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Abstract

The influence of an idealized moving wavy surface on the overlying airflow is investigated us-
ing direct numerical simulations (DNS). In the present simulations, the bulk Reynolds number is
Re= 8000 (Re = U0h/v; where U0 is the forcing velocity of the flow, h the height of the domain
and v the kinematic viscosity) and the phase speed of the imposed waves relative to the friction ve-
locity, i.e., the wave age varies from very slow to fast waves. The wave signal is clearly present in
the airflow up to at least 0.15λ (where λ is the wave length) and is present up to higher levels for
faster waves. In the kinetic energy budgets, pressure transport is mainly of importance for slowwaves.
For fast waves, viscous transport and turbulent transport dominate near the surface. Kinetic energy
budgets for the wave and turbulent perturbations show a non-negligible transport of turbulent kinetic
energy directed from turbulence to the wave perturbation in the airflow. The wave-turbulent energy
transport depends on the size, tilt, and phase of the wave-induced part of the turbulent Reynolds
stresses.
According to the DNS data, slow waves are more efficient in generating isotropic turbulence than

fast waves.
Despite the differences in wave-shape as well as in Reynolds number between the idealized direct

numerical simulations and the atmosphere, there are intriguing similarities in the turbulence structure.
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Important information about the turbulence above waves in the atmosphere can be obtained from
DNS—the data must, however, be interpreted with care.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The influence of a moving water surface on the atmospheric turbulence is a research area
of large interest. There is a fundamental difference between an atmospheric boundary layer
over land and over sea, since the water surface moves and interacts with the overlying air
in response to atmospheric forcing. Due to difficulties in making measurements over the
open ocean, large uncertainties still remain concerning air–sea interaction. Asmeasurement
techniques are refined and models improved, further information about the physics of the
interaction between the atmosphere and ocean surface can be obtained.
The situation over the sea can be divided into two regimes with quite different features.

The most investigated regime is slow waves (a young sea with growing waves). This regime
is important, for example, in wave and ocean modeling, and impacts the development of
severe weather in the atmosphere. The mechanisms of the wind–wave growth are still not
fully understood. One example is that the measured wave growth data obtained in the open
ocean show relatively large scatter (Plant, 1982), this scatter is due to a large number of
reasons including the non-linear behaviour ofwave–wave interaction aswell as uncertainties
in the measurements. The measured values are generally higher than predictions from
models (Mastenbroek et al., 1996; Belcher and Hunt, 1998).
The situation with fast waves (an old sea or swell) is even less investigated and under-

stood. From a climatological point of view, this situation is of interest since waves traveling
faster than the wind are a common feature over the ocean and they can have a large im-
pact on the total air–sea exchange from a global perspective. There are indications from
measurements that the situation with very fast waves is significantly different than has been
previously assumed (Donelan et al., 1997; Drennan et al., 1999; Smedman et al., 1999).
Interesting features found when very fast waves are present include persistent negative wind
gradients, as reported by Rutgersson et al. (2001).
In the review by Belcher and Hunt (1998), the physical processes present in turbulent

flow over waves are described and calculations based on analytical and computational mod-
els are compared. There are a variety of Reynolds averaged numerical models of varying
complexity used to predict turbulent flow overwavy surfaces. Predictions from thesemodels
depend on the type of closure scheme with second-order closure models generally produc-
ing better agreement with field data than lower order closures (Mastenbroek et al., 1996;
Li et al., 2000). Wave growth predictions are generally lower than estimates from exper-
imental data and the downwind phase shift of the pressure and velocity perturbations is
largely underestimated. It is also likely that Reynolds number effects need to be included in
models describing processes over the ocean surface (Harris et al., 1996;Meirink andMakin,
2000).
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Recently, direct numerical simulations (DNS) have been used to investigate turbulent
airflow over a wavy surface for neutral (Sullivan et al., 2000) and stratified (Sullivan and
McWilliams, 2002) conditions. These types of simulations have the advantage of simulating
turbulence directly without any parameterisations or assumptions of the behaviour of the
smaller scales. The investigations show general agreement with results from other types of
models. The structure of the turbulence depends on the waves mainly in the region kz< 1
(where k is wave number and z the height above the surface) and for those simulations
the turbulent momentum flux is altered by as much as 40% by the waves. Wave growth
from the DNS is in reasonable agreement with field data and second-order closure mod-
els, in spite of the differences in Reynolds number. The present paper is a continuation
of these two investigations with particular focus on the turbulence structure and kinetic
energy budgets of the turbulent and wave perturbation in the air. There have been few other
DNS studies of the airflow over a wavy surface; for example, Cherukat et al. (1998) used
DNS to investigate flow over a stationary wavy wall. Spalart (1988) describes the turbu-
lence structure and presents kinetic energy budgets for DNS of flow over a smooth flat
surface.
The turbulent kinetic energy budgets over moving waves have also been investigated in

several laboratory experiments (Hussain and Reynolds, 1970; Hsu et al., 1981; Kawamura
and Toba, 1988). Most of these experiments use fairly well-developed waves (or slightly
growing) and cover a limited range of wave conditions. Coherent wave perturbations can
also be generated by physical processes other than a moving surface (for example, stratified
layers in the atmosphere) (Liu and Merkine, 1976; Papavassiliou and Hanratty, 1997). In
these studies, the interaction between wave components and turbulence is shown to be
important and different from what might be expected.
In the present investigation, we analyze DNS of a plane Couette flow over a moving

wavy surface at a Reynolds number lower than is generally found in laboratory studies or in
the outside atmosphere. The turbulence is however well developed and the effective surface
roughness is in the transitional regime between smooth and rough. Only neutral conditions
are considered.
In Section 2, the problem design and numerical aspects of the DNS are briefly described.

The structure of the turbulence, as evidenced by turbulence statistics and kinetic energy
budgets, is presented in Section 3. Parameters used in Reynolds stress modeling are also
evaluated with the DNS data, but these results will be presented in a future paper. The
applicability of the present results to atmospheric flows is discussed in Section 4.

2. Problem formulation

2.1. DNS formulation

The flow investigated is a three-dimensional, turbulent, viscous, Couette flow over a
series of two-dimensional water waves (Fig. 1). In the simulations, x is aligned with the
flow direction, y is parallel to the waves and z is vertical from the wave crests. The external
forcing of the flow is through a constant velocity U0 imposed at z= h, where h is the height
of the computational domain.
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Fig. 1. Sketch of 3D Couette flow driven by velocity U0 over a moving boundary of wavelength λ (wave number
is k= 2π/λ), phase speed c and amplitude a. The domain is (Lx,Ly, h) = (6, 4, 1)λ. Surface grid is shown with less
resolution than is used in the computations.

The governing equations for this flow are the Navier–Stokes equations:

∂ui

∂t
+

∂uiuj

∂xj
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∂xi
+ 1

Re

∂2ui
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∂uj
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where ui (i= 1, 2, 3) = (u, v, w) are Cartesian velocity components and p the pressure.
Length, time, velocity and pressure are made non-dimensional by h, h/U0, U0 and ρU2

0 ,
respectively. Also, the properties of thewave aremade non-dimensional by h andU0. Hence,
when we refer to wind speed or phase speed of the wave, it is understood that they are made
non-dimensional by U0. Velocity and length scales normalized by wall variables (i.e., u*,
v/u∗, where u* is friction velocity and v the kinematic viscosity) are indicated by ()+. The
numerical method used to solve the system of equations as well as further details of the
system setup is described in Sullivan et al. (2000).

2.2. Wave experiments

For our experiments, we chose a Reynolds number large enough for fully developed tur-
bulence (Re = U0h/v = 8000). The corresponding wall Reynolds number (Re∗ = u∗h/v)
is about 130. In the simulations, (Nx,Ny,Nz) = (144, 96, 96) grid points are used. The vertical
spacing k%z varies from 0.005, near the walls, to about 0.7, in the middle of the channel.
There are six waves in the x-direction and, thus, 24 grid points per waveform. The wave
is assumed to be a two-dimensional, periodic, deep-water gravity wave with wavelength
λ, phase speed c, amplitude a and wave slope ak= a2π/λ. The wave slope is small enough
to prevent flow separation, ak= 0.1. The simulations are integrated for more than 15,000
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Table 1
Statistics of wave and critical-layer parameters for the six simulations

ak c/u* u* × 102 z+
0 kzcr z+

cr

0.0 0.0 3.13 0.17 – –
0.1 0.0 3.21 0.22 – –
0.1 3.91 3.20 0.60 0.14 5.71
0.1 7.84 3.19 0.71 0.29 11.8
0.1 16.2 3.08 0.39 3.01 118.0
0.1 22.7 3.08 0.27 5.90 232.6

time steps (which is at least 300 large-scale, tU0/h, time units). The stationarity of the flow
was investigated looking at time series of the surface stress at the upper boundary. Only
data after stationarity is reached were used. The statistics were obtained by spatial and tem-
poral averaging using 30 three-dimensional data volumes spanning the simulation period.
Increasing the number of volumes further had no effect on the statistics.
The boundary wave-shape zbdy is represented by:

zbdy(x) = a cos kx(1− ak cos kx) = a cos kx − 1
2a
2k cos 2kx − 1

2a
2k (2)

This differs slightly from a pure sinusoidal wave and produces flatter crests and deeper
troughs (Weng et al., submitted for publication). However, for these small values of ak, the
departure from a pure sinusoidal wave is small.
In the present work, six simulations are analyzed: a flat surface (serves as a baseline), a

stationary wavy surface, and four cases with moving waves, see Table 1. The various cases
differ by wave age (c/u*), they range from young (very slow moving) to old (fast moving)
waves. For young waves c/u* < c/u*|tr, the critical value corresponding to the transition to
a mature sea is c/u*|tr≈ 14 (Sullivan et al., 2000). This value is lower than its counterpart
measured in laboratory studies and in the atmosphere where c/u*|tr≈ 25, corresponds to
fully-grown waves. In Table 1, the roughness Reynolds number (z+

0 ) is also presented.
Kitaigorodskii and Donelan (1984) analyzed a large number of observations over the ocean
and found that the transitional regime from a smooth to rough surface occurs between
0.1 < z+

0 < 2.2, which covers a larger portion of the oceanic conditions (approximately when
the wind speed is between 2.8ms−1 and 7.5ms−1). With this definition of the surface
roughness, our DNS data is in the lower part of the transitional regime and thus possibly
comparable to oceanic conditions.

2.3. Analysis procedures

One of the goals of this investigation is to identify wave-effects on the turbulence in the
airflow. This can be done by decomposing any fluctuating quantity intomean, wave-induced
and turbulent parts (Hussain and Reynolds, 1970):

f (x, y, z, t) = f̄ (z)+ f̃ (x, z)+ f ′(x, y, z, t) (3)
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where f̄ (z), f̃ (x, z) and f′(x, y, z, t) are ensemble, wave-correlated and turbulent compo-
nents, respectively. We define the phase average ⟨f(x, z)⟩ as an average over (y, t) and peri-
odically averaged over x with wavelength λ, thus f̃ = ⟨f ⟩ − f̄ . In the following analysis,
f will denote the total fluctuation of any fluctuating quantity (i.e., f = f̃ + f ′). Mean flow
variables are identified by upper case symbols (F = f̄ ).
In the presence of moving waves, the average flow direction near the surface is opposite

to the direction of the flow above a certain height, as required by the surface boundary
conditions. The height of the reversed flow is the height of the critical layer, zcr (Belcher
and Hunt, 1998). The mean critical layer in the Cartesian framework for the cases where
a critical layer is present are given in Table 1 in both non-dimensional distance from the
surface, kzcr, and in terms of a wall variable, z+

cr. There is a debate whether the critical
layer influences the airflow dynamics or not. Kudryavtsev et al. (2001) states that the
critical layer has only kinematical influences while Komen et al. (1994) attributes the
majority of wave growth to critical layers. Recent work by Hristov et al. (2003) provides
evidence that critical layers can be found in field measurements. For the present data
and for slow-wave cases, it was shown in Sullivan et al. (2000), that the critical layer
interacts with near-surface turbulence and critical layer dynamics are of significant
importance.
The computational grid in the DNS uses a surface-fitted coordinate system. It is possible

to do analysis using these coordinates, as is partly done in Sullivan et al. (2000) and in some
wind-tunnel experiments (Hsu et al., 1981). Inmost ocean experiments, however, aCartesian
frame is used since it is easier to use a stationarymeasuring platform. In the present work, we
interpolate fields from the surface-fitted coordinate system onto a flat Cartesian grid, with
the lowest grid point just touching the top of the wave crests. The results depend slightly
on the coordinate system used but analysis show that the main results and conclusions in
this work are also valid for a surface-fitted coordinate system.

3. Results

3.1. Turbulence statistics

In Sullivan et al. (2000), total variances are shown to be very different for varying
wave age. To investigate whether these differences are in the wave-induced or turbulent
perturbations, the respective variances are analyzed separately. Vertical profiles of variances
of the horizontal and vertical velocity components for wave-induced and turbulent parts are
shown as function of non-dimensional distance from the surface (kz) in Fig. 2. The wave
correlated contribution to the variances is significant in the region kz< 1, and is largest for
very fast waves. For slow waves it is smaller, more so, for the vertical variances. There are
small wave-induced horizontal and vertical variances also for the stationary wavy surface.
For the turbulent perturbations, the slow waves act to reduce variances in the horizontal
direction but increase it in the vertical direction compared to the flat surface.With stationary
waves, turbulence is significantly larger in the horizontal direction compared to the flat
surface. Turbulent perturbations are reduced in both horizontal andvertical directions for fast
waves. Thus, we have a significant influence on both wave-induced and turbulent variances
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Fig. 2. Vertical profiles of the average horizontal velocity variances: (a) and (b), and vertical variances: (c) and
(d). In (a) and (c), the turbulent contribution is shown, and in (b) and (d), the wave-induced contribution to the
variances is shown (wave-induced and turbulent contributions are separated according to Eq. (3)).

that depend on the state of the waves. The wave-induced variances are larger for faster
waves and reach to higher levels.
The vertical profile of the root-mean-square turbulent pressure (p2

1/2
) is shown in Fig. 3a

and b for the turbulent and wave-induced parts, respectively. The wave-induced pressure
perturbation is large near the surface, especially for very fast waves. The wave contribution
to the pressure fluctuation is smallest when thewaves are closest to fully-grown (c/u* = 16.2)
and larger for stationary, slower and faster waves. For the fast-wave cases, there is a large
increase near the surface, probably due to the surface orbital velocities. For all cases, the
turbulent part of the pressure perturbation is increased near the surface compared to the flat
case. The increase is largest for the slow-wave case, and the perturbation remains large well
above the surface.
In Fig. 3c and d, profiles of vertical transport of pressure perturbation are shown for

different cases. The pressure transport term in the turbulent kinetic energy budget is further
analyzed in Section 3.2. The smallest vertical flux of wave-induced pressure perturbation
w̃p̃ occurs for the most mature sea and increases in magnitude for both slower and faster
moving waves. For very fast waves, w̃p̃ is surprisingly small considering the very large
values of w̃2 and p̃2 in Figs. 2d and 3b. This can be explained by Fig. 4 which shows spatial
(x, z) contours of the wave-correlated fields (w̃/u∗, p̃/u2∗ and w̃p̃/u3∗) for the very fast-wave
case. The magnitude of the absolute value of the wave-integrated data is displayed in the
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Fig. 3. Vertical profiles of root-mean-square pressure for (a) the turbulent contribution and (b) wave-induced
contribution; vertical flux of pressure perturbation for (c) turbulent contribution and (d) wave-induced contribution.
Lines are the same as in Fig. 2.

right panels of this figure. We notice that w̃ is symmetrically centered about the crest of the
wave, 90 degrees out of phase with p̃. Since w̃ and p̃ are symmetrical and out of phase, the
net w̃p̃ is very small despite large w̃ and p̃-values. The slight shift towards the crest of the
maximum w̃ results in a small, but negative net value of w̃p̃. For the slow-wave case, w̃p̃ is
larger than for the other cases; negative at the surface, and positive above kz≈ 0.3 and then
changing sign again at kz≈ 1.5. Thus, w̃p̃ (and also ũw̃, not shown) changes sign around or
slightly above the critical layer. This is a consequence of the critical layer, which strongly
influences w̃ and weakly impacts p̃ (Fig. 5). Above the critical layer, the vertical variances
(w̃) are shifted almost 90 degrees towards the wind resulting in a flow pattern resembling
the stationary case (see figures 14 and 15 in Sullivan and McWilliams, 2002).

3.2. Kinetic energy budgets

To gain further insight into how turbulent and wave-induced kinetic energy (KE) is
generated, transported, and dissipated, kinetic energy budgets are investigated for the total
perturbation, wave-induced perturbation and the turbulent perturbation in the following
sections. The KE budget in Section 3.2.1 is the sum of the turbulent and wave-induced
perturbations. In Section 3.2.2, the KE budgets for the wave perturbation and turbulent
perturbation are investigated separately.
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Fig. 4. Normalized wave-correlated fields of (a) w̃/u∗, contours (±0.2,±0.4,±0.8,±1.2,±1.6), (b) p̃/u2∗, con-
tours (±1.5,±3,±6,±10,±14) and (c) w̃p̃/u3∗, contours (±1,±3,±6,±10,±14), for the very fast-wave case
(c/u* = 22.7). The dark contours represent positive values and light negative values. The magnitude of the wave-
integrated value is shown on the right.

3.2.1. Kinetic energy budget for the total perturbation
For statistically stationary and neutrally stratified conditions, the KE budget for the total

perturbation is:

−uiuj
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where e = 1
2u
2
i is the KE for the total perturbation. The physical interpretation of the terms

is that P is the mechanical production of total KE from the mean flow, Tt is transport
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Fig. 5. As Fig. 4, but for the slow-wave case (c/u* = 7.8). Contours are (a) (±0.15,±0.2,±0.3,±0.4,±0.5), (b)
(±0.8,±1.2,±1.6,±2.0,±2.4) and (c) (±0.2,±0.5,±0.8,±1.1,±1.4). The dotted line represents the height of
the critical layer.

of KE by the turbulent eddies/wave perturbations, Tp is transport of total KE by pressure
perturbation, Tv is transport by molecular diffusion, which can generally be neglected in the
atmosphere and ∈ is molecular rate of dissipation. All terms are computed directly from the
DNS data and the residual of the terms is expected to be zero. In our flat case, the residual is
very small and the results are similar to previous DNS (Spalart, 1988). Due to interpolation
effects between the flat and curvy coordinate systems, the residual for the wavy cases is
slightly larger, but it is significantly smaller than the other terms in the budget. The terms
in the budgets are scaled with v/u∗ and plotted against kz (also z+ in Fig. 6a).
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Fig. 6. Kinetic energy budget for the total perturbation for six neutral cases. For a (a) flat surface, (b) stationary
wavy surface (c/u* = 0), (c) very slow waves (c/u* = 3.9), (d) slow waves (c/u* = 7.8), (e) fast waves (c/u* = 16.2)
and (f) very fast waves (c/u* = 22.7). Solid thin lines in (c) and (d) denote the approximate average height of the
critical layer.

The KE budget for the total perturbation for six cases is shown in Fig. 6. The budget for
the flat case (Fig. 6a) agrees well with other flat-wall DNS (Mansour et al., 1988; Spalart,
1988). The production and dissipation dominate the turbulent KE budget, and above kz= 1
they mainly balance. Below kz= 1, Tt is of increasing importance, transporting turbulence
both to the surface and to higher levels. Closer to the surface (below kz= 0.5) Tp and Tv are
increasingly important.
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The stationary case with a wavy surface (Fig. 6b) differs from the flat, production is
larger and dissipation is significantly larger, especially at the surface. Near the surface,
pressure transport is slightly larger and the stationary wavy surface acts as a rougher surface
producing more KE, which is dissipated locally.
Fig. 6c and d illustrate two cases where a critical layer is present near the surface. The

critical layer mainly influences Tp, which is negative around and below the critical layer
(this strong influence on Tp can also be seen from Fig. 3d where w̃p̃ changes sign at about
the height of the critical layer). The viscous transport is smallest for the cases with slow
waves, which can be explained by the effective increase in surface roughness for slower
waves (see z+

0 in Table 1). When comparing cases with fast and very fast waves (Fig. 6e
and f show c/u* = 16.2 and 22.7, respectively), the most striking feature is the large increase
in turbulent and viscous transport (Tt and Tv) near the surface. Tv is the largest sink near
the surface and decreases to small values at kz≈ 0.25. Tp is small, except for right at
the surface. Production and dissipation are similar to the flat case above the near-surface
region.
Variance budgets can also be calculated for the u2-, v2- and w2-components separately.

In these budgets, an additional term appears (the redistribution term, φii = p
ρ

∂ui
∂xi
), which

moves energy between the different components. It is interesting to note that the redis-
tribution of energy from the direction of the mean wind to the less energetic components
is significantly larger for slow waves than the other cases below kz= 0.75 (in Fig. 7, u2-
and w2-components are shown). This implies that the process of transporting energy from
the mean-wind direction to the vertical and crosswind directions (making the turbulence
more isotropic) is more efficient for slow waves. This partly explains why the variance is
relatively low in the horizontal direction and large in the vertical direction in Fig. 2 for slow
waves.

3.2.2. Kinetic energy budget for the wave-induced and turbulent perturbations
Next, we analyze the kinetic energy budget for the wave-induced (WKE) and tur-

bulent (TKE) perturbations (for a derivation of these equations see Reynolds and

Fig. 7. Pressure redistribution term for (a) u-component and (b) w-component for six different cases.
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Hussain, 1972):
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∂ũi

∂xj
︸ ︷︷ ︸

Wt

−
∂u′

iu
′
i

∂xj
︸ ︷︷ ︸

T ′
t

−
∂u′

ip
′

∂xi
︸ ︷︷ ︸

T ′
p

+ 1
2
v
∂2u′2

i

∂x2j
︸ ︷︷ ︸

T ′
v

− v

(

∂u′
i

∂xj

)

︸ ︷︷ ︸

∈ ′

= 0.

(6)

In the above expressions,

r̃ij = ⟨u′
iu

′
j⟩ − u′

iu
′
j and R̃ij = ũiũj − ũiũj,

r̃ij is the wave-induced turbulent Reynolds stress and R̃ij is the fluctuating part of the
non-linear wave contribution to the Reynolds stress (Einaudi et al., 1984). The majority
of the terms in Eqs. (5) and (6) have counterparts in Eq. (4). The new terms are: T̃w,
redistribution of wave-induced turbulence, Wt is transport of energy between turbulence
and wave perturbation and is present in both Eqs. (5) and (6). The non-linear term, T̃R,
described in Einaudi et al. (1984), represents the oscillating part of the non-linear wave
contribution to the Reynolds stress; it is a redistribution term and is generally considered
to be small and is often neglected. The term A′

w is advection of turbulence by the wave;
it is small, but not negligible. Our residual for the different cases is small and the WKE
and TKE budgets are mainly closed. Generally, the terms in the WKE budget (Fig. 8) are
smaller than in the TKE budget (Fig. 9), but still non-negligible. The production of wave
energy is about 25% of total energy production from the mean flow below kz= 0.4 for the
case with slow waves. Notice that for slow waves almost the entire pressure transport is in
the wave perturbation, which agrees with Fig. 3c and d, where most of the gradient in wp

is due to wave perturbation (w̃p̃) for the slow-wave case.
There are major differences in the WKE budgets for varying c/u* (see Fig. 8) with

the stationary case noticeably different from the wavy cases. The production term for the
stationary case is a sink of energy, i.e., energy is transported from wave perturbation to
mean flow. This is also observed in Sullivan et al. (2000) (their figure 21) where ũw̃ for the
stationary wavy surface is positive. Also, in the experimental study of Cheung and Street
(1988), the surface layer beneath water waves shows a transport of energy from the wave
perturbation to themean flow. The source ofWKE in our stationary case is due to a transport
of energy from the TKE (Wt).
For the two slow-wave cases, we also see effects of the critical layer in the WKE budget;

the production term is slightly negative above the critical layer and thus similar to flow
above a stationary wavy surface. For slow waves, both production and turbulence-wave
interaction (Wt) are energy sources near the surface and the pressure term transports it from
the near-surface region to higher levels. The largestWt term is found for the very slow and
stationary cases. For fastwaves, notice that the largest source of energy near the surface is the
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Fig. 8. Terms in the wave kinetic energy budget. (a) Production of wave-induced kinetic energy, P̃ , (b) dissipation,
∈̃ , (c) wave–turbulent transport,Wt, (d) pressure transport, T̃p, (e) viscous transport, T̃v and (f) non-linear wave-
wave interaction, T̃R,

non-linear term (T̃R Fig. 8f) and the major sink is viscous diffusion (T̃v, Fig. 8e). Since there
exist very few previous investigations about the interaction between turbulence and wave
perturbation over moving surface waves, we have chosen to relate some of the parameters
with investigations of other types of flow including turbulence-wave interactions. The non-
linear wave–wave interaction term, T̃R, is also present in the turbulence-gravity wave study



A. Rutgersson, P.P. Sullivan / Dynamics of Atmospheres and Oceans 38 (2005) 147–171 161

Fig. 9. Terms in the turbulent kinetic energy budget. (a) Production of turbulent kinetic energy, P′, (b) dissipation
of turbulent kinetic energy, ∈′, (c) wave-turbulent transport, Wt, (d) pressure transport, T ′

p, (e) viscous transport,
T ′
v and (f) turbulent transport, T ′

t .

of Finnigan and Einaudi (1981), where it is described as a wave velocity transport, the
counterpart of turbulent transport in the turbulent budget. In Finnigan and Einaudi (1981),
T̃R can be both a sink and a source term. Production of wave energy from the mean flow
as well as pressure transport is small for the fast-wave cases. The Wt term is relatively
small, but of increasing importance for faster waves (i.e., larger for c/u* = 22.7 than for
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c/u* = 16.2). It is frequently assumed that the dissipation of wave-energy is negligible (Liu
and Merkine, 1976; Makin and Mastenbroek, 1996), which is an acceptable assumption in
atmosphere and laboratory data, but for the DNS data the dissipation is of the same order
as the production term in the WKE budget.
The different cases have a more similar budget for the TKE (Fig. 9), where also the

flat case is included for comparison. It is interesting to note that the negative production
of WKE for the stationary surface is compensated by about 30% larger production
of TKE for the stationary surface than for the flat case. This extra production is, to
a large extent, dissipated locally. In all cases, the turbulent transport as well as the
pressure transport is similar to the flat case. The viscous transport gives an important
contribution for kz< 0.4; it is larger for flat and stationary wavy surface than the other
cases.
The assumption is sometimes done that the transport terms (referring to the turbulent

and pressure transport terms) can be neglected in modeling wave–atmosphere interaction
(Makin andKudryavtsev, 1999). TheDNSsimulations indicate that this is a valid assumption
above kz= 1, but that they should be included closer to the surface (Fig. 9).

3.2.3. Wave turbulence transport term
One of the most interesting terms in the wave and turbulent kinetic energy budgets is

the transport between the organized wave components and the background turbulence,Wt.
Due to measurement difficulties, this term is often assumed to be negligible (Cheung and
Street, 1988). On the other hand, this term is assumed to dominate the energy balance
for the organized motions studied in Reynolds and Hussain (1972). When analyzed, this
transport is mostly directed from wave perturbation to the turbulent field (Liu and Merkine,
1976; Hsu et al., 1981; Makin and Kudryavtsev, 1999). This direction of transport is often
assumed, based on a similarity to the turbulence energy cascade, where energy is usually
transported from large to small scales. In this study, we find that the transport is mainly in
the opposite direction, from the turbulent field to the wave perturbation, i.e., from smaller
to larger scales. In order to shed light on this energy exchange process, we examine the
different components of the transport term, Wt.
There are four dominant components in the wave-turbulence transport term, namely:

Wt1 = r̃uu
∂ũ

∂x
, Wt2 = r̃uw

∂w̃

∂x
, Wt3 = r̃ww

∂w̃

∂z
, and Wt4 = r̃uw

∂ũ

∂z
(7)

Fig. 10 shows profiles of the various terms and their sum (Wt) for four different cases.
Wt1 represents the transport of wave-induced horizontal variance in the horizontal direction,
it is the second largest contributor for most of the cases. With our definition, a negative sign
implies transport of KE from the wave perturbation to the turbulence, a positive sign is
transport from turbulence to the wave perturbation. In all cases but the stationary, Wt1
represents negative transport. This can be compared with the laboratory data of Hsu et al.
(1981) for equilibrium waves. They also obtain negative Wt1 up to kz≈ 0.7. In Liu and
Merkine (1976) (when modeling a turbulent shear layer with a super-imposed large-scale
wave), Wt1 is negative near the surface, but positive at higher levels, which does not agree
with our results or with the data of Hsu et al. (1981).
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Fig. 10. The transport of energy between wave and turbulence. Positive data means transport from turbulence to
wave perturbation. Thick line is the sum of the terms, thin solid isWt1, dotted isWt2, dash-dotted isWt3 and dashed
isWt4. The cases are (a) stationary wavy surface (c/u* = 0), (b) slow waves (c/u* = 7.8), (c) fast waves (c/u* = 16.2)
and (d) very fast waves (c/u* = 22.7).

Wt2 is small and slightly positive and Wt3 is slightly negative. Both Wt2 and Wt3 have
little impact on the resulting wave-turbulent transfer, and both are in qualitative agreement
with the results of Hsu et al. (1981) and Liu and Merkine (1976).
Wt4, the analogue to the Reynolds stress term (u′w′ ∂U

∂z ), is positive for our flow, giving a
transport of energy from turbulence to the wave perturbation. This is opposite to the findings
of Hsu et al. (1981) and Liu and Merkine (1976).
In our flow, it is mainly the balance between the Wt1 and Wt4 that generates net wave-

turbulent transport. For the case with well-developed waves (Fig. 10c), the balance between
Wt1 and Wt4 results in a small net transport (from wave perturbation to turbulence). For
slow waves as well as very fast waves,Wt4 dominates and there is a significant net transport
of energy from the turbulence to the wave perturbation.
There are important differences between the work of Hsu et al. (1981), Liu and Merkine

(1976) and the present study that perhaps can explain the observed differences. Liu and
Merkine (1976) examine the interactions between a large-scale structure and fine-grained
turbulence in a free shear flow; this is not a boundary layer flow, as in our case. The work
of Hsu et al. (1981) is similar to our study but is conducted at a higher Reynolds number
with relatively well-developed waves. They also analyze the data using a wave-following



164 A. Rutgersson, P.P. Sullivan / Dynamics of Atmospheres and Oceans 38 (2005) 147–171

coordinate system. It is interesting to note that in the DNS investigation of Papavassiliou
and Hanratty (1997) over a flat surface, the transport of energy was also found to be upscale
from the turbulence to the large-flow structure. Papavassiliou and Hanratty (1997) consider
a plane Couette flow, with a Reynolds number slightly lower than ours (Re= 2660). Similar
to the present work, their large-scale perturbation energy transfer from the turbulence to
the secondary flow is due to an opposite relation between Reynolds stresses and the corre-
sponding velocity gradients. This is explained by the fact that the secondary motion affects
the turbulence and changes the Reynolds stresses in a way that can cause a supply of energy
to the secondary flow.
Spatial (x, z) contours ofWt1 andWt4 are shown in Figs. 11 and 12. Contours of r̃ij, ∂ũi

∂xj

and the total term
(

r̃ij
∂ũi
∂xj

)

are shown. Vertical profiles of integrated values of the fields are

also shown for |r̃ij| and
∣
∣
∣
∂ũi
∂xj

∣
∣
∣ and the resulting product, r̃ij ∂ũi

∂xj

For Wt1 and the slow-wave case (Fig. 11), the wave-induced turbulent Reynolds stress
in the along-wind direction (r̃uu) has its maxima (upward) centered over the troughs and
minima (downward) at the crests near the surface. The critical layer generates strongly tilted
secondary maxima shifted along the wind towards the crest of the waves (minima over the
troughs). The horizontal gradients in the along-wind direction haveminima at the windward
side of the wave and maxima at the leeward side. Due to the strong tilt of the maxima in
turbulent Reynolds stress (r̃uu) at the critical layer, we have large negative values of Wt1.
Near the surface, this term is slightly positive since the minima in turbulent Reynolds stress
(r̃uu) at the crests of the waves are larger than the maxima at the troughs.
For the fast- and very fast-wave cases (Fig. 12 shows the fast-wave case), the max-

ima/minimaof horizontal turbulentReynolds stress (r̃uu) are centered over the crests/troughs
and the tilt decreases with increasing wave age; at c/u* = 22.7 there is no tilt or secondary
maxima. The minima in horizontal gradients

(
∂ũ
∂x

)

at the windward side of the wave is
slightly stretched out over the crest of the wave, as a result of the orbital velocities. This
expansion of horizontal gradients

(
∂ũ
∂x

)

over the crests for fast waves results in a positive
contribution near the surface toWt1.Wt1 is largest for well-developed waves and is smaller
for very fast waves (except near the surface). For slow waves, the secondary peak is out of
phase with the gradients, and the main effects can be seen at the critical layer.
The sign and size of the wave-turbulence transport is sensitive to the phase relationship

between wave-induced turbulent Reynolds stresses (r̃ij) and the gradients, and can change
due to small shifts in the wave stresses. Near the surface, the effect of the surface orbital
velocities on the vertical gradient are clearly observed for fast waves.Wt4 is positive for our
cases (except near the surface) and is largest for stationary or slow waves, since then the
turbulent Reynolds shear stress of uw (r̃uw) becomes larger. Wt1 can be either positive or
negative and for well-developed sea nearly balances Wt4, giving a small wave-turbulence
transport. Thus, it is the tilt of the maxima/minima of horizontal turbulent Reynolds stress
(r̃uu) in combination with the strength of turbulent Reynolds shear stress (r̃uw) that has the
largest influence on the totalWt. This sensitivity to the phase of the wave-induced turbulent
Reynolds stresses can explain the differences in Wt for different flows.
It is clear that the wave-turbulence transport is a significant contribution to the TKE

and WKE budgets for some cases. This is especially true in the WKE budget where this
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Fig. 11. Phase average of (a) r̃uu, contours (±0.2,±0.4,±1.0,±1.5,±2.5), (b) ∂ũ
∂x , contours

(±0.01,±0.02,±0.03,±0.04,±0.08) and (c) Wt1, contours (±0.02,±0.04,±0.08,±0.10) for the case with
slow waves (c/u* = 7.8). The dark contours represent positive values and light negative values. The magnitude of
the wave-integrated value is shown on the right. Dashed line shows the height of the critical layer.

term is the major source of energy for stationary waves and also for very slow waves (which
resemble stationarywaves above the critical layer). But also, for very fast waves it has a non-
negligible contribution. When we are near a fully developed wave state the wave-turbulent
transport is small. Most investigations examine a well-developed, mature sea and find a
small or negligible wave-turbulence transport. That is in agreement with our data, since we
see a relatively small transport of energy from wave perturbation to turbulent perturbation
for a mature sea. The term is of increasing importance both for slower and faster waves and
energy is then transported from turbulence to the wave-induced perturbation.
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Fig. 12. Phase average of (a) r̃uu, (b) ∂ũ
∂x and (c) Wt1 for fast waves (c/u* = 16.2). Contours as in Fig. 11.

4. Discussion

The present work has described some features of the turbulence structure and KE bud-
gets in the flow over moving surface waves. It would be interesting to know how applicable
the data are to atmospheric conditions over moving ocean waves. There are a number of
differences including the idealized waveform in the DNS, with a single monochromatic
wave, the absence of small-scale ripples, and no flow separation. These features are most
important for slow waves. The present DNS have also a relatively low Reynolds number
(Re* = 130), and possible influence of viscous effects. According to traditional turbulence
theories (Monin and Yaglom, 1973) the viscous sublayer is the region where the viscous
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stresses are considerably greater in magnitude than the Reynolds stresses, z+ < 5, this cor-
responds to the region kz< 0.1 and is only very near the surface in our data. This estimate
agrees well with the DNS simulations (see Sullivan et al. (2000), their figure 5). The inter-
mediate region, where both viscous stresses and Reynolds stresses contribute, is 5< z+ < 30
and corresponds approximately to 0.1<kz< 0.7. In this region we thus have important wave
effects combined with effects of Reynolds stresses and viscous stresses. It can be difficult
to distinguish between the different effects. However, one should remember that frequent
viscous effects can be of importance also in atmospheric flows (for example, airflow over
short waves or at low to moderate wind speeds) (Harris et al., 1996).
When looking at the results, there is a difference between DNS data and data with higher

Reynolds number in the classification of the wavy surface. In Sullivan et al. (2000), young
waves are defined as having positive pressure drag (or form stress) and old waves, negative
pressure drag; the transition for the DNS data was found to be c/u*|tr≈ 14. This can be
compared to second-order closure calculations where the limit is c/u*|tr≈ 22. According
to Harris et al. (1996), the limit is c/u*|tr≈ 30 for atmospheric conditions. These different
values indicate that the relation between the friction velocity and the phase speed of the
waves determining the transition from slow to fast waves are dependent onReynolds number
and the roughness of the lower boundary. When c/uλ is used as a criterion (where uλ is the
wind speed at one wave length above the surface), the agreement in wave-age classification
between DNS and second-order closure data is significantly better (Sullivan et al., 2000).
The scaling uλ is, however, difficult to deduce from measured data.
When slow waves are present, the wind speed is often relatively high and the surface,

rough.During these conditions, the differences compared to theDNSmight be expected to be
large. In Weng et al. (submitted for publication), the mean flow streamlines and the profiles
of uw using second-order closure data are in qualitative agreement with the present DNS. A
second-order closuremodel can thus, to a certain extent, reproduce the lowReynolds number
DNS, despite the possible shortcomings in parameterization over amovingwavy surface and
differences in Reynolds number. Harris et al. (1996) conclude from second-order closure
modeling that a large change in Reynolds number does not greatly influence the magnitude
of the velocity perturbations. Despite the similarities, some important differences between
DNS and data with higher Reynolds number remain, including the height of the critical layer
and the wave growth. The growth rate of waves from a second-order closure byMeirink and
Makin (2000) are dependent on Reynolds number. This implies a different growth rate for
DNS and second-order closures, and may also explain some of the scatter in experimental
data (Plant, 1982). The growth rate is larger for lower Reynolds numbers. Including low
Reynolds number effects in second-order closure models improves the agreement with
laboratory data (Meirink and Makin, 2000) and also bring second-order closure results and
DNS data closer together. The height of the critical layer is shifted to lower levels when the
Reynolds number increases (Weng et al., submitted for publication). This can influence the
vertical profiles, since the behavior of variances and fluxes often differ above and below the
critical layer.
One expects the situation with fast waves to agree better with measurements than for

slowwaves.With fast waves, we do not need to consider very short waves on the sea surface
(which are not included in the DNS) and the wind speed is often lower, which leads to lower
Reynolds numbers. Also, there are no critical layer effects complicating the analysis near
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Fig. 13. Quadrant analysis for growing sea (upper) and swell (lower) from DNS (left) and measurements taken
at Östergarnsholm in the Baltic Sea (right). The measurements are taken at 10m above the sea surface. The DNS
data is from kz= 0.2 for the case with growing sea c/u* = 7.84 and swell c/u* = 22.7.

the surface. For fast waves, there are some interesting similarities between the DNS and
measured data, taken over the open ocean. In Fig. 13, quadrant analysis is shown for slow
and fast waves for the DNS as well as from observations. The quadrant analysis separates
the uw-flux into four quadrants depending on the sign of the two fluctuating components.
The relative importance of events is estimated by determining the cumulative frequency
distribution of the fluxes. Then, the fluxes are plotted as a function of the hole size, H,
where large H represents large flux events. For H= 0, the sum of all quadrants is =−1.
The measurement data, described by Smedman et al. (1999), are obtained from a mast at
10m height located on the small island of Östergarnsholm in the Baltic Sea. The DNS data
represent slow waves and very fast waves near the surface, kz= 0.2. It is interesting to note
that the special features found for very fast waves in the atmosphere are also replicated in
the DNS runs. The slow waves show a quadrant analysis similar to what can be expected,
where the two quadrants responsible for the downward momentum flux (quadrants 2 and 4)
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dominate. For very fast waves, the contribution from each quadrant is significantly larger in
both measurements and DNS. The large wave-induced events responsible for upward and
downward transport of momentum thus exist both in the atmosphere and in the DNS with
fast waves. These events are probably responsible for the high levels of turbulence found
in the DNS and measurements. The phase shift between the u- and w-components results
in very low vertical transport, despite the high turbulence levels.
There are also some major differences between the DNS data and atmospheric measure-

ments during fast waves. For example, some of the terms in the TKE budget are different.
The dominating pressure transport term found in studies from the Baltic Sea (Rutgersson
et al., 2001) is not reproduced by the present DNS data. Differences between the DNS and
measurements can be explained by several factors where the most important one probably is
the limitation in wave age for the DNS-simulation. Over the open ocean, the friction veloc-
ity approaches zero and the wave-age parameter goes to infinity. This is not the case for the
DNS, where also the ‘very fast case’ represents relatively limited wave-age conditions. In
the atmosphere, there is also a development in time for the wave-turbulence interaction, i.e.,
the flow is not fully stationary, while in the DNS we have absolutely stationary conditions.
The presence of synoptic- and meso-scale features also influence the measured data.
Parameters like wave growth or height of the critical layer from high Reynolds atmo-

spheric conditions cannot be expected to be exactly reproduced by the DNS. Nevertheless,
there are similar turbulent structures both for slow and fast waves and further insight would
be obtained by investigating a wider range of wave conditions. DNS is thus a useful tool
for investigating turbulent structures in the atmosphere above a wavy surface; however, not
all parameters can be directly translated to atmospheric conditions.

5. Summary

Direct numerical simulations of airflow over a sinusoidal wavy surface with different
wave conditions are analyzed. The data are separated into wave-induced and turbulent
perturbations. We find large differences in the wave-induced and turbulent parts depending
on the state of the waves. For the wave-induced contribution with fast waves, the horizontal
and vertical variances are larger than for slow waves, as is also the case for the root-mean-
square pressure. The wave signal is present in many fields up to 0.2λ and to even higher
levels for faster waves. If we extrapolate our results to atmospheric conditions and waves
of wavelength λ= 60m, we would have a wave influence up to at least 12m.
Despite the large variances for fast waves, the wave-induced vertical fluxes of momen-

tum (ũw̃) and pressure (w̃p̃) are small for well-developed and fast waves. This is because
w̃ is almost 90 degrees out of phase with ũ and p̃, respectively. The contribution of the
turbulence part to the variances and fluxes differ across wave age. This implies that simply
removing the effect of the wave by removing the wave-induced perturbations is not pos-
sible. The u-variance is smallest for slow waves, while the w-variance is largest. This is a
consequence of the redistribution term in the variance budgets. Energy transport from u-
to v- and w-components is significantly more efficient for slow waves than for fast. Slow
waves have thus a much higher degree of isotropy near the surface than stationary and fast
waves.
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The quadrant analysis shows that for fast waves the vertical transport is controlled by
a few large events, and that the fluxes are shifted from the usual quadrant 2 and quadrant
4 to larger contributions from all four quadrants. These large flux events are forced by the
underlying fast waves. Wave-effects remain at higher levels for fast waves. For slow waves,
significant critical layer effects can be seenwith pronouncedminima in low-speed quadrants
at the critical layer. The structure above the critical layer is similar to that over a stationary
wavy surface.
The kinetic energy budget for the total perturbation shows important wave effects. The

production (as well as dissipation) increases for slow waves compared to a flat surface and
the pressure transport term is of importance. For fast waves, turbulent and viscous transport
dominates close to the surface. The kinetic energy budget, analyzed separately for wave
perturbation and turbulent perturbation, shows that the energy transport is directed from
the turbulence to the wave perturbation in the airflow, i.e., from smaller to larger scales, for
most cases. The wave-turbulence transport is largest for slow waves and close to zero or
even slightly directed fromwave to turbulence for the well-developed cases. For fast waves,
it is directed from turbulence to wave, but smaller in magnitude than for slow waves. This
means that the underlying waves generate larger turbulence levels than at a flat surface, and
this energy then feeds the wave perturbation. The size and direction of the wave-turbulence
transport is shown to be very sensitive to the size, phase and tilt of thewave-induced turbulent
Reynolds stresses (r̃ij). Here, horizontal turbulent Reynolds stress (r̃uu) shows the largest
dependence on the wave age and height of the critical layer.
The redistribution of energy (return-to-isotropy) seems to be a key parameter, and for

turbulence above slow waves the isotropy is much larger than during fast waves due to a
more efficient redistribution.
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