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Abstract

:

Many post-disaster surveys have reported on the natural function and effectiveness of fringing reef in preventing the shoreline from the inundation caused by severe weather events. Prior studies mainly focus on the wave propagating, transforming, and breaking on the fringing reefs by assuming that ocean waves propagate in an ideal environment where the wind is absent. However, in the real severe ocean environment, huge surges and waves always occur simultaneously with the strong winds. The wave profile can be easily reshaped by the strong winds, which can also significantly affect the way that ocean waves propagate on the fringing reefs. Therefore, it is necessary to study the hydrodynamics of fringing reefs under the combined action of wind and waves. To study the influences of the onshore wind on the hydrodynamics of solitary wave on the fringing reef, the finite volume method is applied to solve the governing equations of two-phase incompressible flow and a high-resolution numerical wind-wave tank is established in this study. Effects of several main factors are analyzed in detail. The research results show that the onshore wind can significantly increase the maximum wave runup height (maximum by 38.49%) and decrease the wave reflection coefficient of solitary wave (maximum by 8.66%). It is hoped that the research results of this study can enhance the understandings on the hydrodynamics of ocean waves on the fringing reefs during severe weather events.
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1. Introduction


Fringing reefs are distributed widely along the coastline in subtropical or tropical regions, which consist of a steep offshore forereef slope, a shallow reef flat, and a steep backreef beach [1,2]. Most of the incident ocean wave energy can be dissipated through the wave breaking processes near the reef edge or reef crest. As the breaking surge bore propagates on the reef flat, the rest of ocean wave energy can be further lost due to the frictional force at the rough bottom [3,4]. The natural buffer capability of fringing reefs in preventing the coastlines from the inundation induced by the harsh weather events has been reported in many post-disaster surveys [5,6,7]. However, influences of the onshore winds are often ignored in the previous research when the wave hydrodynamics of fringing reefs are considered, although the huge waves are always accompanied by the strong coastal winds during extreme events. Hence, it is significantly necessary to investigate the influences of wind on the hydrodynamic processes of solitary wave on the fringing reefs, which is also a necessary supplement to the previous studies.



The complex interactions between the different kinds of incident waves, i.e., regular wave [8,9,10,11] and random waves [12,13,14], and the fringing reefs have been extensively studied though field-surveys [15], theoretical analysis [16], laboratory experiments [17], and numerical simulations [18,19]. Since the low-laying reef coasts are vulnerable to the inundations during the extreme weather events, many efforts have been devoted to investigating the wave setup over the reef flat [20] and wave runup processes at the backreef slope [21]. The previous research findings revealed that the infragravity waves can become dominant in the shoreline wave runup processes at the backreef slope after the majority of the wave energy of sea and swell waves is dissipated by the wave breaking processes and the frictional forces at the rough bottom of reef flat [22]. The maximum value of wave runup height of the infragavity waves can be further enhanced by the reef flat resonance [23]. Effects of reef morphology [24], anthropic excavation pit [25], seawall [26], and bottom roughness on this process were also systematically investigated in recent years. These studies have undoubtedly promoted the understandings on the hydrodynamic processes of ocean waves on the fringing reefs.



However, very limited studies were performed on the hydrodynamic processes of solitary wave on the fringing reefs [27]. For instance, Roeber and his colleagues [28,29] studied the hydrodynamics of two-dimensional (2D) reef configurations under solitary wave in a wave flume. Based on the experiment data collected in Roeber et al. [28], Kazolea et al. [30] numerically evaluated the performances of several different types of flow solvers in modelling the transforming and breaking of solitary wave on different fringing reefs. Quiroga and Cheung [31] and Yao et al. [7] both systematically investigated the effects of bed-form roughness of the reef surfaces on the hydrodynamics of solitary wave on the fringing reefs through both laboratory experiments and numerical simulations. Their results revealed that the bed-form roughness can significantly increase the bottom friction and greatly enhance the wave energy dissipation rate during the shoaling process of solitary wave. Moreover, Liu et al. [32] numerically investigated the momentum flux properties of solitary wave on the fringing reefs. Qu et al. [33] investigated the influences of permeability of the reef flat on the hydrodynamic processes of solitary wave on the fringing reef. Their results indicate that if the classical quadratic friction law is applied to approximate the friction forces at the rough bottom of fringing reef, the wave energy dissipation rate can be greatly underestimated.



During the coastal harsh weather events, the generation, propagation, and transformation of the huge surges and waves are always accompanied by the strong onshore winds. The earliest studies of wind–wave interactions can date back to the 1920s, when Jeffrey [34] studied the generation mechanism of ocean surface waves by the action of wind. Subsequently, several scholars carried out similar studies successively, and focused on the analysis of the air separation processes over wave surfaces [35,36]. For a long time after that, study on the wind–wave interactions did not attract enough attention from the research community. In recent years, many laboratory experiments were carried out to understand the influences of winds on the nearshore wave shoaling and breaking [37,38] and their influences on the coastal sediment transportation [39]. It is reported that even light-wind can finally influence the wave breaking processes [40]. Moreover, influences of the onshore winds on the propagations of freak wave groups have been systematically investigated through both experiment works [41,42] and numerical simulations [43,44,45]. It is found that the actual focusing location can be shifted downward by the onshore wind and the peak wave height can be increased. The hydrodynamic loads of coastal structures under the combined action of wind and waves were also studied in recent years. For instance, the complicated interactions between the regular waves and onshore wind at a seawall was numerically studied by Hieu et al. [46]. Their research findings indicated that the presence of wind can significantly increase the wave-overtopping rate at the vertical seawall. By applying a two-phase numerical wind-wave tank, Qu et al. [47] and Wen et al. [48] studied the influences of onshore wind on the hydrodynamics of coastal bridge decks under the actions of solitary wave or regular waves, respectively.



So far, there are few studies that have been performed to investigate the influences of wind on the hydrodynamics of fringing reef under the ocean waves. In the past, several tsunami events have caused massive socio-economic and human losses in the coastal regions where the tsunami-induced floodings can easily reached. During harsh weather conditions, the tsunami waves can become more devastating to the coast. Although the rationality of using the solitary wave as a tsunami wave model is questioned in recent years, the solitary wave is widely applied since it shares some main facets of tsunami waves. To make up for the shortcomings of previous studies, influences of the onshore winds on the hydrodynamics of solitary wave on the fringing reef have been numerically analyzed based on a two-phase numerical wind-wave tank. Influences of several main factors, i.e., onshore wind speed, water depth, wave height, and forereef and backreef slopes, are discussed in detail.



The remainder of the paper is organized as follows. The descriptions on the numerical wind-wave tank are given in Section 2. Model validation is performed in Section 3. Section 4 presents the discussions on the research results. Section 5 summarizes the research findings.




2. Descriptions on Numerical Model


The complex hydrodynamics of solitary wave on the fringing reef can be fully described by the unsteady two-phase incompressible flow, whose governing equations can be formulated as


    ∂  u i    ∂  x i    = 0  



(1)






    ∂ ρ  u i    ∂ t   + ρ  u j    ∂  u i    ∂  x j    = −   ∂ p   ∂  x i    +  ∂   x j       μ  e f f       ∂  u i    ∂  x j    +   ∂  u j    ∂  x i        + ρ  g i   



(2)




where    u i    is the velocity,  p  is the pressure,  t  is the time,    ρ   is the flow density,    μ  e f f   =  μ l  +  μ t    is the effective viscosity,    μ l    is the laminar viscosity,    μ t    is the turbulence viscosity, and    g i    is the gravity acceleration. The finite volume method (FVM) has been applied to numerically integrate the governing Equations (1) and (2) [49,50]. To avoid the numerical instability issue, the momentum interpolation method has been applied to interpolate the velocities at the cell faces from the control cell centers [51]. The pressure and velocity are coupled by applying the classical Pressure Implicit Split Operator (PISO) method [52].



The turbulence closure is met by applying the classic  k  −  ω  turbulence model [53], whose governing equations for the kinetic energy ( k ) and the specific turbulent dissipation ( ω ) can be formulated as


    ∂ ρ k   ∂ t   + ρ  u j    ∂ k   ∂  x j    =  ∂  ∂  x j         μ l  +    μ t     σ k        ∂ k   ∂  x j      + 2  μ t     S   2  − ρ k ω  



(3)






    ∂ ρ ω   ∂ t   + ρ  u j    ∂ ω   ∂  x j    =  ∂  ∂  x j         μ l  +    μ t     σ ω        ∂ ω   ∂  x j      + 2  c μ   c  ω 1   ρ    S   2  −  c  ω 2   ρ  ω 2   



(4)







The turbulent viscosity can be calculated by    μ t  = ρ   k / ω  . As suggested in [48],    c μ  = 0.09  ,    c  ω 1   = 5 / 9  ,    c  ω 2   = 5 / 6  , and    σ ω  =  σ k  = 2  . The term      S   2    is constituted of the mean rate of the strain tensor


  S =  1 2      ∂  u j    ∂  x i    +   ∂  u i    ∂  x j       



(5)







In the following computations, the initial turbulent kinetic energy is set as 0    m 2  /  s 2   , and the initial specific dissipation rate is set as 1.0    s  − 1    .



To accurately compute the interface between the air and water, the volume of fluid method (VOF) is used in this study. The transportation of VOF can be described by


    ∂ γ   ∂ t   +   ∂ γ  u i    ∂  x i    = 0  



(6)




where  γ  represents the volume fluid of water in a cell and is defined by whether the control volume is filled by water or air, as


            γ = 0 ,    a i r      0 < γ < 1 ,    i n t e r f a c e          γ = 1 ,    w a t e r       



(7)







The flow density and the flow laminar viscosity can be defined as functions of  γ , as


  ρ =  ρ  a i r   + γ ·    ρ  w a t e r   −  ρ  a i r      



(8)






   μ l  =  μ  a i r   + γ ·    μ  w a t e r   −  μ  a i r      



(9)







In this study, one of the high-resolution VOF methods named STACS (Switching Technique for Advection and Capturing of Surfaces) was used [54].



To quantitively evaluate the wave hydrodynamics of solitary wave on the fringing reef, the wave reflection coefficient is defined as


   C R  =    H R     H I     



(10)




where    H I    is the incident wave height and    H R    is the reflected wave height. In addition, the units of physical quantities represented by all symbols in this paper are SI units.




3. Model Verification


In order to calibrate the reliability of present numerical wave model, hydrodynamics of a solitary wave on the fringing reef model are numerically simulated. The computed water elevations and wave runup process are verified by the experiment data [27]. Figure 1 depicts the experimental layout of the fringing reef model. In the experiment, six capacitance-wire wave gauges were placed laterally along the flume to record the solitary wave propagation, shoaling and breaking process over the fringing reefs. To measure the wave run-up height, a 2 m capacitance-wire wave gauge was laid on the back-reef slope. The fringing reef model is composed of a forereef slope (1:3), a 4.93 m wide horizontal reef flat with a reef height of 0.383 m, and a backreef slope (1:11.9). The toe of the forereef slope is installed at 14.25 m away from the wave paddle. In the simulation, the wave height ( H ) is 0.05 m. The water depth ( h ) is 0.413 m. Moreover, 40 mesh layers have been applied to discretize the region of wave height. The computed temporal evolutions of water surface elevation recorded at x = 8.25, 14.25, 14.825, 15.4, 17.387, 20.33 m are compared with measured data, as shown in Figure 2. The computed water surface elevations are in good agreement with the measured data. The skill number [55] is applied to assess the degree of agreement between numerical results and experimental data. The skill numbers for the water surface elevations at different wave gauges are all greater than 0.85, indicating that the computed water surface elevations are in good agreement with the experiment data. Figure 3 compares the time series of computed and measured wave runup processes at the backreef slope. The computed wave runup height can well match the measurement. The difference in the maximum value of wave runup between the prediction and the measurement is less than 6%. Overall, the present numerical wave model can well resolve the full hydrodynamics of a solitary wave on the fringing reef.




4. Discussion on Results


Hydrodynamic processes of the solitary wave in windy condition on the fringing reef have been systematically analyzed. Influences of several main factors, i.e., the onshore wind speed, water depth, wave height, and forereef and backreef slopes are carefully discussed. Similar to [27], the computational layout is plotted in Figure 4. As depicted in Figure 4, the length of reef flat is 4.93 m. The reef height is 0.383 m.  α  and  β  represent the forereef and backreef slope angle, respectively. For the basic run, the forereef slope (  tan α  ) is 1:3, and the backreef slope (  tan β  ) is 1:10. The toe of the forereef slope is located 14.25 m away from the inlet. In this study, time series of water elevation and horizontal wind velocity in the logarithmic profile are imposed at the inlet, as depicted in Figure 1. The wind speed (   U w   ) imposed at the inlet represents the averaged wind speed, which is normalized by the shallow water celerity ( C ) in this study as    U w *  =  U w  / C   and   C =   g h    .



In this study, the logarithmic wind profile at the inlet is defined as


     u w   z  =    u *   κ  l n    z   z 0           



(11)







The friction velocity is defined as    u *  = κ  U w  / l n   δ /  z 0     .  δ  is the distance between the water surface and the top of the computational domain at the inlet. The von Karman constant  κ  = 0.4.    z 0    is the surface roughness. For the smooth open water surface,    z 0    is set as 0.0002 m in this study.



In addition, to adapt to the temporal evolution of the water elevation at the inlet, the lowest boundary of the wind at the inlet needs to evolve closely with the temporal evolution of water elevation of solitary wave [47]. In our previous studies [47,48], the computational capability of the present numerical model in predicting the complex interactions between the waves and the wind has been well verified. For interested readers, please refer to [47,48].



4.1. Hydrodynamic Analyses


In this section, influences of the onshore wind on the complex hydrodynamic processes of solitary wave on the fringing reef are analyzed. The water depth ( h ) is 0.443 m. The wave height ( H ) is 0.11075 m. The relative wave height (  ε = H / h  ) is 0.25. The submergence water depth (   h r   ) is 0.06 m. The wind speed (   U w   ) is 4 C , and  C  = 2.085 m/s. Hence, the corresponding dimensionless wind speed    U w *    = 4. Figure 5 depicts the plots of water velocity contour at different time moments. As the onshore wind blows over the water surface, the significant velocity differences between the water and air phases results in a strong wind shear stress at the water surface. Moreover, as the onshore wind blows over the crest of solitary wave, air separation can be formed, which can produce a strong pressure imbalance. Driven by the wind stress sand pressure forces, water layer in the high velocity can be observed near the surface of the water body (Figure 5a). Attributed to the blowing influences of onshore wind, the solitary wave shape gradually becomes asymmetrical. Meanwhile, noticeable water surface oscillations can be observed, especially in the leeward region. As the solitary wave propagates over the forereef slope, the wave steepness tends to increase. At this moment, the solitary wave will have a larger wave steepness under the action of onshore wind (Figure 5b). Under the continuous action of blowing wind, the speed of the water body of solitary wave will continue to increase, eventually leading to more complex and stronger wave breaking processes (Figure 5c). Under the driving forces of onshore wind, the breaking surge bore will produce a greater wave runup height (Figure 5d). Figure 6 plots the pressure contours of the water body different time moments. Obviously, compared to the solitary wave in the no-wind condition, due to the blowing action of onshore wind, low pressure region can be formed near wave crest or the front side of breaking surge bore, which can impose extra sucking force at the water surface due to the low pressure, resulting in the stronger wave breaking processes. Figure 7 shows the snapshots of the vector velocity field at the time instance of wave breaking. It is seen that the breaking intensity of a solitary wave can be strengthened by the strong onshore wind. Meanwhile, a big vortex structure can form at the front side of the breaking surge bore under the action of onshore wind. In addition, it is found that there exist vast differences in the velocity magnitude in the air and water phases when the onshore wind is present. The high velocity in the air phase and low speed in the water phase can generate a very high velocity gradient, which finally can cause high shear stress at the water surface. Figure 8 shows the contours of shear stress during the wave-breaking processes. It is seen clearly there exists higher shear stress at the air and water interface under the onshore wind. This finding is consistent with the results shown in Figure 7. Before the solitary wave approaching the reef edge, the presence of wind has few influences on the temporal evolutions of water elevations, as depicted in Figure 9a,b. Once the wave breaking occurs, the effects of onshore wind on the temporal evolutions of water elevation can be become more apparent. The presence of onshore wind can increase the peak values of water elevations, as shown in Figure 9c,d. Figure 10 shows the spatial distributions of local wave heights of the solitary wave in the windy and no-wind conditions. As depicted in Figure 10, it is found that the spatial distributions of solitary wave with and without the onshore wind nearly coincide with each other before the occurrence of wave breakings. Once the wave breaking occurs, the wind driving forces can significantly increase the local wave height. Figure 11 shows the temporal evolutions of wave runup height. It is seen that the wave runup of solitary wave in the windy condition occurs in advance a little bit. The maximum value of wave runup height of solitary wave in the windy condition can be 22.6% greater than that in no-wind condition. Overall, it is found that the presence of wind has significant influences on the hydrodynamic processes of solitary wave on the fringing reef.




4.2. Influences of Wind Speed


Influences of the wind speed on the hydrodynamics of solitary wave in the windy condition on the fringing reef are numerically investigated by selecting six different nondimensional wind speeds, i.e.,    U w *    = 0, 2, 3, 4, 5 and 6. Given the water depth ( h ) of 0.443 m, the selected six different nondimensional wind speed represent the wind speed    U w    = 0, 4.17, 6.255, 8.34, 10.425 and 12.51 m/s, respectively. The wave height ( H ) is 0.11075 m, and the relative wave height (  H / h  ) is 0.25. The submergence depth (   h r   ) at the reef flat is 0.06 m. Figure 12 plots the water velocity contours at different time moments under different onshore wind speeds. As depicted in Figure 12, the flow velocity near the wave crest tends to increase with the onshore wind speed before the occur of wave breaking. At the same time, the flow velocity near the water surface also gradually increases with the onshore wind speed. Moreover, it is also observed that as the wind speed continues to increase, the time of occurrence of wave breaking continues to advance. Figure 13 depicts the spatial distributions of local wave heights of solitary wave under different onshore wind speeds. The local wave height of a solitary wave after the wave breakings gradually increases with the onshore wind speed. As seen in Figure 14, the wave reflection coefficient decreases gradually with the onshore wind speed. When the wind speed (   U w *   ) increases from 0 to 6, the wave reflection coefficient decreases by 8.66%. It is attributed to reason that the propagation celerity of solitary wave gradually increases under the increasingly intensified blowing effects of onshore wind. Figure 15 shows the variations of the maximum value of wave runup height of solitary wave with the onshore wind speed. It is seen that the maximum value of wave runup height monotonically increases with the onshore wind speed in a linear mode. When the wind speed (   U w *   ) increases from 0 to 6, the maximum value of wave runup height increases by 38.49%.




4.3. Influences of Wave Height and Water Depth


In this section, influences of the wave height and water depth on the hydrodynamics of solitary wave in the windy condition on the fringing reef are investigated. In the computation, the dimensionless wind speed is    U w *    = 4. When the influences of wave height are discussed, the water depth ( h ) is 0.443 m. Five different relative wave heights are chosen, i.e.,   H / h   = 0.15, 0.2, 0.25, 0.3 and 0.35. Figure 16 plots the spatial distributions of the local wave heights under different relative wave heights. Driven by the blowing influences of onshore wind, the local wave height of solitary wave in the windy condition is generally greater than that in the no-wind condition after the wave breakings. Moreover, the variation trend of local wave height with the relative wave height after the wave breakings exhibit nonlinear behavior. For instance, when the relative wave height (  H / h  ) is equal to 0.15 or 0.25, there exist apparent differences between the local wave heights of solitary wave in the windy and no-wind conditions after the wave breakings. However, when the relative wave height (  H / h  ) is 0.2, the spatial distributions of local wave height of solitary wave in the windy and no-wind conditions almost coincide with each other. Figure 17 depicts the variation of the wave reflection coefficient of solitary wave with the relative wave height. When the relative wave height gradually increases, the wave reflection coefficient tends to decrease monotonically. Meanwhile, the differences in the wave reflection coefficients between the solitary wave in the windy and no-wind conditions tends to decrease as well. When the relative wave height (  H / h  ) increases from 0.15 to 0.35, the wave reflection coefficient for the solitary wave in the windy and no-wind conditions decreases by 8.92% and 1.94%, respectively. The wave reflection coefficient of solitary wave in the no-wind condition is always greater than that of solitary wave in the windy condition, averagely 5.33% greater. Figure 18 depicts the variation of the maximum value of wave runup height of solitary wave on the fringing reef with the relative wave height. As depicted in Figure 17, the maximum value of wave height monotonically increases with the relative wave height for both solitary wave in the windy and no-wind conditions. When the relative wave height (  H / h  ) increases from 0.15 to 0.35, the maximum value of wave runup height of solitary wave in the windy and no-wind conditions increases by 10.95% and 13.98%, respectively. The maximum value of wave runup height of solitary wave in the windy condition is always greater than that in the no-wind condition, on average, 16.67% greater.



When the influences of the water depth on the hydrodynamics of solitary wave in the windy condition on the fringing reef are considered, five different water depths are chosen, i.e.,  h  = 0.383, 0.413, 0.443, 0.473 and 0.503 m, which produces five different submergence water depths, i.e.,    h r    = 0, 0.03, 0.06, 0.09 and 0.12 m. The wave height ( H ) is kept as 0.11075 m. The spatial distributions of local wave height of solitary wave on the fringing reef under different water depths are depicted in Figure 19. As seen in Figure 19, when the reef flat is dry ( h  = 0.383 m), the spatial distributions of the local wave heights of the solitary wave in the windy and no-wind conditions are nearly same (Figure 19a). When the water depth gradually increases, the differences in the local wave heights between the solitary wave in the windy and no-windy conditions gradually become larger after the wave breakings (Figure 19b,c). If the water depth ( h ) increases to 0.473 m, the differences in the local wave heights between the solitary wave in the windy and no-wind conditions become smaller again (Figure 19d). However, if the water depth is no less than 0.503 m, the spatial distributions of local wave heights exhibit a complex trend. The local wave heights after the wave breakings can become much greater than the incident wave height. Figure 20 plots the variations of wave reflection coefficients of the solitary wave on the fringing reef with the water depth. As depicted in Figure 20, the wave reflection coefficient of solitary wave tends to monotonically decrease with the water depth. It is attributed to the reason that when the water depth gradually increases, the blocking effects of the forereef slope on the solitary wave gradually decreases. When the water depth ( h ) increases from 0.383 m to 0.503 m, the wave reflection coefficient of solitary wave on the fringing reef decreases by 4.29% and 5.92% for the solitary wave in the windy and no-wind conditions, respectively. Figure 21 depicts the variation of the maximum value of wave runup height of solitary wave on the fringing reef with the water depth. Generally, the maximum value of wave runup height of solitary wave on the fringing reef gradually increases monotonically with the water depth. When the water depth ( h ) increases from 0.383 m to 0.503 m, the maximum value of wave runup height of solitary wave in the windy and no-windy conditions on the fringing reef increases by 33.8% and 10.25%, respectively. The maximum value of wave runup height of solitary wave in the windy condition is always greater than that in the no-wind condition, on average, 22.82% greater. However, when the water depth ( h ) is equal to 0.473 m, the difference in the maximum value of wave runup height between the solitary wave in the windy and no-wind conditions can be ignored.




4.4. Influences of Forereef and Backreef Slopes


Influences of the forereef and backreef slopes on the hydrodynamic processes of solitary wave with the onshore wind on the fringing reef have been investigated in this section. The wave height ( H ) is 0.11075 m. The water depth ( h ) is 0.443 m. The dimensionless onshore wind speed (   U w *   ) is set as 4. When the influences of forereef slope are considered, five different forereef slopes are chosen, i.e.,   cot α   = 5, 4, 3, 2 and 1. Figure 22 shows the spatial distributions of local wave height under different forereef slopes. It is shown that when the forereef slope is mild (  cot α   = 5), the differences in the local wave heights between the solitary wave in the windy and no-wind conditions after the wave breakings can be ignored. When the forereef gradually increases from   cot α   = 4 to   cot α   = 3, the differences in the local wave height between the solitary wave in the windy and no-wind conditions after the wave breakings become more apparent. However, once the forereef slope becomes greater than   cot α   = 2, the differences in the local wave heights between the solitary wave in the windy and no-windy conditions after the wave breakings tends to decrease gradually. Figure 23 depicts the variations of wave reflection coefficient with the forereef slope. As seen in Figure 23, the wave reflection coefficient almost increases linearly with the forereef slope. When the forereef slope increases from   cot α   = 5 to   cot α   = 1, the wave reflection coefficient increases by 11.02% and 5.12% for the solitary wave in the windy and no-wind conditions, respectively. Figure 24 plots the variations of maximum value of the wave runup height with the forereef slope. It clearly shows that the forereef slope can only slightly influence the maximum value of wave runup height, especially for the solitary wave in the windy condition. The maximum value of wave runup height of the solitary wave in the windy condition is, on average, 15.58% greater than that in no-wind condition.



When the influences of backreef slope on the hydrodynamic processes of solitary wave with the onshore wind on the fringing reef are investigated, four different backreef slopes are chosen, i.e.,     cot  β   = 20, 15, 10 and 5. Figure 25 shows the spatial distributions of local wave heights under different backreef slopes. The local wave heights of solitary wave in the windy condition are generally greater than that in no-wind condition (  x >   18 m) after the wave breaking processes. It is also observed that when the backreef slope is mild, the differences in the local wave heights between the solitary wave in the windy and no-wind conditions are very limited (  cot β   = 20), as seen in Figure 25a. As the backreef slope gradually increases from   cot β   = 15 to   cot β   = 5, the differences in the local wave heights between the solitary wave in the windy and no-wind conditions after the wave breakings tend to increase, especially at the toe of the backreef slope. Obviously, the variation of backreef slope has no noticeable influences on the wave reflection coefficient, as depicted in Figure 26. Figure 27 depicts the variation of the maximum value of wave runup height with the backreef slope. As seen in Figure 26, the maximum value of wave runup height monotonically increases with the backreef slope for both solitary wave with and without the onshore wind. As the backreef slope increases from   cot β   = 20 to   cot β   = 5, the maximum value of wave runup height increases by 13.81% and 10.27% for the solitary wave in the windy and no-windy conditions, respectively. Meanwhile, the maximum value of wave runup height of solitary wave in the windy condition is, on average, 15.49% greater than that in no-wind condition.





5. Conclusions


Based on a high-resolution two-phase wind-wave numerical tank, effects of the onshore wind on the hydrodynamics of solitary wave on the fringing reef have been investigated. Influences of several main factors are also discussed in detail. The main research findings of this study can be organized as:




	(1)

	
The significant velocity differences between the water and air phases can produce a strong shear stress force at the water surface. In addition, when the strong onshore wind blows over the crest of solitary wave, low-pressure regions can be formed over the wave crest or the front side of breaking surge bore, resulting in strong pressure imbalances. Noticeable water surface oscillations can be observed, especially in the leeward region. Under the driving forces of the onshore wind, the breaking surge bore will produce a greater wave runup height. For the basic run, the maximum value of wave runup height of solitary wave under the action of onshore wind can be 22.6% greater than that without the wind;




	(2)

	
As the wind speed continues to increase, the time of occurrence of wave breaking continues to advance. The wave reflection coefficient gradually decreases with the onshore wind speed. When the wind speed (   U w *   ) increases from 0 to 6, the wave reflection coefficient decreases by 8.66%. This is attributed to the reason that the propagation celerity of solitary wave gradually increases under the increasingly intensified blowing effects of onshore wind. The maximum value of wave runup height of solitary wave increases linearly with the onshore wind speed. When the wind speed (   U w *   ) increases from 0 to 6, the maximum wave runup height increases by 38.49%;




	(3)

	
When the relative wave height (  H / h  ) increases from 0.15 to 0.35, wave reflection coefficient of the solitary wave in the windy and no-windy conditions decreases by 8.92% and 1.94%, respectively. Meanwhile, the maximum value of wave runup height of the solitary wave in the windy and no-windy conditions increases by 10.95% and 13.98%, respectively. The maximum value of wave runup height of solitary wave in the windy condition is always larger than that of solitary wave in no-windy condition, averagely 16.67% larger;




	(4)

	
As the water depth gradually increases, the wave reflection coefficient of solitary wave tends to decrease monotonically. It is attributed to the reason that an increase in the water depth can cause the blocking effects of the forereef slope on the solitary wave to decreases. As the water depth ( h ) increases from 0.383 m to 0.503 m, the wave reflection coefficient of solitary wave in the windy and no-windy conditions decreases by 4.29% and 5.92%, respectively. However, the maximum value of wave runup height of the solitary wave in the windy and no-windy conditions increases by 33.8% and 10.25%, respectively. The maximum value of wave runup height of the solitary wave in the windy condition is always greater than that in no-wind condition, on average, 22.82% greater;




	(5)

	
When the forereef slope is mild, the differences in the spatial distributions of local wave heights after the wave breakings can be ignored. As the forereef slope (  cot α  ) increases from 5 to 1, the wave reflection coefficient of solitary wave in the windy and no-windy conditions increases by 11.02% and 5.12%, respectively. However, the forereef slope can only slightly influence the maximum value of wave runup height, especially for the solitary wave in the windy condition. The maximum value of wave runup height of the solitary wave in the windy condition is, on average, 15.58% greater than that in the no-wind condition;




	(6)

	
The variation of backreef slope has no noticeable influences on the wave reflection coefficient. The maximum value of wave runup height monotonically increases with the backreef slope for both solitary wave in the windy and no-wind conditions. As the backreef slope (  cot β  ) increases from 20 to 5, the maximum value of wave runup height of the solitary wave in the windy and no-wind conditions increases by 13.81% and 10.27%, respectively. Meanwhile, the maximum value of wave runup height of the solitary wave in the windy condition is, on average, 15.49% greater than that in the no-wind condition.









It is hoped that the research results of this study can enhance the understandings on the hydrodynamic characteristics of fringing reefs during extreme weather events.
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Figure 1. Experimental layout. 






Figure 1. Experimental layout.
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Figure 2. Time series of the water elevations at different wave gauges; (a) WG1; (b) WG2; (c) WG3; (d) WG4; (e) WG5; (f) WG6. 






Figure 2. Time series of the water elevations at different wave gauges; (a) WG1; (b) WG2; (c) WG3; (d) WG4; (e) WG5; (f) WG6.



[image: Jmse 10 01645 g002]







[image: Jmse 10 01645 g003 550] 





Figure 3. Time series of the wave runup height. 
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Figure 4. Computational layout. 
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Figure 5. Plots of water velocity contour at different time moments: left side, without onshore wind; right side, with onshore wind; (a,b), t = 7 s; (c,d), t = 8 s; (e,f), t = 9 s; (g,h), t = 12 s. 
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Figure 6. Plots of pressure contours of the water body at different time moments: left side (a,c), without onshore wind; right side (b,d), with onshore wind. 
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Figure 7. Plots of the vector velocity field; left side shaded by the vorticity contour: left side, without onshore wind; right side, with onshore wind. 
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Figure 8. The shear stress contours during wave breaking; left side, without onshore wind; right side, with onshore wind. 
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Figure 9. Time series of the water elevation at different wave gauges; (a) WG1; (b) WG10; (c) WG15; (d) WG18. 
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Figure 10. Spatial distributions of the local wave height. 
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Figure 11. Time series of the wave runup height. 
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Figure 12. Plots of water velocity contours at different time moments under different wind speed. (a,b),     U w *    = 0; (c,d),     U w *    = 2; (e,f),    U w *    = 4; (g,h),    U w *    = 6. 
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Figure 13. Spatial distributions of the local wave heights under different wind speeds. 
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Figure 14. Variations of the wave reflection coefficients with the wind speed. 
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Figure 15. Variations of the maximum values of wave runup height with the wind speed. 






Figure 15. Variations of the maximum values of wave runup height with the wind speed.



[image: Jmse 10 01645 g015]







[image: Jmse 10 01645 g016 550] 





Figure 16. Spatial distributions of the local wave heights under different relative wave heights; (a)   H / h   = 0.15; (b)   H / h   = 0.2; (c)   H / h   = 0.25; (d)   H / h   = 0.3; (e)   H / h   = 0.35. 
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Figure 17. Variations of the wave reflection coefficient with the relative wave height. 






Figure 17. Variations of the wave reflection coefficient with the relative wave height.



[image: Jmse 10 01645 g017]







[image: Jmse 10 01645 g018 550] 





Figure 18. Variations of the maximum value of wave runup height with the relative wave height. 
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Figure 19. Spatial distributions of local wave height under different water depths; (a)  h  = 0.383 m; (b)  h  = 0.413 m; (c)  h  = 0.443 m; (d)  h  = 0.473 m; (e)  h  = 0.503 m. 
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Figure 20. Variation of the wave reflection coefficient with the water depth. 






Figure 20. Variation of the wave reflection coefficient with the water depth.



[image: Jmse 10 01645 g020]







[image: Jmse 10 01645 g021 550] 





Figure 21. Variation of the maximum values of wave runup height with the water depth. 
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Figure 22. Spatial distributions of the local wave heights under different forereef slopes; (a)   cot α   = 5; (b)   cot α   = 4; (c)   cot α   = 3; (d)   cot α   = 2; (e)   cot α   = 1. 
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Figure 23. Variation of the wave reflection coefficient with the forereef slope. 
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Figure 24. Variation of the maximum values of wave runup height with the forereef slope. 
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Figure 25. Spatial distributions of the local wave heights under different backreef slopes; (a)   cot β   = 20; (b)   cot β   = 15; (c)   cot β   = 10; (d)   cot β   = 5. 
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Figure 26. Variation of the wave reflection coefficient with the backreef slope. 
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Figure 27. Variation of the maximum values of wave runup height with the backreef slope. 
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