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a b s t r a c t 

A large eddy simulation (LES) is conducted to investigate the distribution of turbulence kinetic energy 

(TKE) under a plunging solitary wave over a 1:15 slope. This study provides a novel contribution to the 

field by examining the roles of resolved and sub-grid scale TKE in plunging solitary waves at the dif- 

ferent stages of wave breaking. Furthermore, comparing the performances of two sub-grid scale (SGS) 

models in simulating the distribution of TKE was carried out to identify their performances. The separate 

investigation of these components in the context of wave breaking and recognizing the importance of an 

appropriate sub-grid scale model to consider the effects of small-scale eddies provide a significant ad- 

vancement in understanding coastal morphological changes and nearshore sediment transport. Both the 

zero-equation and one-equation SGS models demonstrated acceptable performance in simulating water 

surface and kinematic properties. The one-equation SGS model, however, provided more accurate results 

on TKE transport during the breaking process and as the wave approaches its collapsing point. The study’s 

results reveal that an SGS model’s inability to simulate TKE transport (such as in the zero equation model) 

leads to inaccurate simulations of the TKE level and breaking location in the breaking zone. Additionally, 

the results of the one-equation model demonstrated that the maximum horizontal fluid velocity around 

the wavefront surface is a better predictor of breaking wave onset than the horizontal fluid velocity at 

the wave crest. 

© 2023 Shanghai Jiaotong University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Turbulence kinetic energy (TKE) is a term used to describe 

he amount of energy involved in a turbulent fluid motion. The 

urbulent flow produced by wave breaking significantly impacts 

earshore sediment transport, coastal morphological changes, and 

ixing processes. Using computational fluid dynamics (CFD), a nu- 

erical flow field simulation is one method for obtaining TKE in 

his situation. TKE can be acquired as an outcome in these mod- 

ls, providing information about the intensity and distribution of 

urbulence in the water column. Combining the TKE results with 

ediment transport models can estimate sediment transport rates 

nd patterns. Despite recent advances in the understanding of the 

reaking process, the complex interaction between the turbulent 
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ow, air entrainment, and water surface has yet to be fully com- 

rehended [1] . 

Previous studies have analyzed the hydrodynamic effects of a 

ingle wave on the flow characteristics in the shoaling zone and 

uring wave propagation using one, two, or three-dimensional ap- 

roaches, depending on their specific objectives [2,3] . Since the 

ortices induced by wave breaking exhibit three-dimensional char- 

cteristics, our study employs a three-dimensional analysis to com- 

rehensively investigate the hydrodynamic effects of a solitary 

ave on the water flow during wave propagation and shoaling 

onditions. 

Breaking is considered the most significant of the various mech- 

nisms that dissipate wave energy, as it is directly driven by wave- 

nduced hydrodynamic forces [4,5] . Structurally, the breaking pro- 

ess and wave collapse are distinct phenomena. Breaking is primar- 

ly caused by the hydrodynamic forces induced by the wave while 

ollapsing is further driven by gravity and inertia due to the trans- 

er of water mass in the wave. These differences in physics have 
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ssential implications for the dynamics and behavior of waves as 

hey approach the shore [4] . 

The formation and behavior of turbulence structures during 

ave breaking are important factors affecting coastal sediment 

ransport and nearshore morphology. Laboratory measurements 

nd experimental observations have shed light on the complex dy- 

amics of wave-breaking-induced turbulence, revealing the forma- 

ion and rapid breakdown of vortices behind the wave crest [6] . 

hese vortices initially form with an axis of rotation parallel to 

he wave crest and rapidly break into three-dimensional turbu- 

ence structures [7] . Experimental observations confirmed the for- 

ation and breaking of the surface vortices by measuring the lag 

etween the wave crest and the level of turbulence that followed it 

8] . Turbulent kinetic energy (TKE) measures the energy stored in 

he turbulent motions of fluid particles. It is a useful measure for 

ssessing turbulence intensity, as the formation and breakdown of 

ddies during wave breaking are detectable for only a brief period 

8] . 

The turbulence generated by wave breaking is characterized by 

orming vortices, also known as large eddies, which play a crucial 

ole in transporting turbulent kinetic energy (TKE). The surface- 

enerated large eddies advect and diffuse TKE. According to experi- 

ents on nearshore region dynamics, TKE is transported landward 

nd seaward under plunging and spilling wave breaking [9] . It is 

emonstrated that the wave breaking produces counter-rotating 

ortices, which are responsible for TKE downward transport [10] . 

herefore, the large eddies play an important role in the genera- 

ion and transport of TKE in the breaking wave. The TKE transport 

quation could explain the turbulence dynamics under the break- 

ng process [11,12] . 

Reynolds Averaged Navier-Stokes (RANS) models are fre- 

uently employed for wave modeling [ 13–15 ]. However, the two- 

quation closure models are limited to zones with minor TKE ef- 

ects. Two-equation RANS models are unconditionally unstable in 

ome regions before and after wave breaking, resulting in wave 

reaking at different locations than observed in experiments [ 16–

8 ]. This inaccuracy arises from the nonphysical overproduction of 

he TKE. In addition, these models merely obtain an average value 

f turbulent properties. Therefore, two-equation RANS models are 

ot suitable for evaluating TKE precisely. 

The most accurate replica of a natural fluid dynamic phe- 

omenon can be made by direct numerical simulation (DNS), 

hich solves Navier-Stokes equations for the smallest possible ed- 

ies. However, due to its computational costs, DNS is only avail- 

ble for small-scale flows, such as a wave boundary layer with low 

eynolds numbers [ 19 ]. There is an intermediate idea in which 

arge eddies are directly resolved, and closure models reproduce 

mall eddies’ effects. These models are named the Sub-Grid Scale 

SGS) and Sub-Particle Scale in the case of the Eulerian and La- 

rangian approaches, respectively. Concerning the direct simulation 

f large eddies, the performance of the Large Eddy Simulation (LES) 

pproach for eddies containing a substantial portion of TKE is rela- 

ively close to that of DNS; thus, the LES approach is interested in 

reaking process simulation. 

Two Eulerian and Lagrangian LES approaches are repeatedly uti- 

ized to investigate turbulent fields under breaking waves. Smooth 

article Hydrodynamic (SPH) methods are frequently used to 

odel phenomena with high water surface gradients, such as wave 

reaking, and hydraulic jump [ 20–22 ]. Nevertheless, an SPH-based 

ES would require 16 times finer resolution than its Eulerian LES 

ounterpart, which dictates high computational costs [ 23 ]. Thus, 

he Eulerian approach is preferred in this study. 

Researchers have been interested in forming turbulent struc- 

ures under breaking waves, how they transport, and what hap- 

ens to them. An LES simulation of a breaking wave based on the 

inite Volume Method (FVM) demonstrated that turbulence grad- 
367
ally spread down behind the spilling breaker. In contrast, in the 

trong plunging type, large eddies rapidly spread turbulence over 

he whole water depth [ 24 ]. Farahani and Dalrymple [ 25 ] per-

ormed an SPH-based LES to study turbulent vortical structures 

enerated by broken solitary waves. Per experimental results [9] , 

t has been discovered that for spilling breaking of a solitary wave, 

he vortex structures are left behind the crest; however, for plung- 

ng breaking, the formed vortices mitigate shoreward along with 

ave direction. Additionally, it is shown that surface-generated tur- 

ulence (TKE) prevails over bed-generated turbulence during the 

reaking process. 

Continuing turbulence investigations of breaking solitary waves, 

hou et al. [ 26 ] used FVM-based LES simulation to simulate 

hree-dimensional obliquely descending eddies caused by a spilling 

reaker. Additionally, this work outlined a procedure for convert- 

ng beneath-surface instabilities into powerful, three-dimensional 

ownburst vortices. The spilling type of breaking has received 

onsiderable attention, while studies on the turbulence generated 

y plunging breaking have been relatively limited. The focus of 

his study is on the investigation of the spreading of plunging- 

enerated turbulence and evaluating its characteristics. 

The studies conducted thus far on wave breaking have shown 

hat large eddies play a crucial role in the formation and distribu- 

ion of turbulence. These eddies are primarily generated by the in- 

tability of the free surface during the breaking phenomenon. The 

ES approach has proven more effective in accurately explaining 

he events associated with wave breaking. 

This study makes numerous original contributions to the shoal- 

ng zone field. First, the research uses large eddy simulation (LES) 

ith OpenFOAM to examine the turbulent structures caused by 

lunging solitary waves because plunging waves receive less atten- 

ion than spilling waves. This work represents an approach to ex- 

loring plunging breaking wave dynamics. Second, the study com- 

ares how well the zero-equation and one-equation sub-grid scale 

SGS) models simulate the distribution of turbulence kinetic energy 

TKE) under a plunging solitary wave. This comparison reveals the 

ffectiveness of SGS models in faithfully simulating wave breaking. 

dditionally, the study evaluates the performance of two distinct 

reaking onset kinematic criteria, namely the horizontal fluid ve- 

ocity at the wave crest and the maximum horizontal fluid velocity, 

n predicting wave breaking. This assessment is based on the find- 

ngs obtained from the one-equation SGS model. Finally, the one- 

quation SGS model is used to examine the distribution of TKE un- 

er a plunging solitary wave. The magnitudes of the resolved and 

nresolved (SGS) parts of the TKE are compared and ordered, pro- 

iding new insights into the roles of these components in wave 

reaking. These original contributions advance our understanding 

f coastal morphological changes and nearshore sediment trans- 

ort. 

This work aims to provide a deeper understanding of the break- 

ng and turbulent mechanisms along the shoaling region. By focus- 

ng on investigating a solitary breaking wave rather than a train 

f waves, it is possible to gain insights into wave-breaking mech- 

nisms without the influence of preceding broken waves. As the 

lunging waves exhibit common characteristics, the study concen- 

rates on a uniform slope bed that can accurately replicate plung- 

ng wave conditions. 

This study offers a novel quantitative and qualitative evaluation 

f the role of TKE components by examining the various amounts 

f resolved and sub-grid-scale TKE in plunging solitary waves at 

arious wave-breaking stages. The study highlights the significance 

f using an appropriate sub-grid-scale model to account for the ef- 

ects of the small-scale eddies that are advected and diffused be- 

eath the breaking wave. The research advances our understanding 

f turbulence transport under plunging waves by shedding light on 

he separate contributions of resolved and sub-grid-scale TKE. 
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The paper’s outline is as follows: after presenting the mathe- 

atical model, two different sub-grid scale models are introduced, 

nd their characteristics are presented in Section 2 . Validation and 

imulation quality are assessed in Section 3 , while Section 4 is al- 

ocated to the presentation and discussion of the results. The find- 

ngs are summarized in Section 5 . 

. Model description 

Through the use of large eddy simulation, a three-dimensional 

urbulence-resolving technique is employed in this study. In the 

ES framework, the field of eddies is divided into resolved and un- 

esolved parts by filtering the Navier-Stokes equation. Large-scale 

ddies are resolved using an appropriate grid size, while small- 

cale eddies are modeled using sub-grid scale models. The filtered 

artial differential equations are discretized using the finite vol- 

me approach. This numerical method is utilized to implement the 

athematical model. Proper boundary and initial conditions are 

pplied to simulate behavior as closely as possible to that of the 

ave flume. 

In order to accurately track the water surface, the Volume Of 

luid (VOF) scheme is employed. The numerical computations are 

onducted using the open-source CFD toolbox, OpenFoam. The 

ubsequent sections provide a detailed description of the mathe- 

atical and numerical models utilized in this study. 

.1. Mathematical model 

Navier-Stokes equations have been exploited to describe the 

ow of two immiscible, incompressible fluids [ 24,27 ]. The LES ap- 

roach is adopted to simulate turbulent flow due to the breaking 

ave through which the Navier-Stokes equations are filtered. Con- 

equently, the filtered continuity and Navier-Stokes equations are 

resented as follows: 

∂ ūi 

∂xi 

= 0 (1) 

∂ ūi 

∂t 
+ ∂ ūi ū j 

∂x j 

= − 1 

ρ

∂ p̄ 

∂xi 

+ gi + 2 ν
∂ S̄i j 

∂x j 

−
∂τ s 

i j 

∂x j 

(2) 

here ūi , xi , and gi are filtered velocity, position vector, and the 

omponent of gravitational acceleration in i direction, respectively. 

lthough, The indices i and j correspond to the components of 

ectors, with each index representing a specific direction or com- 

onent of the vector. When used to represent a tensor, the indices 

 and j together denote the components of the tensor, with the 

rst index specifying the row and the second index specifying the 

olumn in a matrix representation ( i, j = 1 , 2 , 3 ). p̄ is filtered pres-

ure, ν and ρ stand for kinematic viscosity and water density, re- 

pectively. S̄i j is the filtered fluid strain rate tensor and is denoted 

s: 

¯
i j =

1 

2 

(
∂ ūi 

∂x j 

+ ∂ ū j 

∂xi 

)
(3) 

n Eq. (2) , τ s 
i j 

represents the effects of the unresolved part as: 

s 
i j = ui uj − ūi ̄uj (4) 

here τ s 
i j 

is obtained from the filtering process. Since the traceless 

orm of τ s 
i j 

is preferred for the finite volume method, the deviatoric 

art of the SGS tensor is separated as: 

s 
i j = τ m 

i j + 1 

3 

τ s 
kk δi j (5) 

here δi j is the Kronecker delta and τm 

i j 
is traceless part of SGS 

ensor and modeled as τm 

i j 
= 2 νsgs ̄Si j . The sub-grid scale eddy vis- 

osity ( νsgs ) is defined as an artificial viscosity to consider the ef- 
368
ects of the unresolved part. Finally, Eq. (2) is modified as follows: 

∂ ūi 

∂t 
+ ∂ ūi ū j 

∂x j 

= − 1 

ρ

∂ ˜ p 

∂xi 

+ gi + 2
(
ν + νsgs 

)∂ S̄i j 

∂x j 

(6) 

n which ˜ p is produced by merging the difference part of 

q. (5) with the filtered pressure term as p̄ + 1 
3 τ

s 
kk 

δi j . 

.2. Sub-grid scale models 

The filtering procedure decomposes an arbitrary field f (x ) into 

wo parts, including filtered f̄ (x ) and unresolved f ′ (x ) . The re- 

olved part is obtained numerically from the computational do- 

ain, while the unresolved part needs to be modelled by a closure 

odel named Sub-Grid Scale (SGS) models. Accordingly, turbulent 

inetic energy consists of resolved and sub-grid scale parts. 

For the numerical filtering purpose, a characteristic length scale 

is introduced, and the eddies with a larger length scale than 

are taken into account by the grid size. Commonly, the charac- 

eristic length scale is determined by the cubic root of the cells’ 

olume: 

= 3 
√ 

�x �y �z (7) 

here �x , �y , and �z are cell sizes in streamwise, spanwise, and 

zimuthal directions, respectively. Several SGS models have been 

eveloped to assess sub-grid scale kinetic energy. The following 

ives a description of two of these models: 

.2.1. Zero-equation SGS model 

Smagorinsky [ 28 ] developed a primitive zero-equation SGS 

odel, in which the Smagorinsky model, turbulent stress tensor 
s 
i j 

is related to the resolved strain rate tensor S̄i j by an algebraic 

quation [ 28,29 ]. This model is based on the local equilibrium of 

KE energy production and dissipation rate, where the SGS kinetic 

nergy computed as: 

ksgs + b
√ 

ksgs + c = 0 (8) 

here for incompressible flow a = C1 ε/ �, b = 0 , and c = 2 Ck |S̄ |2 .

dditionally, Ck and C1 ε represent model coefficients which are ob- 

ained experimentally. This model has flaws due to the balance be- 

ween SGS energy production and dissipation, being addressed in 

he next generation of SGS models. 

.2.2. One-equation SGS model 

Yoshizawa and Hiriuti presented the primitive one- 

quation eddy viscosity model [ 30 ]. For considering the historical 

ffects of ksgs due to production, dissipation, and diffusion, a 

ransport equation is adopted as: 

∂(ksgs ) 

∂t 
+ ∂(ū j ksgs ) 

∂x j 

= 

∂ 

∂x j 

[(
ν + νsgs 

)∂ksgs 

∂x j 

]

+ 2 νsgs ̄Si j ̄Si j − C2 ε

k3 / 2 

sgs 

�
(9) 

here C2 ε is a model coefficient. 

Both SGS models mentioned above use constant coefficients, 

hus known as static. Compared to dynamic SGS models, which 

djust model coefficients dynamically, these models are more sta- 

le and require less computational effort. The effectiveness of the 

magorinsky (zero-equation) and k-equation (one-equation) mod- 

ls in addressing the problem of breaking solitary waves is evalu- 

ted in this paper. 

Moreover, the sub-grid scale eddy viscosity is computed using 

sgs = Ck �
√ 

ksgs in which Ck is a model coefficient. The coefficient 

alues Ck and C1 ε = C2 ε are taken as 0.094 and 1.048, respectively, 

hich are common in different research areas [ 31 ]. 
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Fig. 1. Schematic wave domain with the name of boundaries, where Front and Back boundary conditions represent the vertical planes perpendicular to Inlet BC. 
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Table 2 

Boundary conditions of pressure. 

Boundary name mathematical description 

Inlet sets the pressure gradient to the provided value such that 

the flux on the boundary is that specified by the velocity 

boundary condition. But, the BC overspecified if pressure 

formulation is presented in wave theory 

Bottom sets the pressure gradient to the provided value such that 

the flux on the boundary is that specified by the velocity 

boundary condition 

Top p0 for outflow and p0 − 0 . 5 | u2 
i 
| for inflow 

Front/Back ∂ p/∂ xi = 0 

Table 3 

Boundary conditions of volume fraction ( α). 

Boundary name mathematical description 

Inlet α is specified explicitly as a function of water surface 

based on related wave theory 

Bottom ∂ α/∂ xi = 0 

Top ∂ α/∂ xi = 0 for outflow and α = 0 for inflow 

Front/Back ∂ α/∂ xi = 0 

c

p

m

O

S

i

p

f

D

i

t  

a  

F

d

b

d

a

i

fi

.3. Volume of fluid method 

The volume of fluid (VOF) technique is utilized to trackthe air- 

ater interface in the discretized domain. Meanwhile, the fluid 

roperties in each cell are identified by the occupied fraction of 

he cell. In this method, an advection equation is coupled with the 

overning Eqs. (1) , (2) to evaluate the water surface evolution dur- 

ng the solution procedure: 

∂α

∂t 
+ ∂αuj 

∂x j 

= 0 (10) 

n which one indicator phase function ( α) is defined as the portion 

f cells’ volume occupied with the main phase fluid. Accordingly, a 

ull cell, an empty cell, and an interface cell are indicated by α = 

 , α = 0 , and 0 < α < 1 , respectively. Furthermore, fluid properties

re characterized by the phase function in the Eulerian discretized 

omain. In general, the fluid density and viscosity of each cell are 

epresented as follows: 

= αρw 

+ (1 − α) ρa (11) 

= αμw 

+ (1 − α) μa (12) 

here ρw 

, ρa , μw 

, and μa are the densities and viscosities of air 

nd water, respectively. 

.4. Boundary and initial conditions 

A domain is designed based on an experiment in which the 

olitary wave propagates. The system boundaries are depicted in 

he schematic specified domain 1 . Slip conditions are considered 

s lateral boundaries to reduce the lateral effects (Back and Front 

C). The atmospheric pressure and no-slip conditions, respectively, 

erve as the top and bottom boundaries. The wave generation is lo- 

ated at the Inlet boundary, as depicted in the Fig. 1 , and the slope

n the right side has the same conditions as the bottom bound- 

ry. Further details of the boundary conditions are presented in 

ables 1 , 2 , 3 . Moreover, a static state is postulated for the initial

ondition of the whole domain. 

.5. Numerical implementation 

OpenFOAM is employed in this study to implement numeri- 

al computations. OpenFOAM is an open-source CFD toolbox that 
able 1 

oundary conditions of velocity. 

Boundary name mathematical description 

Inlet velocities are prescribed as Dirichlet BCs 

based on related wave theory 

Bottom Dirichlet ui = 0 

Top Flow out of the domain: ∂ ui /∂ xi = 0 

Flow into the domain: assigns a velocity based on 

the flux in the patch-normal direction [14] 

Front/Back ∂ ui /∂ xi = 0 for streamwise and vertical directions 

uy = 0 where y is spanwise direction 

a

9

e

o

T

T

369
onsists of a pack of C++ libraries to solve complex fluid flow 

roblems. The readers are referred to Jasak [ 32 ] for more infor- 

ation on the finite volume approach used by OpenFOAM [ 32 ]. 

penFOAM contains a multiphase solver which solves the Navier- 

tokes equation for two immiscible, incompressible phases, named 

nterFoam. interFoam is extensively performed for modeling two- 

hase flows, including offshore and coastal problems, and its per- 

ormance in LES was validated by Zhou et al. (2014) [ 26 ]. Also, 

eshpande et al. (2012) evaluated the VOF method’s performance 

n the solver used in this study [ 33 ]. 

The numerical domain is employed to resemble the propaga- 

ion and breaking of a solitary wave with a height of 0 . 09 m in

 constant depth of 0 . 3 m joining to a 1 : 15 (V: H) slope plane,

ig. 2 . Due to the three-dimensional nature of eddies, a three- 

imensional domain is adopted to simulate the eddies produced 

y the solitary wave breaking correctly [ 19,24–26,34,35 ]. However, 

ue to computational cost limitations, the width of the domain 

dopts one-third of its experimental counterpart. 

This domain consists of four longitudinal subdomains, tabulated 

n Table 4 . These subdomains are chosen based on balancing the 

ne mesh required to observe the vortices in the breaking zone 

nd computational cost. The numerical domain includes more than 

.5 million cells, which contain 99.9% polyhedra-type cells. How- 

ver, the geometry of the problem dictates an unstructured mesh 

ver the slope. 
able 4 

he subdomains range and minimum cells’ size in each direction. 

subdomain zones �x (m ) �y (m ) �z(m ) 

1 −14 < x < 0 0.02 0.043 0.011 

2 0 < x < 1 . 5 0.01 0.021 0.0055 

3 1 . 5 < x < 4 . 7 0.005 0.011 0.0027 

4 4 . 7 < x < 7 . 5 0.01 0.021 0.0055 
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Fig. 2. Schematic numerical domain and its dimensions. The horizontal bottom joins 1:15 (V:H) slope at x = 0 . 

Table 5 

Different spatial discretization with a fixed Courant value of 0.2. 

test number 1 2 3 4 5 6 

min �x (m ) 0.0043 0.005 0.0056 0.0063 0.0082 0.0131 

min �y (m ) 0.0095 0.011 0.0123 0.0139 0.018 0.0289 

min �z(m ) 0.0023 0.0027 0.0031 0.0034 0.0047 0.0071 

Number of cells ( ×106 ) ≈ 11 ≈ 9 . 5 ≈ 8 . 6 ≈ 7 . 7 ≈ 5 . 8 ≈ 3 . 7 

NRMSE finest 0.0024 0.0079 0.0198 0.0147 0.0333 
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. Model assessment 

This section assesses modeling validity in three stages: conver- 

ence, validation, and LES performance evaluation. All numerical 

odel results are taken from a vertical longitudinal surface in the 

omain’s middle to minimize the effects of lateral boundaries. 

.1. Convergence 

The convergence tests consist of spatial and temporal parts. In 

he former, the results are investigated against different mesh sizes 

ith a constant Courant number ( Co = u �t/ �x ), while in the lat-

er, the Courant number changes with a fixed mesh size. Con- 

ergence was studied using the finest mesh size and the small- 

st Courant number as benchmarks. The Normalized Root Mean 

quare Error (NRMSE) criterion is used for this aim: 

RMSE =

√ ∑ n1 + N 
n = n1 

(ζ
finest, n 

−ζn )2 

N 

ζfinest, max − ζfinest, min 

(13) 

here n is the counter of the peer value in the space domain, ζ is

he studied property, and N is the total number of samples. 

The numerical water surface results for different mesh sizes are 

ompared to evaluate mesh adequacy. The convergence test is con- 

ucted for water surface changes within the whole simulated do- 

ain using the NRMSE criteria. The water surface ( η) is adopted 

s ζ , in Eq. (13) , which is determined as the locus of all points

ith α = 0 . 5 . The properties and NRMSE of different mesh sizes

nd Courant numbers are tabulated in Tables 5 and 6 , respectively. 

n addition, the results are plotted in Figs. 3 and 4 in which h de-

otes the water depth. 

As illustrated in Fig. 3 , the results are approached the finest 

esh size (Test 1), as long as mesh size decreases. Additionally, the 

ashed line and dotted line coincide, which means the results of 

ests 1 and 2 are consistent. As shown in the subfigure, the NRMSE 
able 6 

ifferent tem poral discretization tests, while in these bunch of tests, the mesh sizes 

re identical ( �x = 0 . 005 m, �y = 0 . 011 m, �z = 0 . 0027 m ). 

test number 1 2 3 4 

Courant number 0.15 0.2 0.5 0.8 

NRMSE finest 0.0028 0.0168 0.0332 

η

w

γ
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ecreases in a roughly exponential relationship with the increasing 

umber of cells. Hence the mesh size of Test 2 is adopted for the 

eference mesh size as it is close enough to the horizontal part of 

he computational cost graph. 

The dependence of the numerical model on the Courant num- 

er is depicted in Fig. 4 . A Courant of 0.2 is sufficiently close to

he benchmark test (Test 1) to select its attributes for the ultimate 

odel. Comparing Figs. 3 and 4 infers that Courant dependency in 

he high gradient water surface region is remarkable, whereas the 

esh size affects the whole domain. 

.2. Validation 

In this section, the validation of numerical results is examined 

gainst theoretical values and experimental data. In the former, the 

ater surface of the numerically propagated solitary wave is com- 

ared to its equivalent theoretical values using a constant water 

epth condition. Whereas, in the latter, the water surface of the 

umerical simulation is validated against laboratory results in the 

reaking zone [ 36 ]. 

.2.1. Validation against theoretical values 

In a numerical practice, the Boussinesq theory is used to gen- 

rate a solitary wave using the BCs described in Section 2.4 . The 

elow function for adjusting the water surface at the inlet bound- 

ry is followed by the boundary condition for the phase function 

 alpha ) [ 37,38 ]: 

= h + Hsech2 

( √ 

3 H 

4 h3 
(x − C0 t)

) 

(14) 

here H and C are wave height and celerity ( C0 =
√ 

g(h + H) ). Be- 

ides, Boussinesq and Grimshaw’s theories allow having a theo- 

etical counterparts for propagating the wave, where the rst-order 

olitary wave theory of Grimshaw is defined as [ 39 ]: 

= h + h

(
εs2 + 3 

4 

ε2 s2 β2 + ε3 

(
5 

8 

s2 β2 − 101 

80 

s4 β2 

))
(15) 

here 

ε = 

H 

h 

; s = sech (γ (x − ct)) ;β = tanh (γ (x − ct)) ;

= 

√ 

3 

4 

ε

(
1 − 5 

8 

ε + 71 

128 

ε2 

)
(16) 
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Fig. 3. Wavefront elevation of the stated tests is compared using the indicated space’s horizontal axis at a certain moment. 

Fig. 4. The convergence dependency of the water surface to the Courant number; the wavefronts are compared in specified space and moment. 

Fig. 5. The numerical model and theoretical solitary wave surface comparison. The dimensionless time variable is defined as 
√ 

t(g/h ) when the wave crest is located in 

x/h = −30 at 
√ 

t(g/h ) = 0 [ 40 ]. The wave is generated at x/h = −46 . 67 . 

371
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Fig. 6. The numerical results versus experimental data for water surface around breaking point. t∗ = 0 is defined as when the crest of the wave across the join of slope and 

horizontal bottom ( x = 0 ). 
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Fig. 7. Time series of kres and ksgs portion in the whole domain, while tb = 0 is 

taken as the exact time of breaking (when the wavefront becomes vertical). 
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ig. 5 illustrates the comparison of numerical simulation and the- 

retical values for two dimensionless times of 
√ 

t(g/h ) = 0 and 

 

t(g/h ) = 8 . 51 when the wave crest is at x/h = −30 and x/h =
20 , respectively. As is illustrated in Fig. 5 , the numeric wave con-

ects with the same celerity as the theory counterparts; mean- 

hile, less than a 1% change in the amplitude and the phase dif- 

erence is observed between them. 

.2.2. Validation against experimental data 

Li [ 36 ] provided water level images of four specific stages dur- 

ng a solitary wave breaking on a 1:15 slope. These results are 

idely used for numerical validation, as in this study. The numeri- 

al model results are compared with the experimental data and are 

llustrated in Fig. 6 . The results show a good agreement between 

he experimental and numerical models in the breaking zone. 

.3. Performance assessment of LES 

In the LES approach, the total turbulence consists of resolved 

nd unresolved parts. The resolved part stems from a time-average 

elocity field and contains turbulence fluctuations due to large ed- 

ies. The instantaneous velocity is decomposed to the mean and 

uctuations as: 

i = 〈ui 〉 + u′ 
i (17) 

here ‘ 〈〉 ’ represents time-average operator, 〈ui 〉 is mean veloc- 

ty, and U′ is velocity fluctuation. The mean velocity and prime- 

quared mean Reynolds stresses ( 〈 u′ 
i 
u′ 

j 
〉 ) are directly obtain from a 

ibrary of OpenFOAM and the resolved turbulent kinetic energy is 

alculated as follows: 

res =
1 

(〈 u′ 
i u

′ 
i 〉
)

(18) 

2 
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here u′ 
i 

is velocity fluctuation in different directions. As an es- 

imation in LES, a good mesh empowers the numerical model to 

esolve most of the energy and a smaller part of TKE modelled by 

he SGS model. The total turbulence level is defined as summation 

f resolved kinetic energy ( kres ) and the sub-grid scale turbulence 

 ksgs ), which are obtain from Eqs. (8) , (9) . 

Fig. 7 illustrates the time series of �kres / �kt and �ksgs / �kt 

here �k represents of instant summation of k in the whole do- 

ain. All in all, the results demonstrated that the mesh resolved 

ore than 95% of turbulence levels. 

. Results and discussion 

As mentioned in Section 1 , breaking onset and wave collapsing 

ave different physics. In the breaking process, which is the fo- 
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Fig. 8. The schematic figure for solitary wave evolution with time in a horizontal domain joining to a sloping plane. The dashed line shows the maximum solitary wave 

height envelope. 

Fig. 9. Celebrities and maximum wave height envelope for both SGS models. The dashed line represents theoretical wave celerity C0 =
√ 

g(H(x ) + h (x )) . The left vertical 

axis stands for the wave height, whereas the right one specifies the velocity scale. Noteworthy, the results of the theoretical wave celerity for both SGS models coincide (the 

red dash-dotted line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

c

t

b

d

s

s

v

d

l

w

l

i

p

v

h

t

i

a

c

m

s

S

m

a

s

g

i

m

z

o

d

l

c

t

s

a

4

w  

m

v

m

z

w

n

m

a

t

s

c

h

t

h

S

a

i

S

t

e

c

g

c

w

i

t

a

w

us of this study, the dynamics of wave motion lead to wave over- 

urn at the breaking point. This study aims to evaluate the tur- 

ulent kinetic energy (TKE) and associated hydrodynamic events 

uring breaking in the shoaling zone, which has both scientific 

ignificance and engineering value. As a solitary wave crosses the 

hoaling zone, the breaking process generates different sizes of 

ortices [ 24 ]. The large-scale turbulence is produced by the break- 

own of these large vortices, leading to an increase in turbulence 

evels beneath the wave surface as the ratio of water depth to 

ave height decreases [ 41 ]. Furthermore, surface-generated turbu- 

ence occasionally dominates bed-generated turbulence, emphasiz- 

ng the importance of evaluating the TKE in the breaking wave 

henomenon [ 41,42 ]. 

Depending on breaking type, turbulence structures are con- 

ected and diffused by the wave by the breaking [9,11,12] . Fara- 

ani and Dalrymple [ 25 ] demonstrated that the turbulence struc- 

ures move seaward under the spilling break, whereas they move 

n the other direction under the plunging break [ 25 ]. Moreover, the 

mount of energy dissipated by plunging breakers is considerable 

ompared to spilling breakers. Therefore, this study conducts a nu- 

erical analysis to investigate the fate of TKE under a plunging 

olitary wave. 

The model described in Section 2.1 was examined in 

ection 3 in light of both experimental data and the theoretical for- 

ulation. Section 3 provided a validation of the numerical model, 

nd this section uses the validated model to elucidate plunging 

olitary waves in more detail. 

A three-dimensional numerical simulation was used to investi- 

ate the turbulent flow structures under a laboratory-scale break- 

ng solitary wave. The study begins by examining the celerity and 

aximum height envelope of the solitary wave in the shoaling 

one. Two sub-grid scale (SGS) closure models, including zero- and 

ne-equation models, were used to evaluate and compare the pro- 

uction and spread of TKE in the shoaling zone. The turbulence 

evel and velocity fields were then assessed just before the wave 

ollapsed. The last subsection examines the flow field characteris- 

ics before the wave collapses and parameterizes the breaking on- 
373
et; two different kinetic criteria are examined: wave crest velocity 

nd maximum surface particle horizontal velocity. 

.1. Solitary wave evolution on slope plane 

Numerous studies have focused on the evolution of solitary 

aves moving along a flat or sloping plane [ 43–48 ]. One of the

ost well-known equations for describing wave height and wave 

elocity is the Boussinesq equation ( Eq. (14) ). However, these for- 

ulas were developed for a solitary wave propagating on a hori- 

ontal bottom. Some research focused on the evolution of solitary 

aves on a sloping beach where shoaling is the dominant phe- 

omenon [ 46–49 ]. 

The simulation of the evolution of the solitary wave in the nu- 

erical flume is done in this study, which includes generation 

t the start of the 14-meter horizontal domain, crossing along 

he flume’s section of constant water depth, shoaling on the 1:15 

lope plane, and ultimately collapsing at the breaking point. Be- 

ause of the direct relationship between the wave energy and wave 

eight, comparing wave heights at various locations illustrates that 

he wave’s energy remains conserved during propagation in the 

orizontal bottom section without any source or sink of energy, 

ection 3.2.1 . The decrease in water depth within the shoaling zone 

ffects wave height, and Fig. 8 schematically illustrates the shoal- 

ng process, wave breaking, and maximum wave height envelope. 

ince the comparison of both SGS closure models is the focus of 

his subsection, the results of wave celerity and maximum height 

nvelope are examined ( Fig. 9 ). 

As is illustrated in Fig. 9 , the wave celerity and height remains 

onstant while propagating on the horizontal bottom. At the be- 

inning of the shoaling zone, the envelope level fluctuates due to 

hanges in the mesh size in transient between subdomains. The 

ave height increases continuously by crossing over the slope until 

t reaches the breaking point at the maximum envelope value. At 

he breaking point, the wavefront becomes vertical and overturns 

round x = 4 . Beyond that point, the wave height reduces rapidly, 

hich is not the concern of this study. 
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Fig. 10. Turbulent Kinetic Energy propagation in the domain obtained from the zero-equation SGS model for various time steps. Different parts are related to eight snapshots 

at (a) tb − 1 , (b) tb − 0 . 8 , (c) tb − 0 . 6 , (d) tb − 0 . 4 , (e) tb − 0 . 2 , (f) tb , (g) tb + 0 . 2 , and (h) tb + 0 . 4 . Where tb corresponds to when the front face of the wave crest becomes a 

vertical instance. The wave breaks at stage (f) when the front face of the wave crest becomes vertical, while (g) and (h) represent the collapsed wave. 
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The water surface profiles and wave velocity evolutions ob- 

ained from the two SGS models were compared, and the results 

ndicate no significant discernible differences between the results 

f the two models. Furthermore, a comparison of the wave ve- 

ocities resulting from simulation with their theoretical counter- 

arts is depicted in Fig. 9 . the theoretical and numerical celerity 

re shown in Fig. 9 . In the former, the ratio of the wave crest

isplacement to the time step is adopted to calculate wave celer- 

ty. In the latter, the wave celerity is calculated theoretically us- 

ng C0 =
√ 

g(H(x ) + h (x )) , where H(x ) and h (x ) are the numerical 

odel’s wave height and water depth at a certain location, respec- 

ively. 

The results depict that, within the shoaling zone, the numeri- 

ally calculated wave celerity ( C) is significantly less than its the- 

retical value ( C0 ). There are also some noticeable variations in 

he numerical findings’ patterns; whilst the trend is downward at 

he beginning (0 < x < 2) , it becomes inverse with a greater rate

n the middle of the shoaling zone (2 < x < 3) . This trend will

ventually decline and eventually reach the breaking point. Grill 

t al. Grilli et al. [ 47 ] reached the same conclusions [ 47 ]. Similarly,

nowles and Yeh [ 49 ] compared the solitary wavelength and the 

lope length to identify their effects on wave height during shoal- 

ng [ 49 ]. All in all, the reasons for the difference between the theo-
 b
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etical and numerical results, as well as the numerical celerity vari- 

tions, are summarized as follows: 

• The non-dispersive assumption that underlies theoretical 

celerity ( C0 ) is untrue in the shoaling zone, while the soli- 

tary wave involves nonlinearity and frequency dispersion. 
• The previously mentioned descending celerity approach is 

due to frequency dispersion. 
• The dominance of wave nonlinearity on the dispersion effect 

justifies increasing wave velocity. 

In addition, there is a tiny difference between the wave celerity 

alculated using the zero-equation and the one-equation models. 

his discrepancy causes a wave phase difference of about 0.02 s 

etween the two SGS models. 

.2. Turbulent kinetic energy distribution through breaking proccess 

As previously mentioned in the introduction, vortices are 

ormed underneath the water’s surface behind the crest of a break- 

ng wave. These vortices break up and create turbulent structures 

hat quickly spread throughout the water. The distribution of tur- 

ulent kinetic energy (TKE) varies depending on the type of wave 

reaking, with TKE either traveling landward or seaward. In this 
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Fig. 11. Turbulent Kinetic Energy propagation in the domain obtained from the one-equation SGS model for various time sections. 
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ubsection, the distribution of TKE under a plunging solitary wave 

ill be compared using both the zero- and one-equation sub-grid 

cale (SGS) models. 

Figs. 10 and 11 illustrate the qualitative spreading of the TKE 

nder the solitary wave in the shoaling zone using the results 

f zero- and one-equation SGS models. The figures demonstrate 

he TKE intensity, wave crest position, and chronological order of 

he eight stages of the breaking process. At the initial breaking 

tage (stage a), the turbulence resulting from wave-bottom inter- 

ction is more intense than the TKE for the entire domain. As time 

asses, the surface-generated turbulence begins to penetrate the 

eeper layer of the water column and gradually dominates bottom- 

enerated turbulence. 

According to the qualitative results of the model, the region 

haracterized by higher turbulence intensity (as represented by the 

olor green in Figs. 10 and 11 ) expands downward and forward 

uring the breaking process. This observation is consistent with 

he findings of Ting and Kirby in their 1995 study [11] . As a re-

ult, the higher-level turbulent structures dominate over the wave 

rest due to shoaling effects. Com paring the stage (h) of the two 

GS models reveals that the one-equation model exhibits a higher 

ate of turbulence propagation than the zero-equation model. 

For a more thorough analysis of the differences between the 

wo SGS models, Fig. 12 quantitatively depicts dimensionless TKE 

rofiles beneath the wave crest. 
375
Since the TKE in the LES approach consists of resolved ( kres ) 

nd sub-grid scale kinetic energy ( ksgs ), their profiles are con- 

rasted in Fig. 12 in chronological order (subfigures (a) to (h)). To 

nsure a consistent vertical scale between 0 and 1, the dimension- 

ess variable (z − zbot ) / (η − zbot ) is chosen, where zbot represents 

he bottom level beneath the wave crest. The wave celerity square 

 C2 ) also renders the TKE profiles dimensionless. 

According to the models’ outcomes, due to the absence of a 

oundary layer mesh for resolving smaller near-bed vortices, the 

ortion of ksgs is greater than that of kres . Subsequently, the max- 

mum values of ksgs occur close to the bottom for both SGS mod- 

ls, whereas kres decreases near the bottom. 

Both simulations use an identical grid size, resulting in approx- 

mately similar kres values during the primary stages (a) to (f). 

owever, after the breaking process, kres,One is found to be 6% 

reater than its zero-equation counterpart, indicating TKE convec- 

ion (stage (h)). 

The ratio of kres /ksgs decreases over time, indicating that sub- 

rid scale models become increasingly important as the wave ap- 

roaches the breaking point. Therefore, choosing an SGS model 

ompatible with the characteristics of TKE transportation in the 

reaking phenomenon is crucial. However, for the collapsed stage 

h), the resolved part of the TKE ( kres ) grows in size until it over-

akes the SGS part. It is deduced that in the surf zone, the kres 
ises more rapidly than ksgs . 
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Fig. 12. Comparison of the TKE profiles under the wave crest between zero-equation and one-equation SGS models. Subscript Zero and One represent zero-equation and 

one-equation SGS models, respectively. (a) tb − 1 , (b) tb − 0 . 8 , (c) tb − 0 . 6 , (d) tb − 0 . 4 , (e) tb − 0 . 2 , (f) tb , (g) tb + 0 . 2 , and (h) tb + 0 . 4 where tb is defined as the moment when 

front face of the wave crest becomes vertical. 
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Over time, ksgs,One increases beneath the wave crest, while 

sgs,Zero remains roughly constant. The growing difference be- 

ween ksgs,One and ksgs,Zero suggests that the SGS component 

f TKE is not adequately convected in the zero-equation model. 

n contrast, the upwind turbulence level (surface-generated turbu- 

ence) in the one-equation model characterizes the turbulent prop- 

rties beneath the wave crest, which is consistent with experimen- 

al observations [11] . 

The maximum values of kres and ksgs for stages (a) and (h) are 

resented in Table 7 to assess the ordering of the TKE part before 

nd after wave collapsing. The maximum values of TKE show that 

lthough the variation of kres for both models is the same, the 

rowth rate of ksgs in the one-equation model is twice as fast as 

n the zero-equation model. Additionally, the ksgs,One is one order 

f magnitude larger than ksgs,Zero . 

The zero-equation model is based on the assumption of local 

quilibrium between turbulent production and energy dissipation 

ate, while the ksgs,One is calculated by a transport equation. As 

s demonstrated in reference [9] , the nature of turbulent structures 

n the shoaling zone is inconsistent with local equilibrium assump- 

ion. Since most of TKE is resolved by the mesh and only a mi- 

or portion of TKE is modeled with the SGS models, both simu- 

ations imply the transportation of TKE. Nevertheless, a compari- 

on of ksgs,Zero and ksgs,One indicates that the one-equation SGS 

odel exhibits significantly superior performance in the transport 
able 7 

aximum values of ksgs and kres for both SGS models. 

stages kres,Zero /C2 kres,One /C2 ksgs,Zero /C2 ksgs,One /C2 

(a) 0.0015 0.0015 0.0005 0.002 

(h) 0.0041 0.0042 0.0018 0.012 
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f turbulence. Overall, the results of the one-equation SGS model 

how the advection and diffusion of TKE in the domain, which is 

onsistent with the experimental findings [11] . 

.3. Flow field properties before wave collapsing 

Following the breaking process, a new hydrodynamics field con- 

aining air entrainments is created by the wave overturns and 

vents brought on by the collapse. On the other hand, the hydrody- 

amics before collapsing is related to the time history of the insta- 

ilities appearing beneath the surface. In the following, the results 

f the one-equation SGS model are used to analysis the flow field 

f four timesteps leading to the wave collapse ( tb − 0 . 3 , tb − 0 . 2 ,

b − 0 . 1 , and tb ). 

Fig. 13 illustrates the details of the flow characteristics, includ- 

ng kinematic and turbulent properties, at three different levels 

over the bottom, mid-depth, and beneath the water surface), as 

hown in subfigure (1). Additionally, two kinematic breaking cri- 

eria are employed, including the horizontal fluid velocity at the 

ave crest uc and the maximum horizontal fluid velocity around 

he wavefront surface um 

. These criteria are depicted with vertical 

reen dashed uc and dotted um 

lines in Fig. 13 . 

.3.1. Kinematic properties 

The ratio of surface horizontal velocity to wave celerity, denoted 

s u/C, is employed to assess the kinematic properties. This ref- 

rence is shown to compare the uc and um 

criteria in Plot (2) of 

ig. 13 [ 50 ]. Furthermore, the breaking moment ( tb ) is identified 

s the point at which the wavefront becomes vertical. At this mo- 

ent, a cusp is evident in the u/C graph at the breaking point, as 

epicted in subfigure (d). 

Plots (5) and (6) show the horizontal and vertical velocities for 

ach time step. Maximum values ( um 

) occur ahead of the wave 

rest due to a phase difference between the horizontal velocity be- 
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Fig. 13. The flow field characteristics under breaking wave. The horizontal fluid ve- 

locity at the wave crest ( uc represented as green dashed line) and the maximum 

horizontal fluid velocity ( um represented as green dotted line) around the wavefront 

surfaceare shown with the green vertical dashed and dotted lines, respectively. Dif- 

ferent levels are depicted in subfigure (1) where the near bottom line is selected 

2 cm upper than the bottom. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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eath the water surface. The horizontal velocity, however, is syn- 

hronized with the water’s surface at mid-level and close to the 

ottom. Notably, the horizontal velocity near the surface has higher 

alues than at the mid-level and near the bottom, particularly at tb . 

In terms of vertical velocities, the slope of the w graph beneath 

he surface is greater than the slopes of the mid-level and over- 

ottom counterparts. Meanwhile, as it approaches tb , the w graph 

ecomes steeper. The azimuthal particle velocity graphs show that 

he inflection point of vertical velocities in each level occurs at the 

ame location as um 

. Kinematic properties suggest that the max- 

mum horizontal velocity criterion ( um 

) is more appropriate for 

inematic events in the shoaling zone than the horizontal fluid ve- 

ocity at the wave crest ( uc ). This finding is in agreement with the 

esults of a previous study conducted by Varing et al. [ 50 ]. 

.3.2. Turbulent properties 

The streamwise axial Reynolds stress (〈 u′ 2 〉 ) graphs (plots (3)) 

ndicate a relatively uniform distribution in depth and have similar 

agnitudes within the breaking zone. In contrast, the vertical axial 

eynolds stress ( 〈 w′ 2 〉 ) graphs (plots (4)) show a two-fold decrease 

n magnitude with increasing depth. According to its definition (re- 

ation 18 ), the vertical distribution resolved kinetic energy ( kres ) is 

ostly influenced by variations in 〈 w′ 2 〉 . 
Regarding the SGS component of TKE, plots (7) show that ksgs 

as a significant value under the free surface. Since there is no 

oundary layer mesh, ksgs is greater near the bottom than at the 

id-level. Despite an increase in ksgs near the breaking point, kres 
s at least one order greater than ksgs . Therefore, it is concluded 

hat most TKE is carried by the resolved eddies. As a result, the 

umerical simulation is very close to DNS. 

In terms of turbulent shear stresses (plots (8)), far from the 

reaking point, the near bottom shear stress 〈 u′ w′ 〉 is larger than 

he whole water column with the almost constant distribution, in- 

icating the spreading of the surface-generated shear stresses to 

he deeper layers. Around the wave crest, the mid-level 〈 u′ w′ 〉 
raphs increase slightly and dominate their near-bottom peer. 

Notably, the turbulent properties’ extremums occur at um 

, 

hich indicates the superiority of um 

to uc in evaluating the 

urbulent-related breaking phenomena. 

. Conclusion 

This study employed a three-dimensional large eddy simulation 

o compare the performance of the zero- and one-equation sub- 

rid scale models in simulating a plunging solitary wave. The ac- 

uracy of the numerical model in predicting wave celerity and free 

urface evolution was determined by validating it against analytical 

nd laboratory results. The analysis suggests that both SGS models 

ccurately predict the water surface and wave celerity during the 

ave propagation and shoaling processes, where no significant dif- 

erences are observed between the models. 

During the breaking process, the turbulence levels were stud- 

ed using Turbulent Kinetic Energy (TKE), which includes resolved 

res and unresolved ksgs components. The results demonstrated 

hat both SGS models have maximum values of ksgs near the bot- 

om, while kres decreases close to the bottom. 

The resolved part of both models indicates similar values 

uring breaking, while the growth rate of the unresolved part 

n the one-equation model is twice faster than in the zero- 

quation model. Furthermore, the maximum values of ksgs in the 

ne-equation model are at least an order of magnitude greater 

han its zero-equation model counterpart. As the wave approaches 

ts collapsing point, the ratio kres /ksgs decreases, indicating that,as 

he wave approaches the breaking point, the role of sub-grid scale 

odels becomes increasingly important. Therefore, choosing an 
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GS model compatible with the characteristics of TKE transporta- 

ion in the breaking phenomena is crucial. The results of the one- 

quation SGS model, which agree with the experiment results, il- 

ustrate the advection and diffusion of the TKE in the domain. The 

undamental assumption of the zero-equation model, on the other 

and, is equivalent to turbulent kinetic energy production and dis- 

ipation, which restricts the accuracy of the transport of ksgs . The 

omparisons indicate that the one-equation SGS model is more ef- 

ective in capturing the small-scale turbulent motions during the 

reaking process. 

Additionally, the results of the one-equation model were used 

o examine two kinematic breaking criteria: the horizontal fluid 

elocity at the wave crest uc and the maximum horizontal fluid 

elocity around the wavefront surface um 

. Through the analysis of 

inematic and turbulent characteristics, it was found that the um 

riterion is a better predictor of the onset of breaking waves com- 

ared to uc . 
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