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Abstract A 3D large eddy simulation coupled with a free surface tracking scheme was used to simulate
cross‐shore hydrodynamics as observed in a large wave flume experiment. The primary objective was to
enhance the understanding of wave‐backwash interactions and the implications for observed morphodynamics.
Two simulation cases were carried out to elucidate key processes of wave‐backwash interactions across two
distinct stages: berm erosion and sandbar formation, during the early portion of a modeled storm. The major
difference between the two cases was the bathymetry: one featuring a berm without a sandbar (Case I), and the
other, featuring a sandbar without a berm (Case II) at similar water depth. Good agreement (overall Willmott's
index of agreement greater than 0.8) between simulations and measured data in free surface elevation, wave
spectrum, and flow velocities validated the model skill. The findings indicated that the bottom shear stress,
represented by the Shields parameter, was significant in both cases, potentially contributing substantial
sediment transport. Notably, the occurrence of intense wave‐backwash interactions were more frequent in the
absence of a sandbar. These intense wave‐backwash interactions resulted in a pronounced horizontal pressure
gradient, quantified by high Sleath parameters, exceeding the criteria for momentary bed failure. Additionally, a
more vigorous turbulence‐bed interaction, characterized by near‐bed turbulent kinetic energy, was observed in
the case lacking a sandbar, potentially augmenting sediment suspension. These insights are pivotal in
understanding the mechanisms underlying berm erosion and how sandbar formation serves to protect further
beach erosion.

Plain Language Summary Computer simulations that mimic real‐world nearshore waves in a large
wave flume were used to understand how waves and the beach interact, especially for beach shape during storm
impact. Simulations accuracy was verified by comparing output with the experiment data, including changes of
the water surface, wave patterns, and the speed of flow. We studied the interactions between waves and the
beach for two different beach shapes. First, we studied the beach before a storm characterized by a raised area
called a berm at the shoreline. Then, we studied the beach during a storm, where the berm disappears but an
underwater sandbar forms seaward from the shoreline. Comparing the two scenarios helped us understand how
beaches change during different stages of a storm. We found that between the two, the way that the water moved
along the bottom was different, which may cause distinct ways of sand movement. When there is no sandbar, the
offshore‐directed flow following after wave breaking interacts more strongly with incoming waves. This
process leads to significant changes in horizontal pressure and turbulent activity, possibly causing more
movement of sand. Our findings help us better understand why berms erode and how sandbars might help
protect the beach from erosion.

1. Introduction
Sea level rise and extreme weather caused by climate change have become a major societal concern. It would be
advantageous to incorporate their impacts into the design of coastal protection and resource management.
Beaches are the first line of defense against storms. However, beach profiles are highly dynamic and they can
change dramatically during storms. Coastal morphodynamics are shaped by the complex interplay among ba-
thymetry, waves, currents, turbulence, and sediment transport. The understanding and ability to quantify in-
teractions between hydrodynamics and bathymetry remain limited in inner surf and swash zones where intense
sediment transport and rapid morphodynamics occur.
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Numerical models for coastal processes are useful tools to gain understanding and insight into complex systems
and serve as a complement to field and laboratory experiments. Wave modeling approaches can be classified into
two major categories, wave‐resolving and wave‐averaged models, and some further apply depth‐integration (Liu
& Losada, 2002). Wave‐averaged models, such as WAVEWATCH (Tolman, 1991) and SWAN (Booij
et al., 1999), rely on empirical formulas to parameterize many unresolved key processes, such as wave breaking,
and nonlinear wave evolution (wave skewness and asymmetry). For morphodynamic modeling, surfbeat models
such as XBeach (surbeat version, Roelvink et al., 2009) and COAWST (coupled with InWave‐ROMS model,
Olabarrieta et al., 2023) have become popular as they are hybrid‐models with the incident sea‐swell waves
modeled as wave‐averaged formulations while resolving the low frequency (infragravity) waves. Wave‐resolving
models, such as Boussinesq‐type depth‐integrated wave models, for example, MIKE21 (Madsen &
Sørensen, 1992) and FUNWAVE (G. Wei et al., 1995) and non‐hydrostatic depth‐resolving wave models, for
example, SWASH (Zijlema et al., 2011) and NHWAVE (Ma et al., 2012) are developed to better predict nonlinear
wave transformation. However, these models treat the free surface as a single value function, meaning that they
can at best capture shocks, but are not able to resolve wave over‐turning and subsequent wave breaking. Thus,
parameterizations for the wave breaking induced turbulence are required since the vertical variation of turbulence
further affects undertow profiles (Derakhti et al., 2016).

The need for parameterizing the roller dissipation and the wave breaking generated turbulence in the afore-
mentioned models has introduced additional uncertainties into nearshore wave modeling and the related coastal
processes, such as sediment transport. With growing computational resources, models with less parameteriza-
tions, computational fluid dynamics (CFD), are increasingly being used to study surf zone processes. CFD models
can be classified as either mesh‐based or mesh‐free. Mesh‐free models include the Smoothed Particle Hydro-
dynamics method, which has successfully been used to study nearshore waves (Altomare et al., 2023; Lowe
et al., 2019; Z. Wei et al., 2017). This study focuses on mesh‐based models which incorporate free surface
tracking techniques (e.g., the volume of fluid (VOF) method (Hirt & Nichols, 1981) or the level set method
(Sussman et al., 1994)) to reconstruct the free surface. Numerical models solving Reynolds‐averaged Navier–
Stokes (RANS) equations parameterize all scales of turbulent fluctuations with a turbulence closure scheme.
They generally require a lower computational cost relative to turbulence‐resolving models, such as the large eddy
simulation (LES). A variety of turbulent closure models for RANS has been applied for nearshore processes with
the k‐ε (Bradford, 2000; Brown et al., 2016; Higuera et al., 2013; Lin & Liu, 1998; Xie, 2013) and k‐ω (Brown
et al., 2016; Higuera et al., 2013; Jacobsen et al., 2012; Mayer & Madsen, 2000) two‐equation turbulence closures
being most popular. Among these RANS model studies, there is a collective tendency of an over‐prediction of
turbulence level prior to wave breaking which limits the use of RANS for long time‐scale computation or for
regions that are not fully turbulent (Larsen & Fuhrman, 2018). This persistent issue can affect coastal hydro-
dynamics simulations (e.g., wave height, undertow profile). More recently, Larsen and Fuhrman (2018) proved
that nearly all two‐equation models are unconditionally unstable in the potential flow region beneath (non‐
breaking) surface waves which leads to the generation of unphysical turbulence. The realizable k‐ε model (Shih
et al., 1995) is an exception that was shown to be conditionally unstable in such regions (Fuhrman & Li, 2020). A
reformulation of the eddy viscosity closure in two‐equation models has been suggested and the stabilized models
have shown improvement in predicting turbulence and the undertow profile (Larsen & Fuhrman, 2018; Larsen
et al., 2020). However, the predicted turbulence in the inner surf zone remains less satisfactory even with the
stabilized models (Li et al., 2022). In this study, the research effort was extended by utilizing a three‐dimensional
(3D) LES approach.

With the increasing use of LES, many studies have successfully simulated wave transformation and breaking. The
turbulence structure under different breaker types in the surf zone has been investigated (Christensen, 2006;
Christensen & Deigaard, 2001; Lakehal & Liovic, 2011; Watanabe et al., 2005) and some studies specifically
focused on air entrainment during wave breaking (Derakhti & Kirby, 2014; Lubin et al., 2006). Zhou et al. (2014)
simulated a solitary wave breaking event and carried out a detailed analysis of the wave breaking‐induced tur-
bulent coherent structures (TCS) interacting with the bed. Later, a more complex bathymetry (i.e., the presence of
a sandbar) was introduced to the simulations (Zhou et al., 2017) and the effect of wave breaking induced TCS on
bed shear stress and sediment suspension events were analyzed statistically. However, most of the aforemen-
tioned studies focused on individual wave breaking events or a small number of monochromatic waves and none
of them extended the study to the swash zone.
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The swash zone plays a crucial role in active beach accretion and erosion processes. When a wave breaks, the
incoming bore swashes on the beach face, leading to intense sediment transport (Puleo et al., 2000). A swash
event encompasses both onshore and offshore flows on the beach face, referred to as uprush and backwash,
respectively. Swash motions strongly interact with the berm, a vital coastal feature on the foreshore. Under mild
wave conditions, onshore sediment transport prevails. The onshore sediment transport ultimately achieves an
equilibrium state, resulting in a berm on the foreshore. A LES study carried out by Kim et al. (2017) provides
insights into swash zone hydrodynamics for a single swash event generated by a dam‐break wave (O’Donoghue
et al., 2010). Their results show that turbulent characteristics are different from those in the surf zone due to the
limited water depth during swash, consistent with earlier laboratory studies (Sou et al., 2010).

The interaction between the backwash flow and incoming waves in the inner surf zone and swash zone has been
identified as a key process driving major sediment transport events (Alsina et al., 2012; Cáceres & Alsina, 2012;
Hughes & Moseley, 2007). As an incoming wave approaches the swash zone, the swash flow from the previous
wave reverses and rushes offshore. This backwash flow encounters the incoming wave, broken or not, with
varying relative intensities, resulting in a highly dynamic and complex swash zone (Hughes & Moseley, 2007).
As this cycle constantly repeats, different beach morphodynamic responses are observed (Alsina et al., 2012). In
addition, a recent field study by Florence et al. (2022) observed vertical pore pressure gradients in the inner surf
zone that exceeded the liquefaction criteria. These measurements were made during the passage of a breaking
wave/bore, which occurred shortly after a significant decrease in water level within a large wave trough. Lab-
oratory experiments also showed that the backwash flow and its interaction with the incoming wave may cause the
formation of a hydraulic jump, and drive flow separation near the bed (Pujara et al., 2015; Sou & Yeh, 2011;
Sumer et al., 2013). Although wave‐backwash interaction is important, it remains difficult to quantify such
interaction and how the wave breaking‐driven turbulence influences near‐bed sediment transport and beach
profile evolution for different stages of the beach profile evolution.

To address the research gap, this study adopts LES to simulate a near‐prototype scale wave flume experiment for
inner surf and swash zone processes driven by random waves over the measured high resolution bathymetry. This
study aims to evaluate the capability of LES to represent more realistic cross‐shore hydrodynamics by using a
comprehensive model validation with measured data. Simulation data are further analyzed to provide a better
understanding of wave‐backwash interactions, and their implication for sediment transport and cross‐shore beach
profile evolution.

2. Methodology
2.1. Model Formulations

A 3D air‐water interface‐resolving LES approach was adopted to resolve wave shoaling and breaking in the
nearshore. The governing equations comprise the filtered continuity equation and momentum equations, writ-
ten as:

∂ui

∂xi
= 0 (1)

and

∂ρui

∂t
+

∂ρuiuj

∂xj
= −

∂p
∂xi

+
∂

∂xj
(ρν

∂ui

∂xj
) +

∂τsgs
ij

∂xj
+ ρgi + σκ

∂α
∂xi

(2)

in which ui denotes the filtered (resolved) fluid velocity and xi stands for the Cartesian coordinates with the
subscripts i, j = 1, 2, 3 indicating the x, y, and z directions, respectively while p and τsgs

ij represent the pressure and
sub‐grid stress. Fluid density and viscosity are indicated by ρ and ν while gi corresponds to gravitational ac-
celeration. The last term in Equation 2 signifies the surface tension force. Here, σ denotes the surface tension
coefficient of the air‐water interface and is set to be 0.07 kg/s2 (Jacobsen et al., 2012). The surface curvature,
denoted by κ, is defined as κ = −∂ni/∂xi (ni signifies the normal vector of the interface). For air‐water modeling, α
denotes the volumetric concentration of water with α = 1 corresponding to full occupation by water and α = 0
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corresponding to full occupation by air. Any intermediate value between 0 and 1 represents a mixture of air and
water which is located around the air‐water interface.

For sub‐grid stress, the most commonly used Smagorinsky model (Smagorinsky, 1963) is utilized in this study to
parameterize unresolved sub‐grid turbulent motions. As such, τsgs

ij is modeled as follows:

τsgs
ij = 2ρνsgsSij (3)

where Sij is the strain rate tensor of the resolved velocity field defined as Sij = 1
2(

∂ui
∂xj

+
∂uj
∂xi

) and νsgs represents the

subgrid‐scale viscosity calculated as:

νsgs = (CsΔ)
2

̅̅̅̅̅̅̅̅̅̅̅̅

2SijSij

√

(4)

in which Cs is the Smagorinsky coefficient set to be 0.167 in this study and the filtering length Δ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔxΔyΔz3

√
is

the characteristic grid size in which Δx, Δy and Δz are the grid size in x, y and z directions, respectively.

The interface between two immiscible fluids, namely air and water, is resolved using the VOF method (Hirt &
Nichols, 1981). The fluid properties in the numerical model, including velocity, density, and viscosity, are ob-
tained by a weighted average of the air and water phases. In this study, the density of water, ρw is set as 1000 kg/
m3 and the density of air, ρa, is 1 kg/m3. Similarly, the viscosity of water, νw, is set to 10−6 m2/s and the viscosity
of air, νa, is set to 1.48 × 10−5 m2/s. The surface compression method (Berberović et al., 2009; Rusche, 2002) is
applied. This enhancement contributes to preserving the interfaces during the evolution. An in‐depth discussion of
the surface compression method can be found in Rusche (2002) and Berberović et al. (2009). The numerical
implementation employed here aligns with methodologies utilized in several preceding studies, including
Jacobsen et al. (2012), Zhou et al. (2014), and Kim et al. (2017).

The aforementioned formulations are adopted using the open‐source CFD toolbox, OpenFOAM. Among various
OpenFOAM solvers, waves2Foam (Jacobsen et al., 2012), a solver based on interFoam, is utilized which has
the capability built‐in to generate water waves. The boundary conditions of the model, particularly the surface
wave generation and absorption method for the numerical wave flume will be discussed in Section 2.3.

2.2. Physical Experiments

A series of wave flume experiments, referred to as DUNE3, were conducted at the Large Wave Flume in the O.H.
Hinsdale Wave Research Laboratory, Oregon State University, USA. The initial beach profile for this experiment
was obtained by scaling a beach profile from Mantoloking, New Jersey, USA prior to Hurricane Sandy. Beach
sand from Newport, Oregon, USA was used during the experiment with a median grain diameter (d) of 0.21 mm
and the specific gravity (s) of 2.67. The scaling process followed van Rijn et al. (2011) with the geometry scaling
factor being approximately 2.8 and the temporal scaling factor being approximately 1.7.

Hurricane Sandy was chosen as the forcing condition to mimic beach erosion during a storm. The rising limb of
the storm hydrograph (i.e., water level, wave height, and wave period) was selected and discretized into 47 in-
dividual wave trials with each containing 300 irregular waves (Figure 1). A piston‐type wavemaker with a built‐in
active absorption system was used during the experiment. The Texel‐Marsen‐Arsloe (TMA) wave spectrum
(Bouws et al., 1985) was used to generate random waves during each trial.

Profile surveys were taken between each trial (Figure 2a) using the combination of a multiple transducer array
(MTA) for measuring underwater bathymetry and a lidar system for subaerial topography. A concrete slab was
placed at the offshore end of the profile as a reference point for the MTA and for sediment containment. A large
number of sensors was deployed in the wave flume. The data used in this study includes those measured by
capacitance wave gauges and ultrasonic distance meters for free surface elevation, acoustic Doppler velocimeters
(ADV) and acoustic Doppler profiling velocimeters for flow velocity (Figure 2b). Additional details of the
physical experiment can be found in Innocenti et al. (2021), Feagin et al. (2023), Pontiki et al. (2023), and Bond
et al. (2023).

Journal of Geophysical Research: Oceans 10.1029/2024JC021194

TSAI ET AL. 4 of 29

 21699291, 2024, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

021194, W
iley O

nline Library on [19/09/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



The 47 trials were categorized into three stages: berm erosion and initial
sandbar formation (trial no. 1–13), sandbar growth and offshore migration
(trial no. 14–35), and dune erosion (trial no. 36–47). Based on the storm
impact scale (Sallenger, 2000), the berm erosion and sandbar formation stages
fall into the swash regime in which the wave runup does not reach the dune
foot. On the other hand, the dune erosion stage would fall into the collision
regime. This study aimed to investigate the role of wave‐backwash interaction
and the implication to berm erosion. For this purpose, trials no. 5 and no. 20,
representing the berm erosion and sandbar formation stages respectively,
were selected to be simulated. Here, the two simulations are referred to as
Cases I and II, respectively.

2.3. Model Setup

The numerical model domain had a length of 85 m, a width of 3.66 m, and a
height of 5 m similar to the physical experiment (Figure 3). The x‐direction
denotes the wave propagation direction (cross‐shore direction, positive
landward) with x = 0 defined at the inlet boundary of the numerical domain.
The z‐direction is parallel to gravitational acceleration (positive upward) with
z = 0 defined at the bottom of the wave flume. The y‐direction denotes the
alongshore direction of the flume. Using waves2Foam (Jacobsen

et al., 2012) to set up the numerical wave flume, the first 21 m of the numerical domain is a relaxation zone that
acts like a sponge layer to absorb reflected waves from the shoreline. The relaxation zone mimics the active
absorption system of the wavemaker. The bed elevation in the relaxation zone was set to be the same as the height
of the concrete slab in the experiment (z = 0.17 m). The top boundary was specified as zero‐gradient for velocity
and pressure.

A series of irregular waves was generated from the inlet boundary. A reflected waves filtering method similar to
Zelt and Skjelbreia (1992), which uses multiple gauges and includes higher‐order harmonics, was applied to

Figure 1. Hydrograph of the designed wave conditions in the DUNE3
experiment for significant wave height (Hs), peak wave period (Tp), the
water level (h).

Figure 2. (a) Beach profiles from the physical experiment during the berm erosion stage (trials no. 1–13) and sandbar
formation stage (trials no. 13–34). (b) Sensors locations (capacitance wave gauges, ultrasonic distance meters, acoustic
Doppler velocimeters, and acoustic Doppler profiling velocimeters), beach profiles, and still water depth used in of Cases I
and II.
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approximate the incident waves at the inlet boundary. Details can be found in Tsai (2023). Measured data from
WG1, WG2, WG5, and WG6 (xm = 21.51, 24.98, 31.20, 32.42 m), were used to obtain the incident wave time
series at the location of the wave generator (x = 0). The resulting incident wave time series was then specified as
the inlet boundary condition to generate waves during the simulations.

Typical LES models refine the mesh near the wall boundary down to the wall unit of 1 to fully resolve the viscous
sublayer (i.e., wall‐resolved LES). However, wall‐resolved LES requires an enormous amount of grid points in
these highly turbulent and near prototype‐scale simulations. Therefore, the near‐wall modeling approach was
applied to all wall boundaries. The near‐wall model is used to obtain estimation of the wall shear stress by
assuming the velocity profile follows a certain law of the wall. In this study, the sediment bed was assumed to be
fixed and followed a logarithmic law for rough walls (Cebeci & Bradshaw, 1977), and so did the rough concrete
side walls. The formulations are written as:

u+ =
1
κ

ln
Ez+

fn
(5)

fn =

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1 , if K+
s ≤ 2.25

(
K+

s − 2.25
87.75

+ csK+
s )

sin(0.4258 ln K+
s −0.3453)

, if 2.25 < K+
s < 90

1 + csK+
s , if K+

s ≥ 90

(6)

where fn is the roughness function that depends on the nondimensional parameter K+
s , cs = 0.5 is the roughness

constant, κ is the von Kármán constant being 0.41, and E is an empirical coefficient specified to be 9.8. The
nondimensional parameters expressed in terms of wall unit are defined as z+ = zpuτ/ν, u+ = up/ uτ, and
K+

s = Ksuτ/ν. The friction velocity uτ was estimated using wall‐normal height from the wall (zp), near wall
velocity perpendicular to the wall (up), and sand‐grain roughness height (Ks). Ks was specified to be 2.5d in this
study.

A 3D unstructured mesh is adopted to develop a boundary‐fit mesh for the beach profile (Figure 4). The un-
structured mesh allows local refinements to cover regions requiring higher resolution (i.e., free surface and near‐
bed region). Background mesh size is specified as 12 × 12 × 4 cm3. A local refinement with a grid size of
6 × 6 × 2 cm3 around the free surface is specified to better capture the geometry of wave evolution. Finally, a
bottom‐fitted local refinement along the bed with a three‐layer 3 × 3 × 0.333 cm3 mesh is adopted. The total
numbers of grid points for Cases I and II are 8.19 and 8.74 million, respectively.

3. Model Validations
Cases I (trial no. 5, h = 2.10 m, Hs = 0.58 m, Tp = 4.54 s) and II (trial no. 20, h = 2.20 m, Hs = 0.72 m,
Tp = 5.43 s) were chosen for a comprehensive model validation in this section. In the physical experiment, time
series of free surface elevations were recorded at 22 locations along the wave flume (Figure 2b). Flow velocity
was measured at eight different cross‐shore locations including five ADPVs deployed close to the bed in the inner

Figure 3. Schematic plot of the numerical wave flume and boundary condition applied. The computational domain includes a
21 m long relaxation zone extended from the inlet boundary. The beach profile is the bottom of the model domain and is
modeled as a fixed wall.
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Figure 4. The mesh of the numerical domain for Case I. A similar mesh is used for Case II.

Figure 5. Comparison of time series data between model results (blue lines) and observations (orange lines) for Case I. Panels
from the top (a) to bottom (f) denote WG1 (x = 21.512 m), WG12 (x = 54.416 m), WG14 (x = 61.561 m), ADV2
(x = 21.478 m), ADV10 (x = 54.271 m), and ADPV1 (x = 61.641 m).
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surf and swash zones and three ADV arrays at offshore locations. Comparison of the selected time series of free
surface elevations and flow velocities are shown in Figures 5 and 6. A standardized measure, the index of
agreement (IA) (Willmott, 1981), is used to quantify the model performance as:

IA = 1 −

∑
n

i=1
(Pi − Oi)

2

∑
n

i=1
(
⃒
⃒Pi − Ō

⃒
⃒ +

⃒
⃒Oi − Ō

⃒
⃒)

2
(7)

in which Pi is the model prediction and Oi is the observations from i = 1 to n data points. The advantage of IA is
that it is normalized and can be used for cross‐comparisons among different models and quantities, regardless of
units. The value of IA varies between 0 and 1, a value of 0 indicates complete disagreement between the model
prediction and observations, and 1 indicates perfect agreement.

Figures 5a, 5d, 6a, and 6d show the comparison of free surface elevation (WG1) and flow velocity (ADV2) for
Cases I and II respectively at the most offshore location. IAs for WG1 and ADV2 in both cases are greater than 0.9
which confirms that the numerical wave generation is appropriate. Figures 5b, 5e, 6b, and 6e show the results
(WG12, ADV10) in the surf zone. Even with the occurrence of wave breaking, IAs for WG12 and ADV10 in both
cases still remain at approximately 0.85 showing the model's capability of resolving complex wave breaking
processes. Figures 5c and 5f show the result (WG14, ADVP1) of Case I located in the swash zone, whereas
Figures 6c and 6f show the results (WG14, ADVP1) of Case II located in between the inner surf and swash zones.

Figure 6. Comparison of time series data between model results (blue lines) and observations (orange lines) for Case II.
Panels from the top (a) to bottom (f) panel denote WG1 (x = 21.512 m), WG12 (x = 54.416 m), WG14 (x = 61.561 m),
ADV2 (x = 21.478 m), ADV10 (x = 54.271 m), and ADPV1 (x = 61.641 m).
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The surface elevation change for WG14 is smaller than those in the offshore locations, and the overall wave
period increases, demonstrating the incident waves have transformed from sea‐swell dominant waves to more
infragravity dominant waves. The model results of WG14 for both cases agree with measured data with IAs at
approximately 0.85. It should be emphasized that the velocity measurement (ADPV1) was taken very close to the
bed (26 mm above the bed for Case I and 5 mm above the bed for Case II) and located in the wet‐dry area, which is
extremely challenging for numerical models to match, but the IAs for both cases remain 0.73 and 0.81 for Cases I
and II, respectively. It is worth pointing out that some experimental data time series contain gaps when the water
level dropped below the sensor elevation. Other time gaps arise through quality control procedures that remove
noise caused by air bubbles, especially in the swash zone.

The irregular waves lead to the varying wave breaking point and form infragravity waves (Symonds et al., 1982).
This causes a time‐varying radiation stress which is balanced by a time‐varying wave setup and partially transfers
energy from sea‐swell frequencies (typical periods of 2–20 s) to infragravity frequencies (typical periods of 25–
250 s). Wave energy shifting from the sea‐swell band to infragravity band along the cross‐shore direction can be
observed in the physical experiment and numerical simulations (Figure 7). The peak frequency on the offshore
side before wave breaking is approximately 0.2 Hz for both cases, which is consistent with the specified peak
wave period Tp of each case. Waves start breaking when reaching the surf zone, and the wave energy at peak
frequency decreases indicating significant dissipation (Figures 7b and 7f). The intensity of wave spectral energy
becomes even lower when reaching the inner surf zone (Figures 7c and 7g) due to more dissipation. Importantly,
once waves propagate close to the shoreline, the energy at sea‐swell frequencies decreases by almost an order of
magnitude and infragravity frequencies have become dominant (Figures 7d and 7h). These important features of
wave energy dissipation and shifting to low wave frequency are captured well by the numerical model.

Higher‐order wave statistics and undertow currents are key parameters in modeling onshore and offshore sedi-
ment transport (Rafati et al., 2021; Roelvink et al., 2009). Wave‐averaged quantities, including mean water level
(MWL), root‐mean‐square wave height (Hrms), wave skewness (Sk) and asymmetry (As), and offshore‐directed
mean currents (undertow) are investigated. The mean water level is the time‐averaged free surface elevation (η)

and the spectral root‐mean‐square wave height is defined as

Figure 7. Wave spectra comparison between model results (blue lines) and observations (orange lines). (a)–(d) are the results of Case I and (e)–(h) are of Case II.
Columns from left to right denote WG1, WG12, WG13, and WG14 (UDM2 for Case II).
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Hrms =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

8 ∫ E(f ) df

√

(8)

where E is the wave energy density of a wave spectrum. Wave skewness and asymmetry are the third‐moment
quantities that can be applied to the wave motion of either free surface elevation or orbital velocity. In this
study, wave skewness and asymmetry were calculated using free surface elevation because of the availability of a
large number of wave gauge data from the physical experiment. They are calculated as (Elgar & Guza, 1985),

Sk =
η3

η2 3
2

(9)

As =
H(η)3

η2 3
2

(10)

where ⋅ is the time‐average operator and H(⋅) denotes Hilbert transform of the time series.

The overall comparison between the model and experimental results shows a good agreement in both Cases I
(Figure 8) and II (Figure 9). The difference between the modeled and measured MWL is within 2 cm (one cell
thickness) and it can be concluded that wave set‐up and set‐down are well‐predicted by the model (Figures 8a and
9a). The agreement for the cross‐shore Hrms for both cases is also good (Figures 8b and 9b). Hrms slightly increases
due to the shoaling process before wave breaking. Since there is no sandbar present in Case I and waves break
closer to the shoreline, the breaker point is located at approximately x ≈ 50 m. A sandbar is formed in Case II, and
waves break at x ≈ 45 m, slightly landward of the sandbar crest. Due to the presence of a berm, the beach slope is

Figure 8. A comparison of (a) mean water level (MWL), (b) root‐mean‐square wave height (Hrms), and (c) wave skewness
(Sk) and asymmetry (As) for Case I between simulation results (lines) and measured data (symbols).
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steeper in Case I compared to Case II. The steeper beach slope in Case I corresponds to a sharper decrease in Hrms
whereas the milder beach slope (due to the absence of a berm) in Case II shows a more gradual decrease in wave
height.

When waves propagate toward the shoreline, wave non‐linearity becomes apparent. The wave skewness of Case I
shows a gradual increase from approximately 0.4 to 0.9 before reaching the breaker point at x ≈ 50 m (Figure 8c),
and landward of the wave breaking point, it drops back to 0.4. With a larger offshore wave height, the wave
skewness of Case II maintains at approximately 0.7 (Figure 9c). There is a small decrease in wave skewness just
before the wave breaking point (x ≈ 45 m) but it soon recovers to 0.7. The wave skewness drops to 0.4 landward
of x ≈ 55 m. In Case I, wave asymmetry gradually reaches −0.8 until 5 m landward of the breaker point, and then
sharply returns back to 0 at the shoreline. In Case II, wave asymmetry remains 0 until waves approach the sand bar
where asymmetry rapidly approaches −0.7. This value is maintained for 5–10 m landward of the sand bar crest,
and then gradually returns back to 0 at the shoreline.

The offshore‐directed mean current, namely undertow, cannot be directly resolved by depth‐integrated and/or
time‐averaged models since it is related to wave‐breaking driven turbulence and its inhomogeneous distribution in
the water column. With LES, these complex interactions can be resolved, and so does the undertow profile after
taking the time average of flow velocity. The undertow profiles for Cases I and II are shown in Figures 10a and
10b. The upper part of the water column shows onshore‐directed mean velocity which is caused by the Stokes drift
and wave breaking. The presence of undertow balances with the onshore flow and its magnitude becomes larger
when wave breaking is more intense. The depth‐averaged mean current can be calculated by averaging the flow
velocity of the lower part of the water column (Figure 10c). The comparisons between the model results and
measured data show good agreement.

Figure 9. A comparison of (a) mean water level (MWL), (b) root‐mean‐square wave height (Hrms), and (c) wave skewness (Sk)

and asymmetry (As) for Case II between simulation results (lines) and measured data (symbols).
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4. Results
In the following sections, several quantities including the Q‐criterion, Shields parameter (θ), Sleath parameter (S),
and turbulent kinetic energy (TKE) are to analyze the simulation data. TCS are identified using the Q‐criterion
method (Hunt et al., 1988), which is calculated based on the local velocity gradient tensor:

Q =
1
2

[(
∂uk

∂xk
)

2

− (
∂ui

∂xj

∂uj

∂xi
)]. (11)

Generally, a higher Q value correlates with a higher turbulent intensity.

The Shields parameter (θ) is a common nondimensional measure of bottom shear stress (τw) that strongly cor-
relates with sediment transport and it is written as

θ =
τw

ρ(s − 1) gd
. (12)

Previous research has demonstrated that the horizontal pressure gradient plays a crucial role in driving momentary
bed failure (or called plug flow), particularly at the front of bores or breaking waves (Foster et al., 2006;
Sleath, 1999). The Sleath parameter (S), defined as the ratio of the horizontal pressure‐induced disruptive force at
the bed to the stabilizing force of particles due to gravity, is a useful measure for the occurrence of momentary bed
failure and it is written as

S =
−∂p/∂x

ρ(s − 1) g
(13)

Figure 10. Undertow profiles along the cross‐shore direction for (a) Case I and (b) Case II. (c) Depth‐averaged undertow
velocity for Cases I and II. Lines denote simulation data and symbols denote measured data.
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Laboratory observations (Sleath, 1999) suggest that the Sleath parameter exceeding a critical value of 0.29 may
trigger momentary bed failure while field observations indicate 0.1 (Foster et al., 2006).

In addition to Shields and Sleath parameters, a significant effect of TKE on sediment transport in the inner surf
and swash zones has also been demonstrated (Butt et al., 2004). In this study, TKE is calculated through spanwise
averaging (Kim et al., 2017; Zhou et al., 2014) over the resolved velocity field which can be written as

k =
1
2

〈u′i u′i 〉 (14)

in which u′i = ui − 〈ui〉 is the fluctuation of the flow velocity; 〈 ⋅ 〉 is the spanwise average operator over the
resolved field.

4.1. Case I: Berm Erosion Stage

In Case I (trial no. 5), the breaker type is classified as a spilling breaker according to Battjes (1974) and waves tend
to break closer to the foreshore due to the absence of a sandbar. As shown in Figure 8b, the root‐mean‐square
wave height starts to decrease gradually at x ≈ 50 m, signaling the commencement of the surf zone. A more
significant drop is then observed in the inner surf zone at x ≈ 55 m. Intense wave breaking and dissipation occur
at x ≈ 55 m, which is only about 7 m from the shoreline, and the flow depth is less than 0.5 m. Consequently,
breaking waves are likely to directly interact with the backwash flows and the seabed.

Due to a much shorter distance between the breaker line and the outer swash zone in Case I, larger waves tend to
break closer to the shoreline, colliding with the preceding backwash. It is important to note that the geometry of
the berm front is not a constant slope (linear profile); rather, it exhibits a curvature that becomes steeper close to
the berm top. The slope is approximately 0.14 at the berm foot, increasing to around 0.2 at the central part of the
berm and increasing further to almost 0.5 at the top part of the berm. Runup appears to be constrained by the large
slope of the berm front, with most runup events being lower than the berm height; only occasional large swash
events result in overwash of the berm. The swash zone is only about 4 m long in cross‐shore extent. More than 10
swash events were examined, and two consecutive swash events representing Case I are selected for analysis. The
leading event occurring between t = 270.0–273.0 s (Figure 11a) is characterized by a strong incoming wave that
generates a near‐bed velocity of 2.5 m/s, contrasting with the backwash flow of −1.5 m/s at the location
x = 61.64 m of ADPV1 (Figure 11b). Conversely, the subsequent event between t = 276.0–279.0 s (Figure 15a)
is dominated by backwash, where under the passage of the incoming wave, a near‐zero near‐bed velocity against
the backwash flow of intensity exceeding −1 m/s (Figure 15b) was observed.

4.1.1. Strong Wave‐Backwash Interaction Event in Case I

The swash event commences with a strong backwash flow from the preceding swash with a high Shields
parameter exceeding 4 (x ≈ 63.5m in Figure 11c), followed by a large incoming wave (Figures 11e and 11f). As
the wave shoals, it collides with the backwash flow, exhibiting comparable Shields parameters of approximately 2
on both sides of the wavefront, albeit with opposing directions (onshore and offshore) (x ≈ 58.5 m in Figure 11e).
Importantly, the Sleath parameter beneath the breaking wavefront surpasses 0.1 (Figure 11f), indicative of the
potential for momentary bed failure. Crescent‐shaped TCS distributed in the spanwise direction are observed as
the spilling breaker evolves and continues to propagate onshore (x ≈ 61 m in Figures 11g and 11h). A large and
variable Shields parameter distribution, with magnitudes fluctuating between 0 and 7, aligns with the TCS
(Figure 11g). High Sleath parameters of approximately 0.5, forming stripe‐like patterns oriented in the spanwise
direction, are observed at the breaking‐wave front (Figure 11h). As the TCS vanish during uprush and the flow
depth becomes shallow (Figures 11i and 11j), the Shields parameter increases dramatically (Figure 11i). Behind
the uprush front, a finger‐shaped pattern emerges (Kim et al., 2017), orienting itself in the streamwise direction.

By applying spanwise averaging, the cross‐shore distributions of the mean Shields and Sleath parameters, as well
as their standard deviations (quantifies the spanwise variability due to 3D flow instabilities and turbulence), are
examined more quantitatively (Figure 12). Incoming breaking waves typically result in positive Shields and
Sleath parameters, due to the onshore wave‐induced velocity and surface elevation difference at the front
(Figures 12a and 12b). Positive Shields parameters at the wavefront are observed (x ≈ 55.5 m in Figure 12a and
x ≈ 58 m in Figure 12b) in the simulation. Meanwhile, the negative Shields parameter caused by backwash is
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Figure 11. Time series of (a) free surface elevation and (b) streamwise flow velocity for a 30‐s interval of Case I. The blue and orange lines denote numerical simulation
and measured results, respectively. (c)–(j) Show the snapshots of the inner surf and swash zones at (c)–(d) t = 270.0 s, (e)–(f) t = 271.0 s, (g)–(h) t = 272.0 s, and (i)–
(j) t = 273.0 s. The contour plots at the bed shows the Shields (c, e, g, i) and Sleath (d, f, h, j) parameters. The transparent cyan isosurface denotes free surface and the
transparent green isosurface shows the turbulent coherent structures with a Q‐criterion of 25.
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observed on the landward side of the wavefront (x > 58.5 m in Figures 12a and 12b). Notably, when the incoming
wave begins to collide with the backwash (Figure 12b), the Sleath parameter exceeds the critical value of 0.1
between x ≈ 58 ‐ 59 m, implying that momentary bed failures may occur during the encounter. Subsequently, the
incoming wave strongly interacts with the backwash and causes chaotic flow motion. The collision of the two
leads to a drastic increase of the spanwise variation of both Shields and Sleath parameters (x ≈ 60–62 m in
Figure 12c). The fluctuation of the Sleath parameter is particularly notable, with x ≈ 60–61.5 m exceeding 0.1
and x ≈ 60.5–61 m even exceeding the more conservative critical value of 0.29, indicating that momentary bed
failure significantly occurs across an extensive area. The strong incoming wave soon overcomes the backwash
flow, and the mean Shields parameter becomes fully positive while the Sleath parameter calms to nearly zero. The
bore then uprushes onto the berm front, causing a large Shields parameter (mean value of approximately 5,
combined with the fluctuation reaching over 8), which can substantially erode the berm (Figure 12d), while the
Sleath parameter plays a minor role.

The vertical profiles of the spanwise‐averaged velocity and the vorticity at the inner surf/swash transition zone are
shown in Figure 13. The backwash flow, exceeding 1 m/s, moves toward the offshore direction (Figure 13a).
Concurrently, the incoming wave encounters the backwash flow (Figure 13b). The maximum flow velocity of the
incoming wave, reaching approximately 2.0 m/s at the breaking front atop the water column, overpowers the
backwash flow. During their collision, a thin layer of positive vorticity appears at the bed and flow separation

Figure 12. Cross‐shore distribution of Shields parameter (blue) and Sleath parameters (orange) for Case I at (a) t = 270.0 s,
(b) t = 271.0 s, (c) t = 272.0 s, and (d) t = 273.0 s. Solid lines and lighter color patches denote the spanwise averaged
quantities and plus/minus one standard deviation.
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occurs for the backwash flow, detaching it from the bed (Figure 13d). The flow separation point can be identified
at the location where vorticity changes its sign (Sou & Yeh, 2011), which is located at x ≈ 58.4 m. Due to the flow
separation, the backwash flow injects into the water column, nullifying the onshore velocity but the velocity only
becomes offshore directed in the middle of the water column. Despite the presence of backwash, the incoming
wave eventually overcomes the backwash flow (Figure 13c). The formation of boundary layer separation during
swash‐wave interaction has been observed in previous laboratory studies (Sou & Yeh, 2011; Sumer et al., 2013)
and it may have a large effect on sediment transport. The regime of flow separation between x = 58–59 m co-
incides with the location of high Sleath parameter values (Figure 12b).

Because of the absence of the sand bar, waves break closer to the beachfront in Case I which leads to more intense
interaction between incoming waves and the backwash and hence direct turbulence‐bed interaction (Figure 14).
As the incoming wave breaks as a spilling breaker, results show that the location of the high TKE area coincides
with the TCS (Figures 11e and 14a) and the TKE level is around 0.4 m2/s2 in the core of the breaker. As the
breaking wave evolves toward a bore, the highly turbulent front impinges onto the bed. TKE level around the
impingement point is even larger than that in the spilling breaker and almost reaches 0.5 m2/s2 (Figure 14b). The
TKE soon gets dissipated when the bore rushes up to the berm due to the deceleration and friction (Figure 14c).

Figure 13. Spanwise averaged cross‐shore velocity profiles for Case I at (a) t = 270.0 s, (b, d) t = 271.0 s, and (c) t = 272.0 s.
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4.1.2. Backwash‐Dominated Swash Event in Case I

After the previous uprush, the flow direction reverses and backwash follows
(Figure 15c). During this backwash phase, the Shields parameter is con-
strained to a magnitude of approximately 2–4 which is smaller but compa-
rable to the backwash of the previous event (compare to Figure 12c). The
subsequent incoming wave, on the other hand, is notably weaker compared to
the backwash flow (Figure 15b) and the backwash flow almost impedes the
incoming wave propagation (Figures 15e and 15g). The incoming wave
shortly evolves into a weak uprush (Figures 15i and 15j) with a Shields
parameter of approximately 2, markedly lower than the previous uprush
(Figure 11i). Although not as pronounced as in the previous event, a finger‐
shaped pattern is discernible here. TCS are primarily observed during the
collision between the incoming wave and backwash (Figures 15e and 15f).
The region with a higher Sleath parameter is associated with the incoming
wave, however, the overall magnitude is lower than 0.29.

In this backwash‐dominated event, the incoming wave is weak and a small
positive Shields parameter is observed during the wave passage (Figure 16a,
at x ≈ 56–59 m). Instead, the negative Shields parameter, induced by the
backwash flow, is more pronounced (x > 61.5 m). The Sleath parameter at the
breaking wavefront attains a value of 0.1, falling below the conservative
critical threshold of 0.29 (Figures 16b and 16c). In contrast to the previous
strong wave‐backwash event, the spanwise variability of the Sleath parameter
in this case is negligible (Figure 16c). The Sleath parameter soon diminishes

to nearly zero, while the negative Shields parameter (indicative of backwash flow) transitions to a positive value,
signifying uprush (Figure 16d). At the uprush tip, the Shields parameter is nearly 2, and the standard deviation is
about 1, both of which are considerably smaller than those in the strong wave‐backwash event.

From the spanwise‐averaged velocity profiles in the cross‐shore direction (Figure 17), the backwash flow exceeds
1 m/s, a magnitude similar to that in the preceding event (Figure 17a). Given that the backwash flow is signif-
icantly stronger than the incoming wave, a weaker flow separation is observed (Figure 17b). The near‐bed
vorticity changes sign at x = 62.4 m. The corresponding Sleath parameter is about 0.17 (Figure 16c), which is
smaller than that observed in the strong interaction event. Eventually, the weak bore overtakes the backwash
(Figure 17c), resulting in a shift in the velocity toward a positive direction. Comparing with results shown in
Section 4.1.1, strong backwash flow separation and large Sleath parameter require a relatively balanced intensity
between incoming wave and backwash flow.

4.2. Case II: Bar Formation Stage

For Case II (trial no. 20), due to the earlier berm erosion that occurred during trials no. 1–13, the sediment from the
berm had already been transported offshore and formed a sandbar at x ≈ 45 m (Figure 2b). Waves shoal on the
seaward side of the bar and break on the landward side. The sandbar results in waves breaking farther offshore
compared to Case I. The distance between the wave breaking point and the shoreline is about 20 m while the flow
depth at the breaking point is about 0.8 m. These two quantities are greater than those in Case I. As the breaking
waves enter the surf zone in Case II, the breaking wave has transformed into a weaker bore and hence the
interaction between the bore‐generated turbulence and the bed is weaker than Case I. This main difference causes
distinct inner surf and swash zone features between Cases I and II.

The foreshore slope in Case II is approximately 0.09, which is milder than the slope of the berm front in Case I. As
a result, the cross‐shore length of the swash zone in Case II spans roughly 8 m, nearly double that of Case I.
Moreover, in contrast to Case I, where breaking waves tend to directly interact with the backwash, it is the bores
that interact with the backwash in Case II. These factors cause longer‐duration and more isolated uprush and
backwash events. More than 10 swash events were examined in Case II, and two representative swash events
(t = 477.0–480.0 s and t = 484.0–487.0s) are selected for analysis.

Figure 14. Turbulent kinetic energy in the swash zone for Case I at
(a) t = 271.0 s, (b, d) t = 272.0 s, and (c) t = 273.0 s, respectively.
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4.2.1. Bore‐Dominated Swash Event in Case II

In this event, the backwash is relatively weak (Figure 18c, Shields parameter is around 1), while the strong
incoming bore induces a Shields parameter greater than 2. Initially, the TCS are mainly aligned parallel to the
wavefront (Figures 18c and 18d). As the bore propagates toward the shoreline, these TCS gradually orient
themselves in the streamwise direction (Figures 18e and 18f). The distribution of the Sleath parameter and Shields
parameter are more chaotic but seem to correlate with the TCS. In certain locations, the Shields parameter reaches

Figure 15. Time series of (a) free surface elevation and (b) streamwise flow velocity for a 30‐s interval of Case I. The blue and
orange lines denote numerical simulation and measured results, respectively. (c)–(j) Show the snapshots of the inner surf and
swash zones at (c)–(d) t = 276.0 s, (e)–(f) t = 277.0 s, (g)–(h) t = 278.0 s, and (i)–(j) t = 279.0 s. The contour plot at the bed
shows the Shields (c, e, g, i) and Sleath (d, f, h, j) parameters. The transparent cyan isosurface denotes free surface and the
transparent green isosurface shows the turbulent coherent structures with a Q‐criterion of 25.
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an approximate magnitude of 4, while in others, it remains low. This indicates that in Case II the incoming wave
approaching the swash is generally weaker than that in Case I, and therefore, the overall intensities of the Shields
and Sleath parameters are lower but populated with locally higher intensity spots associated with TCS. As the
bore enters the swash zone and rushes up the foreshore, TCS dissipate, and a finger‐shaped pattern of high Shields
parameter begins to emerge (Figures 18g and 18i). This pattern fully develops and intensifies as the runup
continues to travel in the onshore direction. However, the Sleath parameter disperses during uprush (Figures 18h
and 18j).

Generally, the Shields parameter in this event is relatively small within the inner surf zone (Figures 19a and 19b,
x ≈ 62 − 66 m). It is not until the bore travels into the swash zone that large spanwise variabilities and larger
magnitude of Shields parameter start to emerge due to interaction with the bed in shallow water (Figures 19c and
19d). During the uprush, the spanwise‐averaged Shields parameter initially increases to a magnitude of
approximately 2 with high spanwise variation (Figure 19c), and then it further increases to nearly 5 as the bore
moves farther onshore (Figure 19d), which is marginally lower than the strong wave‐backwash interaction event
in Case I (Figure 12d). On the other hand, the Sleath parameter during bore propagation (Figures 19b and 19c), is
much smaller than that in Case I. The maximum spanwise‐averaged Sleath parameter approaches approximately
0.1 but falls short of the conservative threshold value of 0.29.

While the backwash flow in this event is weak (approximately −0.2 m/s, Figure 20a), the incoming bore pos-
sesses a large flow velocity of 1.5 m/s. When the incoming bore encounters the backwash (Figure 20b), it

Figure 16. Cross‐shore distribution of Shields parameter (blue) and Sleath parameters (orange) for Case I at (a) t = 276.0 s,
(b) t = 277.0 s, (c) t = 278.0 s, and (d) t = 279.0 s. Solid lines and lighter color patches denote the spanwise averaged
quantities and plus/minus one standard deviation.
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completely overtakes the backwash flow (Figure 20c). Nevertheless, the incoming bore is of weaker intensity and
water level compared to the incoming breaking wave observed in the strong interaction event in Case I. As a
result, no distinct interaction between the bore and backwash is observed, not to mention flow separation. The
weak backwash flow and the lack of strong interaction between the bore and the backwash flow leads to a much
lower Sleath parameter. Although the Shields parameter is generally lower than that in Case I, large Shields
parameter during uprush (Figures 19c and 19d) with pronounced spanwise variability is a common feature in the
upper swash.

Similar to Case I, breaking waves and bores dominate the generation of TKE in this event. However, the main
difference is that the high TKE area in this event is not adjacent to the bed (Figure 21a). The maximum TKE level
during the bore passage is approximately 0.4 m2/s2 which is slightly less than Case I. The TKE dissipates
significantly before reaching the swash zone and the TKE near the bed is small (Figures 21b and 21c).

4.2.2. Backwash‐Dominated Swash Event in Case II

In the ensuing swash event (Figure 22), the bore is comparatively weaker than the prior Case II bore (Figure 18).
The transition period from uprush to backwash is longer than in Case I owing to the greater length of the swash
zone. The extended duration allows the backwash flow to accelerate, resulting in a high Shields parameter with a
magnitude of approximately 5 during the backwash (Figures 22e, 22g, and 22i) while the location of the peak

Figure 17. Spanwise averaged cross‐shore velocity profiles for Case I at (a) t = 277.0 s, (b, d) t = 278.0 s,
and (c) t = 279.0 s.
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Figure 18. Time series of (a) free surface elevation and (b) streamwise flow velocity for a 30‐s interval of Case II. The blue and orange lines denote numerical simulation
and measured results, respectively. (c)–(j) Show the snapshots of the inner surf and swash zones at (c)–(d) t = 477.0 s, (e)–(f) t = 478.0 s, (g)–(h) t = 479.0 s, and (i)–(j)
t = 480.0 s. The contour plot at the bed shows the Shields (c, e, g, i) and Sleath (d, f, h, j) parameters. The transparent cyan isosurface denotes free surface and the
transparent green isosurface shows the turbulent coherent structures with a Q‐criterion of 25.
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value progressively shifts offshore. This magnitude is slightly greater than that observed in the backwash‐
dominated event in Case I (Figure 16). The Shields parameter consistently remains negative given the weak
nature of the incoming bore. The Sleath parameter is minimal throughout this swash event (Figures 22d, 22f, 22h,
and 22j). Both the Shields and Sleath parameters exhibit high uniformity in the spanwise direction (Figure 22).
Only a scant amount of TCS emerge when the incoming bore collides with the backwash flow (Figures 22e and
22f), and these structures rapidly disperse thereafter (Figures 22g and 22h). In this particular swash event, the bore
fails to overcome the backwash flow, and consequently, no subsequent uprush is observed following the bore
(Figures 22g, 22i, 23b, and 23c).

The velocity of the backwash flow gradually increases from approximately 0.3 m/s (Figure 23a) to 1 m/s
(Figure 23b), subsequently colliding with the incoming bore at x ≈ 63.1 m (Figure 23b). Being stronger than the
incoming bore, the backwash flow is able to overcome the positive velocity driven by the bore and velocity in the
lower part of the water column is negative, indicative of offshore flow (Figure 23b). However, no flow separation
is observed. As the backwash flow continues to accelerate, it eventually surpasses the incoming bore, causing the
entire flow field to ultimately shift in the offshore direction (Figure 23c).

The lack of strong interaction between the incoming waves and backwash flow generates weak spanwise variability
and small Sleath parameter. In this event, the incoming bore is also weak and hence the entire event is dominated by

Figure 19. Cross‐shore distribution of Shields parameter (blue) and Sleath parameter (orange) for Case II at (a) t = 477.0 s,
(b) t = 478.0 s, (c) t = 479.0 s, and (d) t = 480.0 s. Blue and orange colors denote Shields and Sleath parameters,
respectively. Solid lines and lighter color patches denote the spanwise averaged quantities and plus/minus one standard
deviation, respectively.
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backwash boundary layer flow driving large offshore‐directed bottom shear
stress. The expected offshore transport is consistent with the continued
expansion and offshore migration of the sandbar observed in the physical
experiment (Figure 2a).

5. Discussion
A high value of the Shields parameter (|θ| > 1) signifies the occurrence of
sheet flow. The results demonstrate that large values of |θ| predominantly
occur during the uprush and backwash phases. A comparative analysis be-
tween Cases I and II reveals that the maximum magnitudes of the time‐
averaged Shields parameter (θ) and the root‐mean‐square Shields param-
eter (θrms) in Case I slightly exceed those in Case II in their corresponding
inner and swash zones, as shown in Figure 24b. Additionally, the calculated
probability of sheet flow occurrence, P(|θ| > 1) — defined as the ratio of the
number of instances where |θ| > 1 to the total number of wave events —
exhibits minimal differences between the two cases, with peak values around
55%, located slightly offshore from the mean water level line (Figure 24c).

Figure 20. Spanwise averaged cross‐shore velocity profiles for Case II at (a) t = 477.0 s, (b) t = 478.0 s, and (c) t = 479.0 s.

Figure 21. Turbulent kinetic energy in the swash zone for Case II at
(a) t = 482.0 s, (b) t = 484.0 s, and (c) t = 486.0 s, respectively. The blue
and black lines denote the free surface and bed profile correspondingly.
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Figure 22. Time series of (a) free surface elevation and (b) streamwise flow velocity for a 30‐s interval of Case II. The blue and orange lines denote numerical simulation
and measured results, respectively. (c)–(j) Show the snapshots of the inner surf and swash zones at (c)–(d) t = 484.0 s, (e)–(f) t = 485.0 s, (g)–(h) t = 486.0 s, and (i)–(j)
t = 487.0 s. The contour plot at the bed shows the Shields (c, e, g, i) and Sleath (d, f, h, j) parameters. The transparent cyan isosurface denotes free surface and the
transparent green isosurface shows the turbulent coherent structures with a Q‐criterion of 25.
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However, observations show that sheet flow dynamics contribute the largest portion of the total sediment
transport load throughout the berm erosion (Pontiki et al., 2023). This implies some factors other than Shields
parameter may play a role.

Applying analogous analytical methods to the Sleath parameter, using criteria of 0.1 and 0.29, yields notable
contrasts. Specifically, P(|S| > 0.1) in Case I ranges between 10% and 20% within the swash zone
(x ≈ 64.3–65.8 m) and coincides with the berm front (Figure 24d). In contrast, Case II demonstrates nearly no
occurrence of |S| > 0.1 in the swash zone (x > 70 m). Therefore, there is a 10%–20% likelihood of momentary bed
failure at the berm front in Case I when applying a threshold of 0.1, as opposed to virtually no momentary bed
failure in Case II. The frequency of strong wave‐backwash interactions leading to momentary bed failure in Case I
could potentially explain the observed berm erosion.

Additionally, the occurrence probabilities of |S| > 0.29 also vary between the cases, with Case I showing 1%–2%
and Case II showing less than 0.5% (Figure 24e). Such interactions are predominantly attributed to direct collisions
between the incoming waves and the backwash flow which is even more pronounced in the inner surf zone (see
Section 4.1). In Case I, backwash flow separation occurs in the inner‐surf zone due to wave‐swash interaction (e.g.,
Figure 13b at x ≈ 58.4 m) and this is consistent with the results shown here that the occurrence probability of
|S| > 0.1 is larger than 30% (or occurrence probability of |S| > 0.29 is 1%–2%) in the inner zone of x ≈ 57–62 m.
In contrast, the occurrence probability of |S| > 0.1 is around 10% (or the occurrence probability of |S| > 0.29 is less
than 0.5%) for Case II in the inner surf zone due to lack of wave‐swash interaction. Despite the low percentage, the

Figure 23. Spanwise averaged cross‐shore velocity profiles for Case II at (a) t = 482.0 s, (b) t = 484.0 s, and (c) t = 486.0 s.
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impact of |S| > 0.29 on sediment transport in Case I is significant and should not be underestimated in terms of its
contribution to net transport and beach morphodynamics.

Flow separation can suspend sediment from the bed and maintain them in the water column due to wave breaking/
bore‐ and shear‐layer‐generated turbulence (Sou & Yeh, 2011). The occurrence of flow separation in Case I
(Figures 13b and 17b) aligns with laboratory observations (Pujara et al., 2015; Sou & Yeh, 2011). In contrast, the
absence of flow separation in Case II can be attributed to the lack of strong wave‐backwash interactions.

In swash zones, direct turbulence‐bed interactions become more pronounced compared to surf zones, where in the
surf zone wave breaking‐induced turbulence might not reach the bed due to greater water depths. The absence of a
sandbar in Case I allows waves to break closer to the shoreline, enhancing wave‐backwash interactions and
resulting in higher levels of near‐bed TKE in the swash zone, with peak values approximately 0.4–0.5 m2/s2

(Figure 14). Conversely, in Case II, wave breaking occurs offshore of the sandbar, resulting in lower near‐bed
TKE levels (approximately 0.05–0.15 m2/s2) located in the inner surf zone, rather than the swash zone

Figure 24. (a) Beach profiles and mean water levels in the swash zone. (b) Mean and root‐mean‐square Shields parameters.
(c) Probability of occurrence of Shields parameter larger than 1. (d) Probability of occurrence of Sleath parameter larger than
0.1. (e) Probability of occurrence of Sleath parameter larger than 0.29. The green solid and dashed lines in panels (b), (c), (d),
and (e) denote the shoreline position of the mean water level for Cases I and II, respectively.
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(Figure 21). These disparities in TKE and locations between the cases may be responsible for more pronounced
erosion at the berm front in Case I compared to Case II.

Overall, Case I demonstrates a higher tendency for intense wave‐backwash interactions compared to Case II,
resulting in higher chance of momentary bed failure, near‐bed TKE, and flow separation. These findings suggest
that simulation and laboratory data collectively indicate a correlation between berm erosion (offshore sediment
transport) and intense wave‐backwash interactions.

6. Conclusions
A 3D LES coupled with a free surface tracking scheme was carried out to simulate cross‐shore hydrodynamics,
driven by random waves, in the inner surf and swash zone observed in a large wave flume experiment. The nu-
merical model was validated with measured data with good agreements (overall Willmott's index of agreement
greater than 0.8) for Cases I and II, which represented the hydrodynamics during berm erosion and subsequent
sandbar formation, respectively.

In Case I, waves typically break closer to the shoreline, leading to a direct collision with the backwash flow. This
proximity to the shoreline results in wave energy dissipation within a narrower surf zone, thereby increasing the
likelihood of more energetic interactions. Conversely, in Case II, wave breaking predominantly occurs around the
sandbar, leading to dissipation over a broader surf zone and consequently, a reduced probability of strong wave‐
backwash interaction events. Although the Shields parameter plays an important role in both Cases I and II, the
intensity of the Sleath parameter is the key difference between these two cases. Higher probability of occurrence of
large Sleath parameter (P(|S| > 0.1)) in Case I indicates the likely occurrence of momentary bed failure at the berm
front, which may lead to berm erosion. In addition, flow separation also occurs during strong wave‐backwash
interaction that can enhance erosion and offshore sediment transport. Furthermore, the large TKE area in Case I
located at the bore front, and has direct contact with the bed during uprush, may further contribute to sediment
transport. Conversely, lower P(|S| > 0.1) in Case II indicate that momentary bed failure is less likely to occur and
sediment transport is mainly driven by bottom shear stress. The results also show no flow separation and relatively
small near‐bed TKE level in Case II.

These model simulations can help explain key mechanisms of steep berm erosion and offshore delivery of eroded
sediment during the early stage of a storm when elevated water level (storm surge) causes waves to break closer to
the berm and leads to more intense wave‐backwash interactions. Thus, higher probability of occurrence of hori-
zontal pressure gradient (Sleath parameter), flow separation, and stronger turbulence‐berm interactions (high
surface‐generated TKE directly contacts the bed) appear which potentially cause berm erosion. Eroded sediment
forms a sandbar that forces waves to break farther offshore leading to a energy dissipation over a broader surf zone.
The subsequent bore entering the swash zone is much weaker and leads to less erosion of the beach face.

Data Availability Statement
Experimental data are available on the U.S. National Science Foundation Natural Hazards Engineering Research
Infrastructure data depot, at https://doi.org/10.17603/ds2‐csmw‐8x65 (Pontiki & Puleo, 2023) and https://doi.org/
10.17603/ds2‐nf3k‐fe18 (Bond & Wengrove, 2023).
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