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Abstract：Despite their impact on the ocean environment, key physical processes in wind-wave 

interactions are poorly understood. Using a solver developed for undulatory boundaries, we 

perform numerical simulations of wind-wave systems under various sea conditions, including 

wind over monochromatic waves, early wind-wave generation, and wind over a broadband wave 

field. Our results show that the wave direction and wave age can significantly change the 

streamwise vorticity distribution in the wind field. Different wave patterns are observed in the 

process of wind-wave generation. In a broadband wave field, the wave growth rate due to wind 

input is found to depend on the wave steepness. 

 

Key words：wind-wave interaction, direct numerical simulation, large eddy simulation, 

phase-resolved wave simulation 

 

1 Introduction 

 

Connecting the marine atmospheric boundary layer and the upper ocean, wind-wave 

interactions play a critical role in the ocean environment. While there have been extensive studies 

on the physical processes in wind-wave interactions[1], the fundamental mechanisms remain 

elusive due to the complexity in wind and wave fields. On the ocean, the wind is highly turbulent, 

and the wave field is nonlinear and irregular. On the other hand, a better understanding of these 

processes can help improve the performance of large-scale climate models[2]. In recent years, 

numerical simulations have been widely used in the study of wind-wave interactions with the 

advancement in computing power[3-5]. In particular, numerical simulations based on the 

Navier–Stokes equations have proven to be an accurate and valuable approach to investigate the 

fundamental mechanism of the interaction between wind and waves. 
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In the present study, we perform high-fidelity simulations to explore the physical processes 

in wind-wave interactions. We aim to improve the understanding on these physical processes by 

examining the role of key physical parameters such as wind speed, peak wave length, and wave 

steepness. In the following sections, we first review the numerical method we use[6-8] and 

problem setup, and then present the simulation results under different sea conditions. 

 

2  Numerical Method and Problem Setup 

 

In the present study, the wind simulation is based on a solver developed for simulation of 

viscous flows with undulatory boundaries[6-8]. We briefly review the basic solver. The 

Navier–Stokes equations are first transformed from the physical domain to the computational 

domain through the following coordinate transformation: tτ = , xξ = , yψ = , 

( ) / ( )z Hζ η η= − − , where ( , , )x y tη η=  is the ocean surface elevation and H  is the 

mean vertical height of the physical domain. The transformed equations are:  

 0x y z
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                                        (4) 

Here, ( , , )u v w  denote wind velocities, aρ  is the air density, aν  is the air viscosity, and 

*p  is the modified pressure. 

The time derivative then becomes: 

1

t H t
ζ η

τ η
∂ ∂ − ∂= +
∂ ∂ − ∂




                                         (5) 

In the computational domain, the Laplace operator is: 

2 2 2 2 2
2 2 2 2

2 2 2
2 2 ( ) ( )x y x y z xx yyζ ζ ζ ζ ζ ζ ζ

ξ ψ ξ ζ ψ ζ ζ ζ
∂ ∂ ∂ ∂ ∂ ∂∇ = + + + + + + + +

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
 (6) 

While the solver was originally developed for direct numerical simulation (DNS), it can be 

easily extended to large eddy simulation (LES) to accommodate the needs of simulating the 

coupled wind-wave system under various sea conditions. In the present study, we consider three 

types of canonical problems, namely monochromatic waves, developing wave field from an 

initially flat surface, and a broadband wave field. For the first type of problems, the wind 

turbulence is resolved using wall-resolved LES. The wave motions are prescribed using the Airy 

wave solution, which provides the necessary Dirichlet boundary condition of the surface velocity 

and geometry to the wind turbulence solver. For the second type, our focus is on the early stage 

of wind-wave growth, and a DNS solver similar to that for wind simulation is used to simulate 

the wave field. On the water side, Neumann boundary condition of velocity, i.e., the shear stress, 

and Dirichlet boundary condition of pressure are imposed on the top of the domain. The 

continuity of interface velocity and shear stress is achieved through an effective iteration scheme. 

Fully nonlinear kinematic and dynamic boundary conditions on the wave surface are enforced. In 

the third case, the wind turbulence is simulated using wall-modelled LES, and the wave motions 

are resolved using a high-order spectral (HOS) model[9]. More details of the numerical scheme 

and validations can be found in literature[6-8]. 

The simulation parameters are summarized in Table 1. The wave ages in the monochromatic 

wave cases WFW01, WOW01, WOW04, and broadband wave case BRDW are defined as 

0/pc U , where pc  denotes the peak wave speed and 0U  denotes the mean wind speed at the 

top of the physical domain. Similarly, the Reynolds numbers in these cases are defined as 
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0 /pU λ ν , with pλ  denoting the peak wave length. In the case CWW, because the focus is on 

the transient process of the early-stage wave growth, the properties of the characteristic wave 

component, such as the peak wave, change too rapidly during the simulation to define a 

characteristic wave age value cannot be defined. The Reynolds numbers in this case are defined 

as * /a a au H ν  and * /w w wu H ν , where the superscripts a  and w  denotes the air side and 

the water side, respectively. In all cases, the wind turbulence is initialized with random 

fluctuations added to a mean profile and first simulated with no-slip boundary condition over a 

flat surface. When fully developed, the wind turbulence is coupled with different wave solvers. 

For case BRDW, the initial wave field is constructed from an empirical spectrum[10] and each 

individual wave component is assigned a random phase. For case CWW, the data is collected 

immediately at the time of wind-wave coupling, while for others, the data is not collected until a 

sufficiently long time for the wind-wave field to fully develop.  

 

Table 1  Summary of simulation parameters 

Cases Numerical Scheme Grid Resolution Wave age Reynolds Number

WFW01 
Wall-resolved LES (wind) 

– prescribed airy wave 
(384, 384,193)  

0.1  

30000  WOW01 0.1−  

WOW04 0.4−  

CWW DNS (wind) – DNS (wave)
(128,128,128)  (wind) 

(128,128,128)  (wave) 
Changing with time 

268  (air side) 

120  (water side) 

BRDW 
Wall-modelled LES (wind) 

– HOS (wave) 

(256,128, 256)  (wind) 

  (512, 256)  (wave) 
0.54  64.8 10×  

 

3  Results 

In the first part of study, we investigate the turbulence statistics in a three-dimensional 

top-velocity-driven Couette flow over progressive water waves (Fig. 1). To examine the effects of 

the propagating direction and speed of surface wave on the wind field, we adopt three different 

wave ages (Table 1). Here, the positive wave age means that the surface wave is travelling 

following the mean wind, while the negative wave age represents the opposite case. The Airy 

wave solution is used to prescribe the motions of the progressive water waves.        
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Fig. 1  Instantaneous field of vertical velocity in the wind opposing wave case WOW04. 

 

Fig. 2 illustrates the phase-averaged field of  x xz ω ω
++  in case WFW01, WOW01, and 

WOW04. As shown, both the propagating direction and speed of the surface wave remarkably 

affect the intensity of  x xz ω ω
++ . Specifically, by comparing results between case WFW01 and 

WOW01, one can clearly observe that under the opposing wave condition, the intensity of 

 x xz ω ω
++

 is much smaller than that in the following wave case. Moreover, as the opposing 

wave speed increases, the suppression of  x xz ω ω
++

 is more pronounced, as illustrate by Fig. 

4(c).  In addition to the intensity, the location of strong streamwise vorticity varies with both 

progressive direction and speed of the surface wave. As illustrated by Fig. 2(a) and (b), our 

results show that the area of high  x xz ω ω
++  shifts closer to the surface wave crest in the 

opposing wave case, and this trend is more obvious as the opposing surface wave propagates 

faster. 
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Fig. 2  Contours of phase-averaged  x xz ω ω
++

 in the turbulent wind field over surface gravity waves of 

various wave ages (see Table 1): (a) WFW01, (b) WOW01, and (c) WOW04. The superscript ‘+’ denotes 

normalization by wall units. 

 

 
Fig. 3 Different patterns of wave field during the wind-wave generation process. 

 

In the case CWW, the simulation domains are ( , , ) (2 , ,1)a
x yL L H π π=  and 

( , , ) (2 , ,1)w
x yL L H π π= for the air side and water side, respectively. The density ratio and 

viscosity ratio between air and water are kept realistic. The non-dimensional time step based on 

the top air velocity 0
aU  and domain height aH  is chosen as 0 0.001a atU H = . When the 

wind is exerted, the turbulent airflow distorts the flat water surface and irregular wave patterns 

grow with the time. Fig. 3 shows different times of the wind-wave generation process. The 

surface patterns see a drastic change from the initial streak-like pattern to the eventually 
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wave-dominant pattern. Fig. 4 shows an instantaneous flow field when the dominant wave 

patterns have been generated.  

 

 

Fig. 4 Instantaneous flow field when dominant waves have been generated by turbulent wind. 

 
In the final part, we examine a wind-wave system of realistic parameters, with wind 

turbulence simulated over a broadband wave field. To illustrate the effect of broad-band waves on 
the momentum transfer, we calculate the quadrant ratio ( 2 4) / ( 1 3)rQ Q Q Q Q= − + +  as a 

function of the wage age /p ac U  following Sullivan et al.[11] Here ( 1, 2,3,4)Qi i =  denotes 

the turbulent momentum flux in different quadrants[12] and aU  is a reference speed in the wind 

field. As shown in Fig. 3, the quadrant ratio in the present study is close to the values found in 
previous experiments and simulations[2,11,13-15], indicating that the contribution of ejections and 
sweeps dominates the momentum flux.  

 

 

Fig. 3  Quadrant ratio as a function of the wave age. The vertical dashed line denotes the boundary of 

wind-wave equilibrium.  
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The wave growth rate due to the work done by the pressure in the wind field is defined 

by[16-17]:  

 
2 20

*

2
d

( ) a

p x
ak u x

λ ηβ
λ ρ

∂=
∂  

Compared with monochromatic waves, the broadband wave field contains multiple wave 

components and the above equation cannot be used directly to calculate β . To address this issue, 

we use a technique developed by Liu et al.[18] to estimate β  based on Fourier decomposition. In 

Fig. 4, we plot β  as a function of the wave steepness ak . In the present study, the maximum 

wave steepness of the broadband wave field is around 0.10.  The wave components are not as 

steep as the monochromatic waves and narrow-band waves in previous studies[4,19-24]. Therefore, 

the values of β  are much lower than the upper limit when the stress at the air-water surface is 

entirely balanced by the form drag. Our result is reasonably well compared with the compiled 

data from literature. It should be noted that Fig. 4 cannot be used directly for determining the 

quantitative relation between the wave growth rate and wave steepness, because wave age can 

also affect its value.    

 

 

 

Fig. 4  Wave growth rate as a function of wave steepness. The black solid line 

denotes the theoretical upper limit. 
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4  Conclusions 

We have performed numerical simulations of the coupled wind-wave system under different 

sea conditions. The wind turbulence solvers include DNS, wall-modeled LES, and wall-resolved 

LES. The wave motions are prescribed in wind over monochromatic wave cases, and resolved 

using the DNS solver and HOS method in the wind-wave generation case and the broadband 

wave case, respectively. In the monochromatic wave cases, the wave directions and wave ages 

are found to have a controlling impact on the streamwise vorticity in wind turbulence. In the 

process of wind-wave generation, the wave field changes from a streak-dominant pattern to a 

wave-dominant pattern. The result of the broadband wave case, where wind and waves are close 

to equilibrium, shows that the wave energy growth induced by wind input is dependent on the 

wave steepness.  
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