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Abstract 

In order to investigate vertical profiles of wind velocity over water waves, Large-Eddy 
Simulation is performed to analyze fully developed turbulent flow over a moving wavy surface at 
a bulk Reynolds number of 104 which is based on wavelength  and bulk velocity of the air . 
The water waves are idealized to be two-dimensional, periodic, non-evolving waves. Different 
wave steepness defined by 	⁄ ( : wave amplitude) and wave age defined by ⁄  (c: phase 
velocity of the wave) are considered. Wave ages are categorized into three groups, i.e., wave 
moves upstream against wind, downstream with a speed lower or higher than wind, for which 
different characteristics of the mean velocity profiles and velocity fluctuation profiles are 
elaborated. This study is aimed to provide the information about wind characteristics off the coast 
during typhoons for wind engineering applications.  

1 Introduction 

Wind load codes/specifications usually consider sea exposure as the smoothest condition of 
ground roughness, and specify a smallest power law index for the mean velocity profile at the 
coast. However, many field measurements have shown that sea surface wind stress, drag 
coefficient and aerodynamic roughness length are depended on the coupling effect of wind-wave 
interaction (e.g. Charnock 1955). Waves may perform as surface roughness in determining the 
boundary layers. Powell et al (2003) analyzed the wind velocity profiles over oceans measured by 
GPS sonde during tropical cyclones and reported reduced drag coefficient for high wind speeds in 
tropical cyclones. It means that the roughness length does not increase with the increase in wind 
speed at high wind speed. The sophisticated air flow field over waves is in great need of 
investigation as a guarantee of human offshore activities and facilities involved with oceans, such 
as oil and natural gas exploitation, long span sea bridges and offshore wind turbine farms that are 
sensitive to wind loads. Thus, study of the mean velocity profile and turbulence structure of 
atmospheric boundary layers over waves is an important and urgent issue to solve for wind 
engineers. 

The air-sea interface is a complex system of interacting waves and atmospheric turbulence over a 
wide variety of spatial and temporal scales. The exchange of momentum and energy across the 
sea surface, for the most part, occurs on a molecular scale, involving both turbulent and laminar 
processes modified by wave breaking, surface tension, the structure of the wind boundary layer, 
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and the ocean mixed layer, among other effects. There remains no complete theory of wind-wave 
generation and growth till now. Although the oceanographers and meteorologists have conducted 
many studies concentrating on sea surface wind stress, drag coefficient or its counterpart 
aerodynamic roughness length (Charnock, 1955; Toba et al., 1990; Smith et al., 1992; Johnson et 
al., 1998; Drennan et al., 2003, Drennan et al., 2004), the parameterizations of wind stress and 
wind profile still remain controversial, especially in high wind and very young sea conditions 
(Jones and Toba, 2001). Recently, Chen and Letchford (2007) investigated the flow over moving 
wavy surface by wind tunnel tests with moving belt. They found that there is a trend of 
decreasing roughness with wave age. However, the moving belt system simulates a translational 
motion of wary surface, so whether the obtained results applicable to the wave motion is 
questionable. In addition, Sullivan (2000, 2002, 2008) conducted a series of study on the flow 
over waves based on Couette-flow approximation. In the present study, Large-eddy simulation 
(LES) is performed to study the mean velocity profile and turbulence structure of fully developed 
Atmospheric Boundary Layers (ABL) over waves. The Reynolds number that is based on 
wavelength  and bulk velocity of the air  is 104. The water waves are idealized to be two-
dimensional, periodic, non-evolving waves. Different wave steepness defined by 	⁄ ( : wave 
amplitude) and wave age defined by ⁄  (c: phase velocity of the wave) are considered. 
Furthermore, wave ages are categorized into three groups, i.e., wave moves upstream against 
wind, downstream with a speed lower or higher than wind, for which different characteristics of 
the mean velocity profiles and velocity fluctuation profiles are elaborated. This study is aimed to 
provide the information about wind characteristics off the coast during typhoons for wind 
engineering applications.  

2 Problem Formulation 

2.1 Flow Configuration 

The problem considered is a three-dimensional turbulent flow over a two-dimensional solid wave 
with phase speed c that can be either downstream or upstream. A sketch showing the flow 
orientation, coordinate system, wavy lower boundary and boundary conditions is given in Figure 
1. In our simplification, the wave is assumed to be periodic in streamwise direction and non-  

 

Fig.1 Flow configuration 



6th European and African Conference on Wind Engineering  

 

 

 

evolving. Wavelength is 	 1. The bulk velocity is defined as , where H is the 

mean depth of the wavy channel and h is the wave surface elevation which is a function of both x 
coordinate and time t, expressed as 

          , sin                                                                      (1) 

The dependence of the characteristics of atmospheric boundary layer over waves on both wave 
age and wave steepness is investigated systematically in this study. Three kinds of wave 
steepness are considered to study the effects of wave steepness, i.e., 0.025, 0.05 and 0.075, 
corresponding to small, medium and large wave amplitude. Another important parameter 
concerned in this study is the wave age c/Ub that describes the evolution state of wave. Wave ages 
are categorized into three groups, i.e., wave moves upstream against wind, downstream with a 
speed slower or faster than wind. Concretely, c/Ub =-0.5 (wave opposing wind), 0.5 (wave 
following wind) and 1.5 (wind following wave) are considered for  /  0.025 and 0.075, while 
more velocity combinations, i.e.,  c/Ub =-1.5, -1.0, -0.5, 0, 0.5, 0.75, 1.0, 1.5 and 2.0 are 
considered for  /  0.5 to elaborate the different characteristics of the mean velocity profiles 
and velocity fluctuation profiles over waves. In addition, several calculations are conducted to 
validate the three-dimensional unsteady simulation of the incompressible governing equations 
that is done with the aid of an open source solver ‘OpenFOAM’.  

2.2  Governing Equations and Numerical Method 

The governing equations of Large-Eddy Simulation are the filtered three-dimensional continuity 
equation and Navier-Stokes equations. The grid-scale turbulence is solved while the sub-grid-
scale turbulence is modelled. A dynamic Smagorinsky model is adopted, in conjunction with 
Lilly’s least-squares technique (1992), to determine the turbulence model coefficient. 

Central differencing is applied for both convection term and diffusion term, and non-orthogonal 
correction is used for gradient. Second order backward differencing is chosen for time temporal 
derivatives discretization. PIMPLE (PISO plus SIMPLE) algorism (Issa, 1986) is adopted to deal 
with pressure-velocity coupling. Adjustable time step is used to ensure a maximum Courant 
number of 0.5. A dynamic-mesh solver is compiled by adding a sub-solver to solve mesh motion 
simultaneously and update the grid points for each time step. Convergence of iteration is deemed 
to be achieved, with tolerance of 1e-7, 1e-6 and 1e-8 for pressure, velocity and cell displacement 
respectively.  

2.3 Computational Domain and Grid system 

As illustrated in Figure 1, the computational domain size is , , 10, 2, 4 , respectively 
in x, y and z directions, which was proved sufficiently larger than the largest eddy in question by 
checking the two-point correlation coefficient in all three directions (Shen et al., 2003). Evenly 
distributed grids of 320 and 48 are used in the streamwise and spanwise directions respectively 
while 88 grids clustered towards the wall in the vertical direction. Streamwise grid lines are 
parallel to the underlying wavy surface at the bottom and gradually change away from the surface 
into straight lines on the top. y+ at the bottom maintains less than 1.0 during the calculation. To 
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ensure grid-independent solutions, a calculation on a denser grid system of (Nx, Ny, 
Nz)=(400,60,116) is also performed.  

2.4 Boundary condition and Initial Condition 

Free-slip condition is applied for the upper boundary. Periodic boundary condition is imposed for 
both streamwise and lateral boundaries. No-slip condition for the bottom is achieved by letting 
the flow velocity on the wavy boundary equal the moving wall velocity. Vertical velocity of the 
moving wall can be obtained from time derivative of the wave surface elevation. The wall 
velocity can be written as 0, cos , 0  , where  is the frequency of 
wave motion. 

A transition entry 1 	  that fulfils a gradual transition from 0 to 1 in a 
relatively short time (Shen et al., 2003) is added to the wave shape to avoid sudden jump of the 
configuration from a flat open channel to a wavy one. Thus the wave surface elevation can be 
rewritten as 

                                        , sin 1                                    (2) 

Statistics is performed after 80 /  which is long enough to give fully developed flow fields, and 
another 220	 /  (22 flow-through time) is consumed to obtain converged statistical results. The 
averaging is done spatially first along spanwise direction, then over the same phase angle of four 
wavelengths in x-direction unless otherwise specified. 

3 Validation of the Numerical Method 

The validation of the numerical method is at first conducted by simulating the turbulent boundary 
layers over a flat plate and a stationary wave by using the standard channelFoam solver provided 
by OpenFOAM. However, the results are not shown here due to page limitation. The results 
obtained at a denser grid system to describe the grid-independence of the simulation are not 
shown either. 

3.1 Flow over Wary Surface Calculated with User-Defined  Solver 

The standard channelFoam does not support the calculation based on dynamic mesh.  Thus we 
defined a new solver that incorporates the functions of channelFoam and pimpleDyMFoam, 
which is another solver provided by OpenFOAM that can deal with the dynamic mesh, for 
present calculation. In order to validate our dynamic-mesh compatible solver, we compare the 
vertical mean velocity profiles and mean surface pressure distribution over a stationary wary 
surface computed from our dynamic-mesh solver by setting the phase velocity  c=0, with those 
obtained by a conventional solver (without mesh motion).  In the dynamic case, the channel starts 
from a flat bottom and gradually deforms into a wavy one.  Fig.2 presents good agreements 
between two calculations, thus the present solver, together with the simulation parameters 
including grids, initial conditions, boundary conditions and turbulence models, is applied to the 
calculation cases with moving surface. 
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Fig.2 Comparison of the vertical velocity profiles and pressure distribution over wary surface 

3.2 Flow over Moving Wary Surface 

The numerical method of present calculation is further validated by comparing the flow field over 
waves with those of Shen et al. (2003) at similar wage ages. Shen et al. (2003)’s work was 
conducted at 0.04⁄  and Re=10170 without turbulence model while present LES simulation 
is at 0.05⁄  and Re=10000. The streamline, contours of longitudinal and vertical mean 
velocity of the flow field obtained at c/Ub=0.5 are exhibited in Fig.3 where the left figures are for 
present calculation  which agree reasonably well with the results of Shen et al. (2003) on the right. 

           

           

           

Fig.3 Comparison of the flow field at c/Ub =0.5  

4 Results and Discussions 

4.1 Change of Mean Velocity Profile with Wave Age 

The turbulence structures of the flow field over waves are not discussed in this paper due to page 
limitation. Only the dependence of mean velocity profile on wave age and wave amplitude are 
shown in this paper. Wave ages are categorized into three groups: 1.0 ⁄ 0,  	0
⁄ 1.0 and	1.0 ⁄ 2.0, in which wave moves upstream against wind, downstream 

slower and faster than wind respectively.  
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Fig.4 illustrates the mean velocity profiles at different wave ages at / 0.05.   denotes wave 
age in Fig.4. The mean velocity profiles of the flow over a flat plate and a stationary wave are 
shown together as references. The mean velocity is averaged both in span-wise direction and in 
phase. Generally, when 0 ⁄ 1.0, the wind speed near the surface is greater than the 
stationary wave condition, and increases with increase in wave age, implying that the wave plays 
less aerodynamic role of roughness. When 1.0 ⁄ 2.0, the wind speed near the surface is 
smaller than 1.0⁄ , and decreases with increase in wave age, implying that the wave plays 
more aerodynamic role. The velocity profile at 1.5⁄  is very close to that of a stationary 
wave. When 1.0 ⁄ 0, the wind speed near the surface is smaller than 0⁄ , and 
decreases with increase in the absolute value of wave age, implying that the wave plays more 
aerodynamic role. With the increase in the absolute value of wave age, the gradient height 
increases, and the deformation of the velocity profiles extends to all the height of computational 
domain.  
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Fig.4 Mean velocity profiles over waves at different wave ages 

Table 1 Aerodynamic parameters of the velocity profile over waves 

Wave 
age 
⁄  

Power 
law 

index	  

Gradient 
wind 

height  

Gradient 
velocity 

/  

Reference 
height 

Reference  
velocity 

/  

Fitted 
friction 

velocity ∗

Computed 
friction 
velocity 

′∗

Roughness 
length 

(10-2) 

Zero-
displacement 

height  
(10-2) 

-1.5 0.469 3.465 1.419 2.102 1.119 0.165 0.083 15.765 -28.900 
-1.0 0.443 3.402 1.378 2.102 1.121 0.265 0.076 50.886 -68.995 
-0.5 0.345 3.213 1.287 2.102 1.110 0.297 0.073 62.956 -78.95 

0 0.322 2.720 1.200 0.407 0.649 0.106 0.063 3.209 -2.487 
0.5 0.218 2.568 1.130 0.407 0.753 0.070 0.042 0.396 2.528 
0.75 0.165 2.160 1.082 0.407 0.819 0.060 0.037 0.141 1.046 
1.0 0.279 2.060 1.128 0.407 0.713 0.114 0.091 3.406 -3.606 
1.5 0.370 2.520 1.216 0.407 0.615 0.137 0.160 7.55 -7.843 
2.0 0.441 2.600 1.261 0.407 0.552 0.181 0.221 17.686 -19.575 

 

Table 1 summarizes the aerodynamic parameters associated with the velocity profile obtained by 
fitting the power law and logarithm law to the data shown in Fig.4. The change of gradient height 
and power law index, and the change of roughness length and friction velocity with wave age are 
illustrated in Fig.5a and Fig.5b respectively. Power law index increases with the absolute value of 
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(a) Gradient height and power law index                    (b) Roughness length and friction velocity 

Fig.5 Change of aerodynamic parameters associated to velocity profile 

wave age when 1.0 ⁄ 0 , decreases when 0 ⁄ 1.0	 , and increases when 
1.0 ⁄ 2.0 with wage age. The tendency of change of roughness length with wage age is 
similar to that of power law index.  

4.2 Change of Mean Velocity Profile with Wave Amplitude 

The dependence of mean velocity profile with wave amplitude is studied at three typical wave 
age, i.e., ⁄ 0.5, 0.5	and	1.5 . Three wave amplitudes, 0.025, 0.05 and 0.075, are 
considered. Larger value of wave amplitude corresponds to a steeper wave shape that brings more 
vertical movement of the wave and may influence the wave-air interaction at the interface more 
significantly. Fig.6 exhibits the mean velocity profiles at ⁄ 0.5, 0.5	and	1.5 respectively. 
At ⁄ 0.5	and	1.5, the wave becomes aerodynamically rougher with increase in wave 
amplitude, while the dependence of mean velocity profile with wave amplitude is not significant 
at ⁄ 0.5. 
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Fig.6 Dependence of the mean velocity profiles with wave amplitude 

5 Conclusions 

Large-eddy simulation of fully developed turbulent flow over an imposed undulating wave is 
presented at a bulk Reynolds number of 10000, in order to shed lights on the wind characteristics 
off the coast during typhoons for wind engineering applications. The phenomenon of reduced 
drag coefficient for high wind speeds is not noticed because the breaking of wave is not 
considered in the present study. 
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The change of mean velocity profile with wave age is studied. When wave moves downstream 
slower than air ( 0 ⁄ 1.0), the wave plays less aerodynamic role of roughness. When 
wave moves downstream faster than air (1.0 ⁄ 2.0), the wave plays more aerodynamic 
role as a roughness. When wave moves opposite the air ( 1.0 ⁄ 0.0), the wave plays 
more aerodynamic role of roughness. The gradient height increases, and the deformation of the 
velocity profiles extends to all the height of computational domain. The change of gradient height 
and power law index, and the change of roughness length and friction velocity with wave age are 
provided. 

The dependence of mean velocity profile with wave amplitude is studied at three typical wave 
age. The wave becomes aerodynamically rougher with increase in wave amplitude when 1.0
⁄ 2.0 and 1.0 ⁄ 0.0, while the dependence of mean velocity profile with wave 

amplitude is not significant at 0 ⁄ 1.0. 
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