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Abstract
Purpose. Numerous drownings have been recorded killing dozens of beach bathers along the coastal
zones of Khanh Hoa Province in Vietham, most of which are recognized to be related to rip currents in
recent years. The object of the study was, therefore, to simulate the rip current generations (RCGs)
along the Bai Dai Beach of Cam Ranh Bay in Khanh Hoa Province, Vietnam by applying the MIKE21-
NSW Model.
Methods and Results. In order to deploy this study, field surveys were conducted to collect
the hydrodynamic characteristics and seabed topography during the period from December 10, 2012,
to January 20, 2013. The performance of the MIKE21-NSW Model has been appraised by comparing
the simulated results with the observed data and was in good agreement with SEls (NASH =
=0.76+0.94, RMSE = 2.1+14.1% and R? = 0.79+0.95).
Conclusions. Based on comparing the simulated model with the observed data, it was stated that
the MIKE21-NSW Model can effectively characterize the rip current hazard for different beach surface
states. The findings provide a useful reference for beach development management and early warm rip
current across the study beach.
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Introduction

The rip current recorded on many beaches around the world is considered
a potential hazard to beach bathers [1, 2]. It is known as a high-speed seaward current
that flows in a narrow bottom channel from the surf break zone of the wave [3, 4].
The propagation of waves towards the shore is affected by the topographic, causing
uneven breaking and subsequent formation of rip currents driven by radiation stress
[5, 6]. As the wave size keeps increasing, the amount of water pushed toward
the shore also increases, resulting in the break waves that push toward the shore [1,
7]. When the waves no longer approach the shore, a high-water accumulation due to
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the break waves toward the shore cannot move longshore, and seaward currents with
high speed are formed, which are called rip currents [8, 9].

The rip current is rated as one of the main drowning factors in coastal beach
baths, annually leading to hundreds of deaths worldwide [1, 10]. The recorded
drowning events, which are closely related with rip currents, are increasing every
year [11, 12]; hence, understanding the RCGs will contribute to predicting the beach
state as well as issuing early warnings to beachgoers [13, 14]. Almost issued studies
have indicated that the RCGs are closely related to hydrodynamic factors such as
waves, currents, tides, and seabed topography structure, as well as weather factors
such as wind, tropical depression, and typhoons [15, 16].

Nowadays, there are varieties of methodologies to track as well as predict the rip
current, including field observations [8, 10, 17, 18], laboratory experiments [6, 19],
camera and Global Positioning System (GPS) system [11, 18], as well as numerical
model simulation [10, 17, 18]. For example, there was a study on the RCGs from
a macrotidal beach in the southwestern U.K. based on over 87 tidal cycle databases,
which stated that the RCGs are very sensitive over a range of temporal and spatial
scales of the tides [7].

Being recognized as one of the most famous beaches in Vietnam, the Bai Dai
Beach has welcomed an increase in domestic and foreign tourists in recent years [20,
21]. However, drowning events due to rip currents have been increasingly recorded
there [21]. Underlying public concern about the unsafety of the Bai Dai Beach as
well as other baths, several studies on the RCGs have been implemented to address
the potential risks [21]. However, the studies on the RCGs have not been
implemented comprehensively for the Bai Dai Beach of Cam Ranh Bay. The study
is, therefore, deployed to evaluate the RCGs across the Bai Dai Beach for
the purpose of supporting the management of bathing activities as well as providing
an early warning about the potential risks caused by rip currents.

Materials and methods of research

Study area. The Bai Dai Beach bath is located in the center of Nha Trang City,
Khanh Hoa Province (Fig. 1). It is known as one of the most beautiful and famous
beaches in Vietnam with a length of approximately 12 km [21].

It annually welcomes thousands of domestic and foreign tourists. The study area
is dominated by tropical monsoon circulation with two main wind seasons namely
the Northeast (November — March) and the Southwest (April — September) [21]. The
study area recorded the appearance of rip currents following waves with great
heights under the influence of the Northeast monsoon circulation [21, 22]. In recent
years, the number of deaths by drowning related to rip currents has been increasingly
recorded across the study beach [20, 21].
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F i g. 1. Map of Vietnam presenting the location of the Bai Dai Beach

MIKE21-NSW description. MIKE21-NSW is an abbreviation for
the nearshore spectral wind-wave module, developed by the Danish Hydraulic
Institute (DHI) for simulating wave propagation involvement in nearshore areas . It
is known as one of the useful tools for simulating the effects of refraction and shoaling
due to the change in nearshore bathymetry, local wind generation, and energy
dissipation under the effect of seabed friction and wave breaking [10, 13, 21].

An advantage of applying the MIKE21-NSW Model is that the users can
establish computational hydraulic grids based on mesh cage technique (e.g.,
guadrilateral mesh with large size nests, triangular mesh with small size nests) in
simulating hydrodynamic problems and especially rip current simulation.
An additional advantage of the MIKE21-NSW Model is that it was developed to be
able to run the simulation of hydrodynamic and wave propagation problems on
Graphics Processing Units (GPUs) of computer platforms, so the simulation running
time of the MIKE21-NSW Model is less than the running time of other numerical
models . In addition, the module also considers the effect of wave-current
interaction [17].

The MIKE21-NSW module operates based on the MIKE21-HD FM module *.

The governing equations in the MIKE21-HD FM module are presented by equations
dh  Ohu , OhD

5t T ox + oy = hS, 1)
ohu 0hu?> Ohvu d h o h%0
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1 DHI, 2021. MIKE 21 Spectral Waves FM: Spectral Wave Module. User Guide. DHI A/S Publ., 122 p.
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where t is the time, s; x and y are the coordinates in the Descartes coordinate system;
n is the water level fluctuation, m; d is the water depth, m; h is the total water depth,
m; g is the gravitational acceleration, m/s?; f = 2 Q sin; ¢ is the Coriolis parameter;
P, is the specific volume of water, kg/m?; p, is the atmospheric pressure, Pa/m; and
ug, v are the flow velocity components, m/s, in the x- and y-directions respectively;
U and v are the depth-averaged velocity components, m/s, and they are defined by
equation

{hﬁ = f_nd udz @

hv = f_ndvdz.

The internal stress components (Tij) in equations (2) and (3) are determined by
equation

( —q 2t
[ Tu=24%

ou ov
Ty = A (5 + 5)

v
| T-243

(%)

In equation (5) A is the horizontal eddy viscosity coefficient, m?/s; Ty, T5, are
the surface friction stress in the x and y directions, respectively, N/m?; Ty, T, are
the bottom friction stress components in the x and y directions respectively, N/m?;
and Sy, Sy, and Sy are the wave radiation stress (WRS) components in the x-y
directions respectively, N/m?.

To simulate WRS, the MIKE21-NSW Model uses wave balance equations for
the Cartesian coordinate system ! [23]. Specifically, the conservation equation of
wave momentum is written in the Descartes coordinate system as follows:

aN oy S
Fri V(VN) = = (6)
where N (¥, o, 6, t) is the influence density; o is the relative angular frequency; 0 is
the wave direction; V is the differential operator; and S is the root term of the energy

balance equation.
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In equation (6) S is defined by the equation
S=Su+ Sas + Spot. + Ssurf. ) (7)

where Sy is the wave energy created by the wind; Sgs is the energy dissipated by
the white caps; Spot is the wave energy due to bottom friction; and Ssur is the energy
dissipated by the breaking wave. The propagation speed of wave group

V(cx, Cy, Co:) ce) in the four-dimensional space is defined by equation
ax - 7
S(cx, cy) =—=¢(t U, (8)

where c; and cq are calculated by the following equations:

do do[dd A = -9l

Co = E_ E[E-'_ vad]—cgkg, (9)
ae 1[dc 8d . 7 dU

¢ =5 = " l5am * Kom] (10)

In the MIKE21-NSW Model, the wave radiation stress components (S, Sy, and
Syy) are presented as surface forces representing the transport of kinetic energy
through a surface, determined by the following equations:

— kh 1 2 kh
Sex = E ((sinthh + 5) cos™0 + sinthh)’ (11)
kh 1\ .
Sey =Syx = E ((Sinthh + E) smecose), (12)
— kh 1) . 2 kh
Sy =E ((sinthh + 2) Sin6 + sinthh)' (13)

E is the wave energy and is defined by E = 1/8 pgH?, 0 is the angle of
the incident wave; H is the wave height; k is the number of waves; and h is the water
depth at a defined position.

The relationship between angular frequency and wave number is defined by
equation

o? = gktanhkh , (14)
o in equation (14) is calculated by o = 27“gktanhkh.

Initial and boundary conditions. Firstly, the bathymetry data covering
the study area for establishing the hydraulic grid were obtained from the Nha Trang
Oceanography Institute (NTOI). The bathymetry data were collected in digital form
of .xyz file format, corresponding to the longitude, latitude, and seabed depth. Next,
these data were interpolated into each mesh point using the Kriging method based
on Surfer 10 software (Fig. 2).
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F i g. 2. Detailed hydraulic grid and position of the wave, tidal and current field observation across
the study area

Finally, to save model simulation run time, an unstructured grid with change
mesh space (sparse in the large seabed depth zones and thick in the study area where
the seabed depth is shallow) is established, which is the best to reflect the conditions.
In the simulation of the RCGs with irregular seabed geometry, water depth, sea
surface state, and wind fields are always changing over time. Specifically, the water
level data obtained from the NTOI, and the offshore boundary data (wave height,
period, and frequency) obtained from the Global Reanalyzed Wave Data (GRWD)
are applied as the input boundary data for the model simulation. In addition, other
main hydrodynamic parameters are set up for simulating the MIKE21-NSW Model
and are also presented in Table 1.

Table 1

Hydrodynamic parameters for simulating the MIKE21-NSW Model

Parameters Values Notes
At 0.25s Time step
Dn 5.0 m?/s Eddy viscosity coefficient
n 0.03125 Manning’s coefficient
Vw 7-12 m/s Wind speed
Hm 0.9-2.3m Wave height
m 4.3-7.0s Wave period
n 0om Initial water level fluctuations
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The steps for implementing the rip current simulation are illustrated in Fig. 3.
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F i g. 3. Flowchart for implementation steps of simulating the rip current

Research results and discussion

Model performance evaluation. The model performance was verified through
validation and calibration procedures by comparing the simulated results of
the hydrodynamic factors such as water level, wave height, and current field with
the series of observed data. The agreement between the simulated results and
the observed data of the hydrodynamic factors is valued based on the statistical error
indices (SEIs) such as the Nash criterion (NASH), Root Mean Square Error (RMSE),
and the goodness of fit (R?). The above-mentioned SEls are widely applied to
guantitative performance of hydraulic models [8].

NASH index is defined by formula

> Uo-To) Y (UoUy?

NASH= L
Zi=1(UO_UO)2

(15)
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The RMSE is calculated by formula

RMSE= /% n(Up-Ug)?, (16)

and the goodness of fit (R?) is defined by formula

2 _ Zin=1(Us_UO)2
RE=1-SN 0. 007 * (17)

where U, and U; are the observed data and the simulated result, respectively; n is
the number of data points; and Uy, is the mean value of the observed data series.

Specifically, the model validation was implemented in the period from 10 to 30
of December 2012, and the model calibration was performed in the period from 01
to 20 of January 2013. The model validation was conducted by comparing
the simulated results of water level, wave height, and current field with the observed
data during the period from 10 to 30 of December 2012 (Table 2). The results pointed
out that the values of NASH, RMSE, and R? obtained comparing the simulated
results of water level, wave height, and current field with the observed data varied
from 0.76 ~ 0.89, 2.1 ~ 14.1%, and 0.79 ~ 0.91, respectively. In general,
the validation results from Table 2 indicate that the selected hydrodynamic
parameters (Table 1) for model simulation were stable and obtained the simulation
results of hydrodynamic processes with high accuracy.

Table 2
Performance of the MIKE21 Model through validation and calibration
procedures
Type Validation Calibration
NASH RMSE R? NASH RMSE R?
Water level 0.89 2.1% 0.91 0.94 9.1% 0.95
Wave height 0.76 14.1% 0.79 0.83 13.6% 0.84
Current field 0.79 2.7% 0.83 0.90 2.4% 0.91

Similarly, the model calibration was also deployed by comparing the simulated
results of water level, wave height, and current field with the observed data during
the period from 01 to 20 of January 2013. The results indicated that there was good
agreement between the simulated results and the observed water levels (Fig. 4, a)
through high values of NASH and R? (0.94 and 0.95, respectively) and a small error
of RMSE (9.1%) (Table 2).

For the current field, a good fit between the simulated results and the observed
data (Fig. 4, b) was also recorded with the SEIs (NASH = 0.90, RMSE = 2.4%, and
R? = 0.91, respectively). High correlation values were also obtained by comparing
the simulated results with the observed wave heights (Fig. 4, c) such as
NASH =0.83, RMSE = 13.6%, and R? = 0.84 respectively. According to [8],
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the performance of hydrodynamic models is assessed satisfactorily if the values of
SEls equal NASH > 0.50, RMSE < 10%, and R? > 0.70. In general, the model
performance through the calibration procedure had a good agreement between
the simulated results and the observed data.
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F i g. 4. Comparison of the simulated model and observed water level (a), current field (b) and wave
height (c) at the extracted point (109°11'45.94"E; 12°6'46.43"N) with NASH, RMSE, and R? varying
from 0.83 ~ 0.94, 2.4 ~ 13.6%, and 0.84 ~ 0.95

Simulation results of wave radiation stress. The simulated results of the WRS
components across the study area are presented in Fig. 5. The results indicated that
when wave height, period, and wind speed were high at offshore boundary, high
WRS fields were recorded in the whole region. The wave fields recorded significant
changes when they approached the shallow topography of the study beach. The main
reason for these significant changes may be caused by the seabed topography
complexity across the study area. The results of WRS in the coastal area pointed out
that the wave height is complicatedly changed when the wave moves into
the shallow water zones.
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For WRS in the xx-direction (Sx), the results pointed out that when the wave
height at the offshore boundary is high the simulated values of Sy are also high in
the whole study domain (Fig. 5, a). When a wave moves into the shallower water
zones, especially in the coastal zone, the results indicated that these are interlaced
occurrences with large and small sizes of wave dispersion stress. The main cause of
this interlaced occurrence is assessed due to complexity of the seabed topography.
For WRS in the xy-direction (Sxy), the results indicated that the values of Sy are small
in the Northern part and large in the Southern part of the study area (Fig. 5, b). In
addition, the results pointed out that the values of S, in the Northern part also
decreased as the wave height increased. For instance, the simulated value of Sy, was
200 N/m when the wave height was 2.3 m; but when the value of Sy, was 35 N/m,
the wave height was 0.9 m, while the values of S,y in the Southern part increased
corresponding to the increased wave height (e.g., the simulated values of S,y varied
from 100 to 300 N/m when the wave height was still 2.3 m, while the values of Sy,
varied from 25 to 55 N/m when the wave height was 0.9 m).
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F i g. 5. Simulation of WRS components Sxx (a), Sxy (b) and Syy (c) across the study area
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The results also pointed out that the lowest values of S,, were recorded in
the Northern part of the study beach. The simulated results showed that the values
of Sy in the Northern part markedly decreased when the wave height from offshore
increased.

For WRS in the yy-direction (Syy), the results showed a similar tendency for Sk
(Fig. 5, c). The values of Sy, were small in the deep-water zone but the values of Syy
were large when entering the coastal area under the influence of shallower seabed
terrain. The shallower seabed terrain led to a significant increase in the values of Sy,
and it had alternating large and small values. Specifically, the higher wave height led
to the greater values of Syy (e.g., when the wave height was 2.3 m, the values of Sy,
in the coastal zone varied from 350-550 N/m, when the wave height was 0.9 m,
the values of Syy varied from 70-110 N/m).

Simulation results of the current field. To facilitate the detection of the rip
current occurrence as well as to analyze and compare the simulation results,
the study area was divided into three sub-areas, which are shown in Fig. 6.
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F i g. 6. Map of the study area with three sub-areas marked with red rectangles

The simulated results of the current fields across the study area are presented in
Fig. 7. For sub-area I, when high wave heights appear, four rip currents can be clearly
seen. All of them have apretty similar structure and are created from two
interference currents (Fig. 7, a). Especially, the second and the fourth rip currents
from the North to the South of the sub-area | have a width up to 10 m and a current
speed varying from 0.70 to 0.85 m/s.
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For sub-area Il, when high wave heights appear, five rip currents can be noted
(Fig. 7, b). Among these five rip currents, the second and the third ones from
the North to the South of sub-area Il have a width of approximately 8 m and their
current speed varies from 0.65 to 0.80 m/s. In general, with a high seaward current
speed in the case of sub-areas | and Il the rip currents can pull swimmers away from
the shore when they are unlucky to swim into these areas. For sub-area IlI,
the simulation indicated that when high wave heights appear, five rip currents can
be clearly noted (Fig. 7, c). These rip currents have a pretty similar structure with
narrow rip channel width (less than 4.0 m) and they mainly form vortex craters with
current speed varying from 0.20 to 0.35 m/s.
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Fig. 7. Simulation of current fields across sub-area I (a), sub-area Il (b), and sub-area Il (c)

Conclusions

1. The study applied the MIKE21 Model for simulating the possibility of rip
current generations across the Bai Dai Beach along Cam Ranh Bay of Khanh Hoa
Province, Vietnam. Based on the findings the proposed model detected the rip
current occurrence at different locations along the beach under study.

2. The results confirmed that when large wave heights and wind speeds occur,
the rip currents with high current-speed prevail. In sub-areas | and Il, rip currents
with large rip-channel width and high current-speed up to 0.80 m/s were recorded,
while in sub-area Il the presence of vortices with low current-speed of
approximately 0.20 m/s were recorded in the activity periods of the Northeast
monsoon circulation.

3. Actual cases of drowning accidents related to rip currents recorded at
simulated locations took place there.
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