level pressures on after-runner storm
surges in the Gulf of Tonkin, Vietnam. The author of [62] found results for 24 h to 48 h
rainfall forecasts but did not give any possible impacts or apply the WRF model for
forecasting weather and storms in Vietnam. By researching and applying the WRF model
to forecast storms in the East Sea, this study used the combination of storm forecasting
models and a model for simulating inundation to draw a map of inundation under the
impact of hurricanes [24,59,60]. The study results clearly showed the area that is likely to
be flooded when the storm passes instead of just predicting the path of the storm.

There have been several domestic and foreign studies on the formation mechanism of
storms operating in the East Sea. The use of the high-resolution three-dimensional ocean—
atmospheric interaction model in this study has provided an in-depth understanding of
the mechanism of the formation of storms that make landfall and affect the central region
of Vietham. The model needed to be updated and implemented. This is the first study
that comprehensively simulates and evaluates the impact of storm surge, tide, wave, flood,
and inundation using a combination of models (MIKE 11, COAWST, MIKE 21SW, MIKE
21 FM, and MIKE FLOOD) and GIS tools to simulate and display the results of flooding
and inundation in areas affected by Typhoon Noru. Thus, to evaluate the accuracy of
the study results, it will be necessary to verify with the field survey data to calibrate and
validate the model when applying simulations to evaluate similar storms in the future. The
methodology of this study can be applied to simulate and evaluate the impact of storm
surges, tides, waves, floods, and inundation using a combination of hydraulic, atmospheric,
and rainfall produced, wave, flood, and inundation models for other areas or catchments
in Vietnam.

5. Conclusions

The study has combined meteorological models and hydrological models to initially
issue warnings based on the impacts caused by typhoons on people downstream of Vu
Gia-Thu Bon River, piloted with data from Typhoon Noru—one of the major typhoons
that severely affected Quang Nam Province and Da Nang City in September 2022. The
COAWST model system applied to forecast storms with a hydraulic model to calculate the
flow and a flood model to simulate the flooded area will improve the results of forecasting.
The combination of meteorological, wave, hydrological, and hydrographic models not
only provides results for forecasting natural disasters but also serves as a basis for giving
warnings based on the impacts, thus supporting the managers” and departments’ response
to natural disaster prevention and controls, they can choose the most appropriate and
effective plan. The results can be used as a premise to expand the research to all coastal
river basins of Vietnam.

The calibration and validation of the 1D model showed that the error index reached
an outstanding level, with the Nash index ranging from 0.84 to 0.96 and the PBIAS error
ranging from —0.9 to 5.9% (PBIAS < +10%) for both calibration and validation. The set
parameters of MIKE 11 HD were used to simulate and calculate a pair of 1D-2D models
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to evaluate the impact of flooding and inundation at the areas downstream from the Vu
Gia-Thu Bon River river basin.

The calibration and validation of wave height used the COAWST model for a re-
analysis of the simulated wind field simulation with a resolution of 0.125° (14 km). The
assessment results of calibration and validation with the Nash index ranged from 0.68 to
0.79, and the PBIAS ranged from 4.4 to 7.5 (PBIAS < £10%).

The results of flood simulation in the study area are also quite accurate with reality.
After the typhoon weakened to a tropical depression on the influence of rain, the tropical
convergence band formed by Typhoon Noru continued to cause moderate rain, heavy rain,
and very heavy rain and caused widespread flooding of the North Central. The flooded
area of the study area at the time before the typhoon made landfall and after Typhoon Noru
weakened into a tropical depression and off the mainland of Quang Nam Province and Da
Nang City.

For a future study, warnings based on the impact of natural disasters are currently
one of the research problems with high practical significance. Instead of just predicting
the likelihood of a natural disaster, the impact-based warning also specifies, if a natural
disaster occurs, how the impact will be, where, and at what time. It is recommended that
the uncertainty of the modeling needs is reduced. The following aspects may be improved:

- The topography of the flooded downstream area needs to be supplemented with more
detailed topographical survey data at the commune level of the flooded areas;

- The number of calibration and validation locations in the 2D models is few. It may not
be enough to evaluate the adequacy of the model in the study area.
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