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The spilling and plunging breakers in surf zone are simulated by the non-hydrostatic shock-capturing model with or without turbulent dissipation/model. Geometric and dynamic breaking criteria and wave energy flux are investigated to show the differences on breaking onset and energy dissipation. Comparisons between the k-ϵ and laminar data indicate that both of them give reasonable results, but the absence of turbulent dissipation would cause the seaward movement of breaking point, the underestimation of maximum breaking wave height, and the overprediction of breaking energy loss. And the laminar data presents greater change for velocities near the surface and bottom, resulting in a significantly larger proportion of kinetic energy flux after wave breaking, while the k-ϵ data can give better consistency with the measured in velocity calculations.
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1 Introduction

Surface water waves at the transition to breaking are the critical design conditions for marine and coastal structures (Silvester, 1974). Since time immemorial, wave breaking is a great challenge for numerical simulation, due to its rapid changes in wave surface and wave energy, with strong nonlinearity. The numerical methods for wave breaking can be divided into two categories: 1) the combination of wave breaking criteria and energy dissipation mechanics, 2) shock-capturing method. In the shock-capturing method, wave breaking is automatically captured as the weak/discontinuous solution of the governing equations, and the wave-breaking energy is dissipated by numerical dissipation. The shock-capturing methods have been widely used in some famous numerical models, such as OpenFOAM (Jacobsen et al., 2012), SWASH (Zijlema et al., 2011) and NHWave (Ma et al., 2012). SWASH and NHWave are also called non-hydrostatic models, which don’t take hydrostatic pressure assumption in vertical direction, tracking the free surface as a single-valued function. And these shock-capturing models have been compared and validated against many physical experimental results (Castro-Orgaz et al., 2022; Fang et al., 2022; Gao et al., 2021; Gong et al., 2024; Pablo et al., 2013; Qu et al., 2022; Stelling and Zijlema, 2003; Weijie et al., 2022). However, some issues still deserve discussion. For example, the role of turbulent model, the necessity and impact of turbulent dissipation for capturing wave breaking onset and energy loss.

Traditionally, the effect of non-hydrostatic pressure can be included by a Boussinesq-type approximation through adding higher order derivative terms to the nonlinear shallow water equations (NSWE) (Fang et al., 2015; Gao et al., 2023), where a criterion is used to switch from Boussinesq to NSWE (Gao et al., 2024). And wave breaking energy dissipation can be computed by adding dissipation models to the Boussinesq equations (Zijlema and Stelling, 2008), such as eddy viscosity models (Kennedy et al., 2000; Zelt, 1991), roller models (Madsen et al., 1997) and vorticity models based on a transport equation for the breaker-generated vorticity (Roeber et al., 2010; Veeramony and Svendsen, 2000). These models take a trigger or a criterion to provide the onset and termination of wave breaking and a calibration of some tunable parameters inherent in these models is required. Currently, the non-hydrostatic models are based on incompressible Navier-Stokes equations, incorporating the shock-capturing capabilities of Godunov-type schemes to describe wave breaking and other nearshore processes (Zijlema and Stelling, 2008). By considering the similarity between breaking waves and hydraulic jumps, energy dissipation due to turbulence generated by wave breaking is inherently accounted for, but some differences in handling the turbulent dissipation should not be passed over lightly. Viscosity and turbulent dissipation terms are ignored in some non-hydrostatic models, such as SWASH. Using two vertical layers, SWASH gave reasonable computed results for regular wave breaking on a slope, except for the underestimation of wave height at breaking point (Zijlema et al., 2011). He et al. (2020) proposed a non-hydrostatic model based on Euler equations for the numerical investigation of deep-water wave evolution including wave breaking, of which the shock-capturing scheme is different from NHWave. While NHWave applied HLL (Harten-Lax-van Leer) Riemann solver and piecewise linear reconstruction as the shock-capturing scheme for wave breaking, with the Smagorinsky subgrid model for turbulent kinematic viscosity. Derakhti et al. (2016) incorporated the k-ϵ turbulent model into NHWave for wave breaking in the surf zone and deep-water, reporting that   results in the overprediction of the total wave-breaking-induced energy loss and wave height decay compared with observations. Qu et al. (2024) also used NHWave (volume-averaged k-ϵ turbulence model) to simulate the propagation process of random waves over permeable coral fringing reefs, arguing that the model accurately simulates the wave breaking on the permeable fringing reef. Besides, OpenFOAM uses volume-of-fluid method to track free surface, but also contains dynamic pressure, shock-capturing methods and turbulent dissipation, has also been validated in the simulation of wave breaking (Amini and Memari, 2024; Croquer et al., 2023; Mi et al., 2025; Song et al., 2025; Tsai et al., 2024). Chrysanti et al. (2023) compared laminar and turbulent closure models for dam-break flows using OpenFOAM, reporting that turbulent models achieve better results, but the improvement compared to laminar models is marginal.

According to the research mentioned above, it seems that the shock-capturing non-hydrostatic model could simulate wave breaking accurately regardless of turbulent models. Although it’s well known that wave breaking dissipates through entrainment of air bubbles into the flow and the generation of currents and turbulence. Various turbulent models (such as k-ϵ, k-ω and Renormalized Group) just solve spatial-temporal varying   for the Reynolds stress term added in the momentum equations, which works as physical dissipation, in contrast to the numerical dissipation of shock-capturing schemes. Consequently, it’s necessary to investigate the impact on wave breaking in the non-hydrostatic shock-capturing model with or without turbulent dissipation, i.e. physical dissipation and numerical dissipation.

This paper is organized as follows: Section 2 gives a brief description of the present shock-capturing non-hydrostatic model, as well as the details of numerical setup for the cases. Numerical results, comparisons and discussions are given in Section 3, categorized into breaking onset (Section 3.1) and energy dissipation (Section 3.2). Conclusions are presented in Section 4.




2 Numerical model and simulation set-up

The non-hydrostatic shock-capturing used for numerical simulation was developed by He et al. (2020), based on Reynolds-averaged Navier-Stokes (RANS) using the single-value free surface method. This model is the modified version of NHWave, but the third-order weight essential non-oscillation (WENO) scheme and multi-stage (MUSTA) solver are applied instead of the piecewise linear reconstruction and HLL Riemann solver. In other words, the numerical model used here is still a non-hydrostatic shock-capturing model just like NHWave, but with a different shock-capturing scheme. This model has been validated against physical experimental data, including wave breaking in surf zone (He et al., 2022) and deep water (He et al., 2020). Besides, k-ϵ turbulent model is used here to compute the turbulent motion. That is  , where   is the kinematic viscosity, k is the turbulent kinetic energy, ϵ is the turbulent dissipation rate, and  , more details can be referred to He et al. (2022).

Both spilling (hereafter referred as TK1) and plunging (hereafter referred as TK2) cases of Ting and Kirby (1994) are selected to study the impact of turbulent dissipation on wave breaking in surf zone. Figure 1 sketches the layout of computational domain and Table 1 lists the input parameters of incident waves. Regular waves are generated by internal wavemaker, 5 m from the left edge of the numerical tank. This experiment has been widely used by other researchers to validate both non-hydrostatic models using a terrain-following grid, so the parameters and convergence of grid has been discussed much (Derakhti et al., 2016). Generally, the non-hydrostatic model can predict wave propagation well and achieve excellent nonlinearity with a relatively few (three to five) vertical layers (Ma et al., 2012; Panagiotis et al., 2024). In this paper, for both TK1 and TK2, a uniform grid of Δx = 0.025 m is used in x direction (smaller than 1/150 of the wavelength), and 8 uniformly spaced σ-levels in z direction. For each case, the simulations are carried separately for two conditions: with turbulent model (k-ϵ data) and without turbulent model (laminar data).




Figure 1 | The layout of computational domain for TK1 and TK2.




Table 1 | Incident wave conditions (H0, T0 and L0 are respectively the wave height, period and wave length of incident wave; xb and db are the horizontal location and depth of the breaking point).



For TK1 and TK2, the wave heights in horizontal region are very close, i.e., about 0.13 m. But the wave period is increased from 2 s to 5 s, resulting in the ratio of wave height to wavelength of the plunging breaker TK2 is 0.0023, about one tenth of the spilling breaker TK1. As described in physical experiments, though the turbulent bores from the spilling breaker are similar visually to those from the plunging breaker, their flow fields are different, as well as the breaking strength and turbulence intensities. Here, TK1 and TK2 are chosen for simulation and comparison, investigating the discrepancies in wave breaking process with or without turbulent models.




3 Results and discussions

The breaking onset and the energy dissipation are non-trivial problems in the numerical simulation of wave breaking, involving changes in wavefront, velocity fields and wave energy. Therefore, the following discussions are organized by 3.1 breaking onset and 3.2 breaking energy dissipation, to study the effect of turbulent model.



3.1 Breaking onset

Firstly, the distribution of the mean wave height   and mean surface elevation   are presented to give an overview of the differences in simulated results. As shown in Figure 2, The distribution of wave height for the spilling breaker TK1 and plunging breaker TK2 is validated against measured data. In terms of wave height, the increase due to shoaling and the sharp decrease after wave breaking are presented for all results. It seems that both k-ϵ and laminar results are reasonable except some relatively small differences, showing agreement with the measured data generally. Perhaps it can be inferred that with or without turbulent models would not have the distortion of results for wave breaking simulation in the present non-hydrostatic model. What’s more, the differences between k-ϵ and laminar results are varied before and after wave breaking. Next, the differences will be discussed further, including the geometry and dynamic characteristics for breaking onset.




Figure 2 | Distribution of mean wave height and mean surface elevation for (A) TK1 and (B) TK2.



Clearly, in both TK1 and TK2, the curves of   and   for the k-ϵ and laminar results are almost identical in upstream of the breaking point, especially in the horizontal region (x< 0 m). Because the turbulence intensities are weak before wave breaking, and laminar flow dominates the wave motion. However, with wave shoaling, the difference increases near the breaking points. Actually, the maximum of wave height in the laminar data is smaller than the k-ϵ data, as listed in Table 2, about 0.07 m. Besides, the breaking points for the k-ϵ and laminar results are not the same, listed in Table 2. In all cases, the computed breaking points are in the upstream of the measured breaking points. That is partially due to the varied definitions of breaking points. In physical experiments, breaking points of spilling breakers are defined as the location where air bubbles begin to be entrained in the wave crest (xb = 6.40 m), whereas those of plunging breakers are defined as the point where the front face of the wave becomes nearly vertical (xb = 7.795 m). But in this non-hydrostatic shock-capturing model, the wave breaking onset is captured as the weak solution with the shock-capturing scheme. And the wave front rolling and bubble blending cannot be simulated by this model with the single-value free surface technique. So, in the simulated results, xb is defined as the point where the maximum wave height is observed. In both TK1 and TK2, the breaking points of the laminar data are ahead of the k-ϵ data (about 0.2 m difference), indicating that wave breaks earlier without turbulent model. In terms of the breaking points and the maximum wave heights, turbulent dissipation has an impact, but relatively small. Therefore, other wave geometry parameters are introduced to give further study next. For example, the ratio of wave height to water depth at the breaking point Hb/db is a measurable quantity which can be used to predict the breaking onset and distinguish the types of breakers, of which the value was reported 0.73 – 1.03 (Galvin, 1972). The measured data gives the limiting ratio 0.82 for TK1 and 1.2 for TK2. Because of the deviation of wave height and breaking points, the ratios of the laminar results are smaller than the turbulent results, but the k-ϵ results are closer to the measured data, namely 0.79 and 1.11.


Table 2 | Local wave geometry characteristics for simulated results.



Besides, the limiting wave steepness ka associated with incipient wave breaking has been examined extensively. It might be attributed to the varied turbulence intensities. In fact, the limiting steepness ranges from 0.15 to 0.41 in previous studies (Perlin et al., 2013), related to the different methods of breaking-wave generation and ambiguity in the definition of incipient breaking waves. In this paper, k=π/(L1+L2) is the local wavenumber calculated based on two consecutive zero-crossing adjacent to the breaking crest, a = (2Hc+Hr+Hf)/4 is the local crest amplitude related to the breaking crest and two adjacent troughs (Derakhti and Kirby, 2016; Kjeldsen and Myrhaug, 1979), as shown in Figure 3. Other geometry parameters are also introduced here to quantify breaking-wave geometry (see Figure 3), namely Asymmetry (As) and Skewness (Sk). For both TK1 and TK2, the ka of k-ϵ data is greater, but not significant differences. It’s noted that the steepness ka of TK1 is greater than that of TK2, because the incident wave heights are similar but the periods are more than double. And other authors also noticed that steepness of some spillers was considerably higher than that of some plungers, which indicated that the magnitude of wave steepness does not always correlate well with wave-breaking strength. As for As and Sk, both of TK1 and TK2, the k-ϵ results give slightly higher values compared to the laminar results. That means turbulent models have greater vertical and horizontal asymmetry for breaking crest, the nonlinearity in k-ϵ data is relatively greater than that in laminar data. All the geometry characteristics mentioned above were investigated to predict the wave breaking onset, but many authors reported varied critical values. It is noteworthy that predicting breaking onset from only geometric aspects might fail, considering the wave profile close to breaking has an irregular shape and complicated definitions. Some authors (Drazen et al., 2008) identified possible connections between the breaking onset and the breaking-wave dynamics, and proposed dynamic breaking criteria based on energy dissipation and dissipation rate. Next, a unified breaking onset threshold parameter B (Barthelemy et al., 2018) for surface gravity waves in arbitrary depth is applied to give further study on the impact of breaking onset caused by turbulent dissipation.




Figure 3 | Definitions of local wave geometry.



In 2D situation (x-direction), the breaking parameter B is based on the local wave energy flux F normalized by the local wave energy density E and the wave crest speed c, defined at the maximum elevation of the crest. B can be written as the following dimensionless quantities:



where,



and,



Where p is the pressure, u, v, w are the velocity components in x, y, z directions respectively. And z is the vertical coordinate, z0 is the datum chosen as twice the depth of the flow domain. The breaking threshold for parameter B is Bth =0.85 ± 0.02, which has validity and robustness in varying bathymetry. So, B can be considered as a dynamical criterion to study breaking onset of TK1 and TK2 from the perspective of wave energy.

Figures 4, 5 show snapshots of free surface elevations before and after breaking crest (t* = 0 here, the maximum peak), as well as the temporal variation of B for the evolving wave crest for TK1 and TK2, respectively. In all cases, the parameter B always exceed the breaking inception threshold value Bth =0.85 ± 0.02 (represented with horizontal yellow bar) and keep increasing after breaking onset. Comparing the k-ϵ data and the laminar data, the curves of parameter B are very similar, but some small oscillations are observed in the curves of k-ϵ data. In the laminar data of TK2, oscillations also appear behind the sharp wave fronts, which is consistent with the phenomenon reported by Derakhti et al. (2016). Comparing the spilling breaker TK1 with the plunging breaker TK2, results also show that as the strength of breaking increases, the rate of change in B near the breaking threshold increases.




Figure 4 | Snapshots of free surface elevations and temporal evolution of the breaking onset parameter B for (A) the k-ϵ and (B) the laminar data of TK1. Here, normalized t* = (t – tb)/T0.






Figure 5 | Snapshots of free elevations and temporal evolution of the breaking onset parameter B for (A) the k-ϵ and (B) the laminar data of TK2. Here, normalized t* = (t – tb)/T0 represents time offset with respect to breaking time.



According to the discussion above, it’s believed that breaking onsets are captured correctly in all cases, whether geometric criteria or dynamic criteria. So, in shock-capturing non-hydrostatic model, wave breaking onset can be captured without turbulent models, and turbulent dissipation plays little direct role in incipient breaking. That is probably due to the turbulence intensities are weak before wave breaking. Besides, some small differences of maximum wave heights and breaking points should not be passed over lightly. The outer surf zone for the measured data is remarked with two vertical dash lines (see Figure 2), between the breaking point xb and xouter, where waves break most strongly. Here xouter is defined as the point where   (Ruju et al., 2012), Hrms0 being the offshore root mean square wave height. The difference between the k-ϵ data and the laminar data is most significant in the outer surf zone. The mean wave heights are underpredicted in the outer surf zone, and the k-ϵ data shows greater consistency with the measured data. Given the positive correlation between wave energy and wave height, it’s very necessary to discuss the impact on energy dissipation bought by k-ϵ model, and the increasement of turbulence intensities after breaking onset.




3.2 Energy dissipation

The time-averaged depth-integrated horizontal energy flux of 2D waves per unit width over the time t1 – t2, i.e.  , is defined as the sum of kinetic energy flux   and potential energy flux  , can be written as:

 

Where





The Equations 1.5, 1.6 are exact solutions and the spatial variations of the normalized horizontal flux   for TK1 and TK2 are shown in Figure 6,   being the energy flux at deep water. We can observe the approximate horizontal segment near x – xb = -8 m (the toe of slope), meaning little energy dissipation here. As the waves propagate towards the shore, the wave energy flux decreases before the breaking point (x – xb< 0). But with linear, shallow-water approximation, the mean energy flux reads  . So that decrease of the energy flux upstream of the breaking point is mainly due to shallower water depth, instead of wave breaking. And the outer surf zone for the k-ϵ data is represented by two vertical grey dash lines, where the rapid reduction of energy flux appears, with strong wave breaking. In both TK1 and TK2, the curves of laminar data are just slightly lower than the k-ϵ data, indicating the energy loss is overpredicted without turbulent dissipation. And the similarity proves that the shock-capturing scheme of the present non-hydrostatic model works well in wave breaking energy loss with or without the turbulent model. Besides,   decreases by 30% in the outer surf zone for both TK1 and TK2, but the outer surf zone of TK1 is about 1.8 m, wider than that of TK2 (about 1.4 m).




Figure 6 | Spatial variations of the normalized horizontal energy flux   for (A) TK1 and (B) TK2. The solid black lines and dashed blue lines indicate the turbulent and the laminar data respectively.



Refer to Stive (1984), the measured mean energy dissipation rate per unit area is given by  , normalized by the incident wavelength L0 and the energy flux at horizontal area  . As the average fitting curves shown in Figure 7, the energy dissipation rates are similar between the k-ϵ and the laminar data for the spilling breaker TK1, and the maximum dissipation rate occurs within one wavelength downstream of the breaking point, 0< (x-xb)/L0< 1. But for the plunging breaker TK2, two troughs are observed after wave breaking, might be due to the stronger break strength.




Figure 7 | The energy dissipation rate of energy flux   for (A) TK1 and (B) TK2, normalized by the incident wavelength L0 and the energy flux at horizontal area  . Thin solid lines are direct calculation of  , and heavy solid lines indicate the average fit. The black lines and blue lines indicate the turbulent and the laminar data respectively.



The fractional losses of energy flux are shown in Figure 8, for all cases, the contribution of the kinetic energy flux   to the total energy flux is much smaller than that of the potential energy flux   far upstream of the breaking point. But increases up to more than 20% close to the break point, accompanied by the reduction of potential energy flux. Similar changes were reported in constant deep water breaking waves. The growth of   is kept or even accelerated in the outer surf zone, and reaches its peak close to the right edge, followed by the decrease in the inner surf zone. The changing trends are consistent in the k-ϵ and the laminar data, little difference appears before the breaking point, but the proportion of kinetic energy flux of the laminar is significant larger downstream of the outer surf zone, more than 40%. That means for the laminar computational results, more potential energy flux is transferred to kinetic energy flux in wave breaking. That difference might be attributed to the turbulent motion caused by wave breaking. Figure 9 shows the snapshots of the predicted instantaneous turbulent kinetic energy distribution for TK1 during one period. At t* = 0, the turbulent kinetic energy is relatively small, indicating the turbulence intensity is not the peak at wave breaking onset. At t* = 0.25, 0.5, turbulent motion is strengthening, and the distribution of turbulent kinetic energy is concentrated at the breaking crest front. As the breaking crest propagates towards the shore, the turbulent kinetic energy diffuses to the crest rear, i.e. x-xb = 0 -2 m. The same trend is also observed in TK2 (not shown here). It’s clear that the turbulent motion originates from instabilities of the surface waves, appears and reduces in sync with wave breaking within one wave cycle. Besides, the turbulence intensities are weak outside the breaking zone. So, due to the absence of turbulent dissipation, the proportion of kinetic energy flux is greater for the laminar data in both TK1 and TK2. And that also indicates that the velocities also might be greater without the turbulent dissipation in the laminar results. To investigate this, Figures 10, 11 present the variations of time-averaged normalized horizontal velocity with depth at several locations for TK1 and TK2.




Figure 8 | Spatial variations of the ratio of the potential energy flux to the total energy flux   and the ratio of kinetic energy flux to the total energy flux   for (A) TK1 and (B) TK2. The solid black lines and dashed blue lines indicate the turbulent and the laminar data respectively.






Figure 9 | Snapshots of the distribution of turbulent kinetic energy k (m2/s2) for TK1. Here, (A–D) t* = (t -tb)/T0 = 0, 0.25,0.5, 0.75 respectively.






Figure 10 | Time-averaged normalized horizontal velocity profiles for TK1 at varied cross-shore locations (A–D) x-xb = -0.46 m, 0.88 m, 2.71 m, 3.32 m. Circles represent the measured data, black solid lines represent the k-ϵ data, blue dashed lines represent the laminar data.






Figure 11 | Time-averaged normalized horizontal velocity profiles for TK2 at varied cross-shore locations (A–D) x-xb = -0.5 m, 1.0 m, 2.0 m, 2.6 m. Circles represent the measured data, black solid lines represent the k-ϵ data, blue dashed lines represent the laminar data.



The time-averaged velocity profiles show the landward current near surface, while seaward current near bottom in all cases, which is consistent with the experimental data. Comparing the k-ϵ and the laminar results, it’s arguable that the k-ϵ results give better agreement with the measured data, while the magnitude of current in the laminar data is significant larger. This difference indicates the velocities and kinetic energy of breaking waves would be overestimated without turbulent dissipation. What’s more, there are significant gradient changes for the measured velocity profiles near the surface, but the k-ϵ data does not capture that sharp turn accurately, might due to the ignorance of the bubble entrainment and the overturning wave front in non-hydrostatic model.





4 Conclusions

In this paper, we investigate wave-breaking simulations in the surf zone using a shock-capturing non-hydrostatic model, which is the revised version of NHWave but with a different shock-capturing scheme (the combination of MUSTA and WENO). For both the spilling breaker TK1 and the plunging breaker TK2, the simulations are carried separately for two conditions: with and without the k-ϵ model. By comparing and analyzing the computed results, the impact on wave breaking bought by turbulent dissipation can be categorized as follows:

	(a) Breaking onset: The present model captures the wave breaking onset for both TK1 and TK2, whether it turns on k-ϵ model or not. The calculation and discussion of local wave geometry characteristics (such as the wave steepness ka) and the dynamic breaking onset criteria B prove that the turbulent dissipation causes minor impact on wave breaking in the shock-capturing non-hydrostatic model. As described in all cases, the k-ϵ data and the laminar data show similarities in wave shoaling at slope, the change of wave height before and after wave breaking. But the seaward movement of breaking point and the smaller breaking wave height are also observed in the laminar results, of which the deviations are small.

	(b) Energy dissipation: Compared with the k-ϵ results and the measured, the smaller mean wave heights and time-mean energy flux at breaking points and surf zones are observed in the laminar results, indicating more total wave energy loss, but the changes along slope are similar. Furthermore, the proportion of the kinetic energy flux after wave breaking onset is significantly larger without the k-ϵ turbulent model, meaning that more potential energy flux is transferred to kinetic energy flux in wave breaking. Because the velocities are overpredicted without the turbulent dissipation, while the k-ϵ results give better agreement with the measured data.



Therefore, the present shock-capturing non-hydrostatic model can give reasonable results for the wave breaking-onset and total energy loss without turbulent dissipation, but turbulent model is necessary for velocity calculation and presents better consistency with physical experimental data.
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