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Abstract: In this study, a swash-zone model, using Larson and Wamsley formula (LW07), was
combined into the Telemac-2D model system to examine the performance of modeling swash-zone
processes through comparisons with field observation data. The experimental site was the Haeundae
Beach in South Korea where Typhoon Phanfone occurred in October 2014, and bathymetric surveys
were performed before and after the typhoon. Hydrodynamic data were also measured to validate
the modeled data. The performance of LW07 was tested by running the model in two modes, with
and without LW07. First, the model was run to simulate the shoreline response to an imaginary
coastal breakwater. The result showed a clear discrepancy between the two modes as the sediments
were considerably cumulated behind the breakwater in the case with the swash-zone formula (LW07)
in the wide range along the shoreline behind the breakwater, indicating that the sediments more
actively and rapidly responded to the shadowing by the breakwater with LW07. The model was also
run for a realistic case from August to October 2014, which included the typhoon’s period during
2–6 October. The results showed that the morphological changes at both ends of the beach in the
swash zone were simulated with higher accuracy with LW07, supporting the effectiveness of LW07
in simulating the short-term morphological changes induced by the typhoon attack. In particular, the
successful simulation of the sand accumulation at the end sides of the beach’s swash zone indicates
that LW07 was effective in estimating not only the cross-shore transport but also longshore transport,
which was likely due to the characteristics of LW07 that calculated sand transport in both directions.
The enhanced modeling performance with LW07 was likely due to the adjustment of the sediment
transport rate to the instantaneous changes in the local beach slope, which could successfully control
the erosion/accretion process in the swash zone more realistically.

Keywords: swash-zone model; Telemac; Larson and Wamsley formula; beach erosion; Haeundae
Beach

1. Introduction

Beach erosion is an important issue in many countries, as it causes economic damage
to the local community when the value of beaches is reduced by the loss of sand. To protect
beach sand from erosional damages, it is crucial to accurately predict the erosional or
depositional processes on the beach face, and numerical models have been commonly used
for such predictions. One of the available numerical tools is the line models based on the
single-line theory [1]. The benefit of the use of line models is clear as they can calculate
long-term shoreline changes [2,3]. However, the accuracy of line models is relatively low
because they only consider the longshore sediment transport gradient in estimating the
spatial and temporal variation in the shorelines, so that the contributions made by the
cross-shore transport and the nearshore flow circulations are not included.
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To overcome the limitations of these line models, area models that calculate three-
dimensional flow fields are available for the prediction of morphological changes in
nearshore regions [4]. The advantages of three-dimensional modeling for beach processes
include that these models can consider the effect of the three-dimensional structure of
wind-induced flows and surface wave breaking. Due to the enhancement of computational
capacity, the time scale that can be simulated in three-dimensional models is increasing.
However, the high modeling cost still restricts their applications from extending to experi-
ments spanning longer than a few months. In the middle course between the two extreme
approaches, the two-dimensional ‘2DH’ models are more widely applied as they effectively
calculate the sediment transport and the consequent bottom topography change based on
the depth-integrated and phase-averaged flow and wave fields [5–15].

Although 2DH models are useful in the prediction of morphological changes, their
shortcomings are also evident as they are not able to consider the effect of undertows in the
surf zone where the seabed elevation actively changes. In addition, since 2DH models treat
the shoreline as a solid boundary, they cannot directly calculate variation in the shorelines
over time and thus are not able to provide quantitatively meaningful information on the
shoreline evolution. Another weakness of 2DH models lies in controlling the swash zone.
In the swash zone, wave energy is actively transferred to kinetic energy during the uprush
and backwash of the waves, which produces strong sediment motions within the waves.
Therefore, the hydrodynamic process in this boundary area between the land and the
sea plays a significant role in calculating the nearshore sediment transport rates and the
consequent morphological changes. However, since observations in the swash zone are
extremely difficult due to the waves splashing and the rapid change in the shallow water
level, a correct understanding of the physical process in the swash zone is still limited and
thus can hardly be counted in most of the available 2HD models thus far.

Recently, Chen et al. [16] reviewed swash-zone sediment processes by comparing
existing practical transport models, describing the detailed cross-shore processes such
as sand motions during uprush and backwash and wave–swash interactions. Their re-
view also compared existing practical models for swash sand transport that depended on
parameterizations of small-scale processes. For example, the models were divided into
three categories—empirical sand transport formulae, sand transport distribution methods,
and the equilibrium concept model. However, these existing practical swash-zone sand
transport models had their limitations. In order to develop and/or improve a practical
model applicable for a wide range of conditions, an extensive validation of the practical
model over different time scales and different beach states was needed [16].

In this study, we applied Larson and Wamsley formula (herein referred to as LW07) [17]
to be combined into a 2DH model, Telemac-2D [18]. LW07 is based on the formula by
Larson et al. [19], who calculated the distribution of net cross-shore sediment transport in
the swash zone using the local seabed slope, elevation, and the wave run-up height. In
the review by Chen et al. [16], LW07 was classified as an empirical sand transport formula,
which was derived based on a Shield-type sand transport formula. An empirical sand
transport formula largely consists of simple equations, and it provided benefits to use LW07
for this study as it was easier to combine into a complicated 2DH model such as Telemac-2D.
Another benefit of applying LW07 in this study was that this model provides not only
cross-shore formula but also longshore formula, so that this model could be useful in
beaches where longshore sediment transport is a dominant process. In addition, LW07 was
derived based on the integration of an instantaneous bedload transport formula [20] over a
swash cycle. Therefore, it is a swash-averaged formula that predicts the net transport rate
over many swash cycles, which enabled LW07 to be combined into a wave-averaged 2DH
model. Another benefit of using LW07 was that it can be regarded as an equilibrium model
as it contains an equilibrium slope, and the complex processes that govern the swash-zone
sand transport are not explicitly taken into account, but are implicitly considered through
the difference between the instantaneous local slope and the equilibrium slope [16].
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Previously, LW07 was successfully applied in a 2DH model for the prediction of
morphological changes around coastal structures [9,12]. In these experiments, however, the
swash-zone formula was tested with data measured in an experimental facility, and was
not examined in a natural beach environment. In addition, this research was not focused on
validating the swash formula but was rather focused on examining the overall performance
of their 2DH model. In this study, therefore, we specifically propose evaluating the effect of
LW07 by comparing it with observed data in a natural beach environment. The purpose of
this study is to examine the validity of this swash model and thus to enhance the accuracy of
a 2DH model in predicting the sediment transport rate as well as consequent morphological
changes in nearshore regions. As far as the authors are aware, this is the first approach to
couple LW07 into the Telemac-2D model to enhance the performance of a 2DH model in
the prediction of nearshore sediment transport and the consequent morphological changes,
through validation of the model using field measurements from a natural beach.

2. Model Description

For the 2DH model, we used the Telemac-2D model [21,22] that has been widely em-
ployed in scientific as well as engineering applications [23,24]. The TELEMAC-MASCARET
modeling system was developed by Laboratoire National d’ Hydraulique et Environnement
(LNHE), as part of the Research and Development Directorate of the French Electricity
Board (EDF-R&D) in the late 1990s. After many years of commercial distribution, the
TELEMAC-MASCARET Consortium was officially created in January 2010 to organize the
open-source distribution. The 2DH model of the TELEMAC-MASCARET system (Telemac-
2D) solves shallow-water equations using finite-element or finite-difference methods in
unstructured grids [22]. In Telemac-2D, the flow module, wave module, and sediment
transport module are internally coupled to simulate the effect of flow and wave interactions
on the sediment motions [18]. Each module of Telemac-2D will be briefly described in
the following sections and the readers can refer to the manuals for more detailed informa-
tion [25–27]. The version of Telemac-2D used in this study was v7p1r1.

2.1. Flow Module

Telemac-2D solves the shallow-water equations that have been applied to calculate
the flow fields in oceans as well as rivers [21,28–30].

The continuity as well as momentum equations are as follows:

∂h
∂t

+ u·
→
∇(h) + hdiv

(→
u
)
= Sh (1)

∂u
∂t

+
→
u ·

→
∇(u) = −g

∂Z
∂x

+ Sx +
1
h

div
(

hνt
→
∇u

)
(2)

∂v
∂t

+
→
v ·

→
∇(v) = −g

∂Z
∂y

+ Sy +
1
h

div
(

hνt
→
∇v

)
(3)

where h is the depth; u and v are the horizontal velocities in the x and y direction, respec-
tively; g is the gravity; νt is the momentum diffusion coefficient; Z is the free surface height,
Sh; and Sx and Sy are the source/sink for the mass and momentum.

2.2. Wave Module

Tomawac, the wave model in Telemac system, is a third-generation spectrum wave
model that includes the effects of wind, non-linear wave–wave interactions, refraction,
shoaling, attenuation, and breaking [31]. Tomawac is internally coupled into the Telemac-
2D model, which enables the flows to reflect wave effects that generate wave-induced
currents and littoral drifts as well as the effects of tides and storm surges [18,32]. Tomawac is
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a spectrum wave model that calculates the wave action density (N) [31] and its conservation
equation is as follows:

∂N
∂t

+
.
x

∂N
∂x

+
.
y

∂N
∂y

+
.

kx
∂N
∂x

+
.

ky
∂N
∂y

= Q
(
x, y, kx, ky, t

)
(4)

where kx and ky are the wave number vectors, the dots over the variables indicate the time
transfer rate according to the linear wave theory, and Q is the source/sink of wave action.
Equation (4) describes the wave transfer in non-homogeneous and unsteady conditions as
the wave action is balanced by Q.

The radiation stress, R, was calculated following the works by Nairn et al. [33] and
Neessen [34] by evaluating R using the wave surface roller energy (Er) [35], which is applied
to the Longuet-Higgins and Stewart [36] equation for the calculation of Sxx, Syy, Sxy and
Syx:
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c
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)
where f is the wave frequency, θ is the wave direction, c is the wave celerity, cg is the group
velocity, ρ is the water density, A is the surface area of the roller, and L is the wave length.

2.3. Sediment Transport Module

Sisyphe is the sediment transport module internally coupled with the flow and wave
modules. Sisyphe calculates the sediment transport rates and morphology evolution using
the hydrodynamic results, and it then provides the bed elevation back to the hydrodynamic
modules for flow and wave calculations at next step. Inside the swash area, we modified
the model by employing the formula by Larson and Wamsley [17] to calculate the net
sediment transport.

2.3.1. Sediment Transport in Swash Zone

The formula for the net sediment transport rate in the swash zone was obtained by
integrating the instantaneous bed transport formula by Madsen [37] over a swash cycle [38].
In this formula, the equilibrium foreshore slope was introduced so that the transport rate
became proportional to the difference between the actual slope and its equilibrium value.
In addition, the shear stress term was simplified so that the transport depended on the
local swash velocity and duration, which can be obtained by employing a ballistic model.

In Telemac-2D, we inserted the swash formulas for the cross-shore and longshore
directions by Larson and Wamsley [17] (hereafter, these formulas are referred as ‘LW07′):

qbc,net = Kc
tan ϕm

tan2 ϕm − (dh/dx)2
u0

3

g

(
dh
dx

− tan βc

)
t0

T
(8)

qbl,net = Kl
tan ϕm

tan2 ϕm − (dh/dx)2
u0

2v0

g
t0

T
(9)

where qbc,net and qbl,net are the net sediment transport in the cross-shore and longshore
directions, respectively. βc is the equilibrium slope of the foreshore, dh

dx is the local beach
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slope, and ϕm is the friction angle for a moving grain. u0, v0 are the scaling velocities in
the cross-shore and longshore directions, respectively. t0 is the scaling time. u0 is taken as
the bore front velocity, and t0 is the duration of swash. T is the wave period and g is the
gravitational acceleration. These scaling variables can be estimated from the velocity at
the start of the swash and the wave run-up height. Kc and Kl are empirically determined
coefficients. Here, we used 0.0008 for both coefficients following the experiments by Nam
et al. [12]. In Equations (8) and (9), the x-axis is positive offshore and the h-axis is positive
downward, so the net transport increases with increasing beach slope. In case of the model
runs with LW07, Equations (8) and (9) were integrated in the model as a subroutine in the
loop of the subroutines that calculated the bedload.

2.3.2. Bedload

Outside the swash zone, we chose the bedload transport formula developed by Came-
nen and Larson [39–41] as it can be used under combined wave and current conditions. In
the present study, the waves are assumed to be sinusoidal and the contribution of waves to
the bedload is negligible. Therefore, the bedload that is only contributed to by the current
can be expressed as follows:

qbc√
(s − 1)gd3

50

= ac
√

θcθcw,mexp
(
−bc

θcr

θcw

)
(10)

where qbc is the transport in the direction of the current, s is the specific gravity, d50 is the me-
dian grain size, ac and bc are empirically determined coefficients, and θcw,m and θcw are the
mean and maximum Shields parameters due to wave and current interactions, respectively.
θc is the Shields parameter due to the current and θcr is the critical Shields parameter.

2.3.3. Suspended Load

The suspended load is obtained by solving the advection–diffusion equation as:

∂hC
∂t

+
∂hUC

∂x
+

∂hVC
∂y

=
∂

∂x

(
hϵs

∂C
∂x

)
+

∂

∂y

(
hϵs

∂C
∂y

)
+ E − D (11)

where C is the suspended sediment concentration, U and V are the horizontal velocities in
the x and y directions, respectively, ϵs is the sediment diffusion coefficient, and E and D are
the erosion rate and deposition rate, respectively.

Nam et al. [9] found that the suspended sediment transport obtained from Equation (11)
decreased too rapidly from the swash zone in the offshore direction, and the interaction
between the swash zone and the surf zone was not well described. For this, they used the
sediment transport at the still-water shoreline obtained from swash-zone computations as
the boundary value for computing the suspended load in the surf zone using Equation (11).
Furthermore, E and D were modified as follows:

∼
E = E

[
1 + α

V
v0

exp
(
−β

h
R

)]
(12)

∼
D =

D[
1 + α V

v0
exp

(
−β h

R

)] (13)

where α and β are free non-negative coefficients, V is the mean velocity as determined by
the average longshore current across the surf zone, and v0 is the scaling velocity in the
swash zone in Equation (9). R is the run-up height [42].
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2.3.4. Morphological Changes

The morphological changes can be calculated as follows:

(1 − n)
∂Z f

∂t
+∇·Qt = 0 (14)

where n is the bed porosity, Z f is the bed elevation, and Qt is the total sediment transport
at a given location.

The coupling process between the flow, wave, and sediment modules is as follows:
The flow module (Telemac-2D) and wave module (Tomawac) were run simultaneously
and the various results were exchanged at each time step. Telemac-2D transferred updated
values of current velocities and water depths to Tomawac at each time step and Tomawac
transferred updated values of wave driving forces acting on the current. Then, Sisyphe
used these data as its input to calculate the sediment transport, and the sediment flux was
used to update the seabed level at each grid.

3. Experiment
3.1. Field Observation

For the experimental site, we chose Haeundae Beach located in the southeast end of
the Republic of Korea, where the tidal range was ~1.3 m (Figure 1). Haeundae Beach is one
of the most popular beaches and millions of people visit annually. Due to its high value as
a recreational area, Haeundae Beach has been protected by coastal structures and beach
nourishment. In addition, scientific experiments have been conducted to monitor the hy-
drodynamic and sediment conditions in the area, which are available for the present study.
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The field observation data used to validate the modeled data were obtained from
two surveys conducted on 16 August and 9 October of 2014, measuring the water depths
around the Haeundae Beach, Korea, as shown in Figure 2. The colored lines show the
tracks of the boat that mounted a single-beam echosounder, and the line color marks the
depth. Based on these survey data, a map of the morphological changes could be built
between the two dates (Figure 3). One of the most significant changes can be found in the
swash zone (z ~ 0 m, as identified in Figure 1) at the west end of the beach (marked as
shape ‘A’ in Figure 3), where the bed level had been elevated as high as 1 m. Although not
as clear as ‘A’, another area that shows accretion of the seabed is the east end of the swash
zone of the beach (marked as shape ‘B’). While the seabed is accreted in the swash zone, it
is generally eroded in the nearshore region widely in front of the beach (marked as shape
‘C’). In addition, many spotty locations that show severe seabed erosions (or depositions)
are found in the deeper area (marked as shape ‘D’).
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Figure 3. Morphological changes between August 16 and October 9 of 2014 calculated based on the
survey data observed on the corresponding dates. The circles ‘A’, ‘B’, ‘C’, and ‘D’ mark the areas with
significant seabed accretion and erosion. The black dotted line marks the position of the shoreline.

In addition to the bathymetry data, the wave data were also measured at six stations
in the study site. Figure 4 shows the locations of the six wave measurement stations in the
site. The time periods of the wave measurements were, however, different for each wave
station. Unfortunately, no wave measurements were made for the whole period (16 August–
9 October) to cover the time span between the two bathymetry measurements, as the
longest-spanning wave data available were measured from 22 August to 21 September at
the stations W4, W5, and W6. The conditions for the wave measurements at each wave
station are listed in Table 1. The wave observation data were then compared with the
numerical model data, and these results are described in Section 4.1.
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Table 1. Instruments and data sampling parameters.

Instruments Observation Period Burst Interval Sampling Rate and Number of
Samples Per Burst

St. W1 ADCP 1200 kHz 16 days

(1) Wave: 3600 s
(2) Current: 1800 s

(1) Wave:

2 Hz and 2400

(2) Current:

2 Hz and 1200

St. W2 ADCP 1200 kHz 20 days
St. W3 ADCP 1200 kHz 24 days
St. W4 AWAC 1000 kHz 30 days
St. W5 AWAC 500 kHz 30 days
St. W6 AWAC 500 kHz 30 days

Another important aspect of field data measured for this study was the measurement
of the erodible bed thickness. As shown in Figure 3, spotty locations that exhibit severe
seabed erosion and accretion were observed in the southeast area of the area (e.g., see circle
‘D’ in Figure 3), which is not clearly understood from the bathymetry data only. To examine
this, additional field data were obtained by measuring erodible bed depths—i.e., the sand’s
thickness over the rocks below it. The erodible bed depths were measured using the seismic
reflection method (sending seismic waves into the ground and recording the reflections
of these waves off subsurface interfaces) in May 2015 and the seismic refraction method
(sending seismic waves into the ground at various angles and recording the time it takes
for these waves to travel through different subsurface materials) in October 2015.

Figure 5 shows the distribution of the sand thickness. The thickness of the sand layer
was greater than 5 m in most of the shallow areas of the beach, whereas the sand layer was
thin in the areas in the eastern part of the beach where the water was, with depths between
5 m and 10 m. These thin sandy layers indicate that rocks were thickly developed below
the sand, and these areas correspond to the spotty areas in Figure 3 where severe seabed
erosions and accretions were observed in the southeast part of the beach. The measured
sand thickness data were used as an input condition for the numerical experiments to
consider the impact of the rocks in calculating the morphological changes, which will be
discussed in Section 4.1.

The total observational period was from 16 August and 9 October of 2014, during
which the bathymetry data were measured at each day and the wave measurements were
available between the two end dates. It is also noted that Typhoon Phanfone, a category four
cyclone, affiliated the Haeundae Beach area during the observational period, from October
2 to October 6. Therefore, it was expected that sediments in the beach face were actively
transported in both the cross-shore and longshore directions during the corresponding
period. One of the important characteristics of LW07 is that it can predict sediment transport
in both cross-shore and longshore directions. Considering that a majority of the swash-
zone models calculate only cross-shore transport, it is advantageous to apply LW07 to
beaches where longshore transport is also dominant. The study site, Haeundae Beach, has
been known to undergo active longshore sediment transport [43]. Therefore, we selected
this site to examine the performance of LW07 with Telemac-2D. In addition, although
this beach has been affiliated by many other storm wave events, including typhoons, the
dataset used in this study comprised only the field observations that included bathymetry,
topography, and hydrodynamic measurements before and after a severe storm event, which
was advantageous for the model validation.
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Figure 5. Map of the measured erodible bed thickness (i.e., the sand’s thickness over the rocks below
it). Inside the red circle, a thin sand layer over the rocks is shown, corresponding to the complicated
distribution of the erosional and accretional spotty areas in circle ‘D’ shown in Figure 3. The black
dotted line marks the position of the shoreline.

3.2. Numerical Model Setup

Based on the two bottom topography measurements that had a time difference of
about two months, we designed the present numerical experiments. First, we built an un-
structured grid system for the Telemac-2D modeling with 12,635 nodes and 24,660 elements
based on the bathymetry data measured on 16 August of 2014, as shown in Figure 6. Inside
the surf zone, the unstructured grids were refined to have the finest grid size, which was
as small as 3 m. We then performed the numerical experiments by running the model for
55 days from 16 August to 9 October 2014.
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The input and boundary conditions were determined from a larger-scale regional
model that predicts the wave and tide conditions around the Korean peninsula using
another Telemac-2D system. Figure 7 shows examples of this regional modeling system. In
order to increase the accuracy of the prediction, the wind data obtained from the regional
forecasting system (RDAPS) from the Korea Meteorological Administration were employed
(Figure 7a).
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Figure 7. Examples from the Telemac-2D regional model that is currently running to predict waves
and tides around the Korean peninsula. The outputs of the regional model were used to compute
the input and boundary conditions of our Haeundae Beach model. (a) Wind data obtained from the
regional forecasting system (RDAPS) from the Korea Meteorological Administration. (b) An example
of a calculated wave field.

For the model parameters, the time step was set as 2 s for the flow module and the
waves calculated by Tomawac were incorporated into the flow module every 300 s. At
the open boundary, the waves were generated using the Texel–Marsen–Arsloe (TMA)
spectrum. The breaking of the waves was determined by the Thornton and Guza [44]
equation. The sediment diameter (D50) used was 0.228 mm. One of the primary objectives
of this study was to validate the Telemac-2D’s modeling performance by applying the
Larson and Wamsley formula (LW07) in the swash zone. For this, LW07 was applied in
the swash zone along the coast where the water depth is shallower than 2 m, as shown in
Figure 8.

In the study site, the tidal range was ~1.3 m, and the foreshore, the part of shore
between the high and low water levels in the tidal zone, was within the swash zone marked
in Figure 8. The model calculated morphological changes only at the grid cells where the
water depth was greater than zero, because the wave and flow modules were inactive at
the grids where the seabed was not submerged beneath the water. During the tidal period,
the number of grid cells submerged in the water varied according to changes in the sea
level, consequently leading to continuous updates of the seabed levels in the foreshore area
throughout the experimental period. In addition, the water depths of the grids located
along the foreshore boundaries could be changed by adjusting the seabed levels of nearby
cells, leading to changes in the topography of the foreshore zone.

During the model run period from 16 August to 9 October of 2014, Typhoon Phanfone
affected the experimental site from 2 October to 6 October, when the category four cyclone
passed the southwest part of the Korean peninsula. Unfortunately, hydrodynamic measure-
ments were not available from any of the six wave stations during the typhoon period. The
boundary conditions during the typhoon period could be still available from the regional
model data calculated using wind fields from RDAPS (Figure 7a).
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4. Results
4.1. Model Validation

The observed and modeled wave heights (HS) and wave directions at the six stations
are compared in Figure 9. The waves were nicely simulated by the model as the wave
heights show generally good agreement between the model results and observations,
except for unusual spikes observed in the observational data, especially in W1. For the
wave directions, the comparison becomes more difficult because the observational data
show severe fluctuations at most of the stations; these irregular deviations are likely due to
observational error and thus are not able to be simulated by the model.
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Figure 9. Comparison of wave height and direction between observational and modeled data at the
six wave stations (W1–W6). The comparison period is different for each wave station according to
the times of observation.

The wave conditions were generally mild during the period. The average wave height
was lower than 1 m at all six stations. However, there were times when the observed as
well as the modeled wave heights became higher than usual on 26 August and 3 Septem-
ber, wherein the observed maximum significant wave height reached 1.11 m and 1.41 m,
respectively. The modeled maximum significant wave height was 1.02 m on August 26 and
1.28 m on September 3, showing reasonable agreement with errors with 8.8% and 10.1%,
respectively. During the storm wave conditions caused by the Typhoon Phanfone, wave
data were not observed at any of the six stations, so direct comparison was not available.

The next step for model validation was to examine the effect of the measured sand
thickness distribution in Figure 5. As seen in Figure 3, the observational data of the mor-
phological changes shows that spotty areas of strong erosions/depositions were measured
in the southeastern part of the area. For example, Figure 10a shows a magnified view of
the morphological changes during the observational period in the area focused around
the red circle in Figure 5, showing that spotty locations of severe erosion and deposition
were observed. However, these spotty locations could not be reflected in the model results
when the model was run without the information of the measured sand thickness data.
Figure 10b shows that the modeled morphological changes in the area were mostly uniform
because the model considered the seabed to be covered by sand only. Therefore, the model
was run again using the sand thickness data as input conditions. Figure 10c shows the
results in which the spotty locations were successfully simulated in the corresponding area,
compared to the results in Figure 10b, because the model knew that there were underwater
rocks and the seabed over these rocky areas would not be eroded, while the sandy seabed
could be eroded.
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Figure 10. Comparison of morphological changes in a focused area of the southeastern part of the
Haeundae Beach (the area around the red circle in Figure 5). (a) Observation; (b) model results
without sand thickness data; (c) model results with sand thickness data. This shows that the spotty
locations with severe seabed erosion could be successfully simulated when the measured sand
thickness data were applied.
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4.2. Morphological Changes—Test Case with Imaginary Breakwater

In this section, we performed a numerical experiment to test the validity of LW07
in modeling the swash-zone process. The purpose of this experiment was to examine
the direct response of the swash-zone model to the shadowing of a coastal structure. For
this, an imaginary breakwater was placed in the middle of the beach to run the model
for 50 days from 16 August, and the result was compared with the results of running the
model without the imaginary breakwater. The imaginary breakwater was 100 m long and
located 55 m offshore from the coastline so that it could cause direct impact on the sediment
transport pattern behind it (Figure 11a).
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Figure 11. (a) Location of the imaginary breakwater placed in the computational domain. (b) Model
result of morphological change in 50 days from 16 August 2014, after being run without LW07.
(c) Model result of morphological change in 50 days from 16 August 2014, after being run with LW07.
The black dotted line marks the position of the shoreline.
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The results show a clear discrepancy between the two cases, as sediments considerably
cumulated behind the breakwater in the case with the swash-zone formula (LW07) in the
wide range along the shoreline behind the breakwater (~300 m), as shown in Figure 11c.
In case without LW07, however, a smaller amount of sediments cumulated behind the
breakwater (Figure 11b). In order to conduct a quantitative analysis, we drew a straight
line (L01) from the beach to the imaginary breakwater, as shown in Figure 12a, and the
profiles were compared between three cases: (1) the initial profile measured with field
survey data; (2) the modeled profile with LW07 (the swash-zone formula); (3) the modeled
profile without LW07 (Figure 12b). The results show that the modeled seabed location was
elevated by a maximum of ~1.0 m when LW07 was applied, whereas the maximum seabed
elevation was ~0.5 m without LW07. The range of seabed elevation along the profile also
showed discrepancy because the seabed was elevated for ~150 m from the shoreline to
offshore when the LW07 formula was applied, whereas this was ~90 m without LW07.
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Figure 12. (a) Location of the straight line (L01) that connects the beach end and the imaginary
breakwater. The black dotted line marks the position of the shoreline. (b) Comparison of the beach
profiles along L01 between the two model results, with and without LW07—black: initial profile
measured in the survey on 16 August; red: modeled profile with LW07; blue: modeled profile without
LW07. The blue dotted line marks the position of the water level (mean sea level).

Although we do not have observational data to validate the model results, a rapid
response of the shoreline to the breakwater was expected due to the shadowing of the
waves that produces a sediment transport gradient along the shore behind the breakwater,
considering the effect of costal structures observed in similar sites on the east coast of South
Korea [45]. The results in Figures 11 and 12 confirm that the seabed morphology around the
shallow swash-zone area could be, at least, more significantly changed in the model results,
responding to the construction of a breakwater, when the LW07 formula was applied.
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4.3. Morphological Change without LW07

In Sections 4.3 and 4.4, the results of the modeled morphological changes in the study
site are compared with the measured bathymetry data. The model was run in two cases
by turning on/off LW07, the swash-zone formula. In order to compare the morphological
changes measured in the field survey observations, the model was also run for 55 days
from August 16 to October 9, corresponding to the dates of the field survey. Figure 13a
shows the observation data of the seabed elevation changes between the two bathymetry
measurements. It is noted that the distribution in Figure 13a is same as that in Figure 3; thus,
the descriptions on the circled areas of ‘A’, ‘B’, ‘C’, and ‘D’ in the figure are not repeated in
this section again and the readers are directed to Section 3.1.
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In Figure 13b, the model results of morphological changes are shown for the case that
was run after turning off LW07, the swash-zone formula. One of the characteristic features
of the modeled data is that the observed sediment deposition in ‘A’ was not successfully
simulated by the model. Instead, it showed that the modeled sediments cumulated in the
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deeper part of the nearshore region (circle ‘E’ in Figure 13b), which was not observed in the
measured data. In addition, the seabed accretion in the east end of the swash zone (shape
‘B’ in Figure 13a) was not simulated by the model as well. Another failure of the model is
found in the shape ‘G’. While the model predicted that the swash-zone area in ‘G’ had to
have been eroded by about 0.5 m, the observational results in Figure 13a do not support
this process, as they show no clear evidence of erosion in the corresponding swash area.

Although the model failed to predict the morphological changes in the swash zone,
it showed reasonably good agreement in the deeper nearshore region. Both of the ob-
servational and model results show that the seabed was widely eroded in the nearshore
area in front of the beach (shapes ‘C’ and ‘F’ in Figure 13a,b). The results show that the
model without the swash-zone formula successfully simulated the coastal processes in the
nearshore area outside the swash zone. However, the processes in the shallow swash zone
were poorly simulated by the model, which suggests an additional engine may be required
to properly control these swash-zone processes.

4.4. Morphological Changes with LW07

In this section, we discuss the model results of morphological changes with LW07 as
its distribution, as shown in Figure 13c. The most significant improvement compared to the
results without LW07 (Figure 13b) is the successful calculation of the sediment deposition
observed in ‘A’, which was well simulated by the model with LW07, as emphasized in ‘H’
in Figure 13c. Another improved performance with LW07 is the successful simulation of
the sediment deposition observed at the other end of beach’s swash zone (‘B’ in Figure 13a),
as the model results also show deposition in the corresponding area (‘J’ in Figure 13c).
Compared to when the model was run without LW07, the band of erosion along the swash
zone in ‘G’ in Figure 13b was no longer simulated when it was run with LW07 (Figure 13c),
which corresponds to the observational results as well (Figure 13a).

Outside the swash zone, the model results with LW07 were similar to those run
without LW07. For example, the incorrect simulation of the seabed deposition in the west
end of the nearshore area (‘E’ in Figure 13b) was also simulated in the run with LW07,
as shown in ‘I’ in Figure 13c. In addition, the successful simulation of the erosion along
the nearshore band (‘C’ in Figure 13a and ‘F’ in Figure 13b) was also repeated during the
run with LW07, as shown in ‘K’ in Figure 13c. The results in this section confirm that the
Telemac-2D modeling system equipped with the swash-zone formula showed improved
performance in simulating morphological changes, specifically in the shallow swash zone.

In Table 2, the changes in the seabed morphology are compared quantitatively by
calculating the changes in the seabed volume during the experimental period between
the observational and modeled data, within the specified shapes marked in Figure 13a–c.
It is found that the errors in the modeled data, compared with the observational data,
were significantly reduced by applying LW07, although the errors in the modeled data
with LW07 were still considerable, as they were within the range of 20~30%. The model’s
accuracy in calculating the morphological changes is further discussed in the next section.

Table 2. Morphological changes in the seabed volume during the experimental period within the
specified shapes marked in Figure 13: (a) calculated from observational data, (b) calculated from
modeled data run without LW07, (c) calculated from modeled data run with LW07. It is noted that
the shape ‘H’ is identical to ‘A’, as is ‘J’ to ‘B’; ‘K’ to ‘C’ and ‘F’; and ‘I’ to ‘E’.

Section (a) Observation (m3) (b) without LW07 (m3) (c) with LW07 (m3)

D −16,910 −13,936 −13,514
G −4167 −8489 −5269

H (A) 4767 −323 3372
I (E) 1135 5258 4962
J (B) 2344 −12 3652

K (C, F) −8164 −13,974 −12,443



Water 2024, 16, 836 19 of 22

5. Discussion

In this section, we discuss the model results of morphological changes with LW07
as the model’s distribution, as shown in Figure 13c. The most significant improvement
compared to the results without LW07 (Figure 13b) is seen in the successful calculation
of the sediment deposition observed in ‘A’, which was simulated well by the model with
LW07, as emphasized in ‘H’ in Figure 13c. Another improved aspect of performance with
LW07 is the successful simulation of the sediment deposition observed at the other end of
beach’s swash zone (‘B’ in Figure 13a), as the model results also show deposition in this
corresponding area (‘J’ in Figure 13c). Compared to the run without LW07, the band of
erosion along the swash zone in ‘G’ in Figure 13b was no longer simulated in the run with
LW07 (Figure 13c), which corresponds to the observational results as well (Figure 13a).

Outside the swash zone, the model results with LW07 were similar to those run
without LW07. For example, the incorrect simulation of the seabed deposition in the west
end of the nearshore area (‘E’ in Figure 13b) was also simulated in the run with LW07,
as shown in ‘I’ in Figure 13c. In addition, the successful simulation of the erosion along
the nearshore band (‘C’ in Figure 13a and ‘F’ in Figure 13b) was also repeated during
the run with LW07, as shown in ‘K’ in Figure 13c. The results in this section confirm
that the Telemac-2D modeling system equipped with the swash-zone formula showed
improved performance in simulating the morphological changes, specifically in the shallow
swash zone.

The successful simulation results with LW07 could have been contributed to by the
advantages of the formula, as shown in Equations (8) and (9). While a majority of swash-
zone sand transport formulas are developed only for calculating cross-shore sediment
transport [16], LW07 calculates longshore transport as well. As shown in Figure 13a,
the observed morphological changes were dominant in the longshore direction in the
swash zone, rather than the cross-shore direction. Therefore, this indicates that swash-
zone formulas that predict only cross-shore transport could not be successful to simulate
these longshore swash-zone sand transport processes, and LW07 might have advantage in
calculating the longshore process over the cross-shore formulas in this specific case.

Although the pattern of morphological changes in the swash zone was successfully
simulated by using LW07 when compared to the results after running the model without
LW07, the results were not accurately simulated quantitatively. As shown in Table 2, the
modeling errors in the morphological changes with LW07 were considerably high in the
swash zone compared with the observations. The reasons for this inaccuracy could be
various, but the limitations of the model were also obvious. Telemac-2D is based on a
wave-averaged model, and complex wave dynamics in the swash zone like wave–swash
interactions and run-up height are difficult to explicitly and accurately compute in the
wave-averaged model [16]. In addition, the model does not consider the impact of long
(infragravity frequency band) waves on the morphological changes. During storm events,
infragravity swash would be also dominant and its energy could become strong enough
to cause dune erosion [8]. The model in this study did not account for the impact of
these infragravity-band waves, which might have lowered the modeling accuracy. An-
other disadvantage of LW07 is that the empirically determined coefficients, Kc and Kl , in
Equations (8) and (9) were site-specific and required calibration for different beach condi-
tions [16]. In this study, however, default values were used for these coefficients, which
also might have contributed to the errors.

These limitations that might cause modeling errors need to be considered in designing
future studies. It is also noted that an updated version of the bedload formula was proposed
by Zhang and Larson [46], by which the effect of velocity asymmetry was considered in
estimating the net transport. Considering the possible contribution of asymmetry to net
sand transport in the swash zone, it is recommended to apply this formula to be combined
with Telemac-2D or another 2DH model to examine its performance for future studies.
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6. Conclusions

In this study, the performance of the Larson and Wamsley [1] swash-zone formula was
examined in Haeundae Beach, Korea, where many scientific observations have been made
to monitor this most popular beach. For numerical experiments, we employed the Telemac-
2D model system to calculate the hydrodynamics and the consequent morphological
changes from 16 August and 9 October of 2014, during which the category four Typhoon
Phanfone affected the experimental site from 2 October to 6 October. During this period,
we observed that the seabed elevation was significantly changed at both ends of the swash
zone of the beach, where it was accreted up to 1 m, while the nearshore area in the middle of
the beach was eroded up to 0.6 m. The model was validated with observational wave and
current data measured at six stations. In addition, the model’s performance was enhanced
by employing the measure erodible bed thickness in the area where under-seabed rocks
were abundantly distributed.

The results showed that the model successfully simulated the erosion in the nearshore
region, whether the swash-zone formula was used or not. However, the model failed to
simulate the swash-zone process if LW07 was not employed. The observed seabed accretion
at both ends of the beach swash zone was only successfully simulated if LW07 was used.
The swash-zone formula also worked nicely to simulate the shoreline’s response to a coastal
breakwater. The better performance achieved when using LW07 in modeling swash-zone
processes might be due to the adjustment of the local beach slope that played a role in
mitigating severe erosion/accretion processes in the swash zone. Due to the importance
of correct prediction of swash-zone processes in coastal modeling, further exploration
is required to enhance the performance of swash-zone models through comparing their
results with field observations.
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