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Modeling of Spatial Wind–Wave Correlations

B Êard Ven Êas¤ and Lars R. Sætran†

Norwegian University of Science and Technology, Trondheim N-7034, Norway
and

John B. Fossdal‡

Kongsberg Aerospace, Kongsberg N-3601, Norway

Wind-tunnel measurements of three components of mean wind and turbulence quantities, above a rigid three-
dimensional realization of ocean waves, are reported. Based on the measurements a model is proposed for the
cross correlations between wind � uctuations and the wave surface, including phase relations between the different
components. The experiments are novel in the sense that spatial correlations are measured above a realistic
multicomponentocean-like wave surface, de� ned through its energy spectrum. The relevance of the model to � ows
above moving water waves are discussed through comparisons with other experimental results, for both moving
and stationary waves.

Nomenclature
c = wave velocity, m/s
F f g = Fourier transform
H = wave height for harmonic surface, 2 £ amplitude
Hs = signi� cant wave height, 4¾h

h.x; y; t/ = wave elevation, m
.kx ; ky / = wave numbers in the x – y plane, rad/m
k0 = surface elevation wave number 2¼=L, rad/m
L = mean wavelength, m
Q®¯ .1»/ = correlation function, R®¯ =¾®¾¯

R®¯ .1»/ = correlation between processes ® and ¯,
[®.»/ ¡ ®.»/][¯.» C 1»/ ¡ ¯.»/]

S®¯ = cross spectrum, FfR®¯g
T = wave period, s
t = time, s
OU.x/ = Reynolds-averagedmean velocity, m/s

U .z/ = mean velocity (horizontally averaged), m/s
u D [u; v; w] = wind velocities in Cartesian coordinates x, m/s
Ou0.x; t/ = Reynolds-averagedwind � uctuation,m/s
u0.x; t/ = wind � uctuation,m/s
uw.x/ = wave-induced wind � uctuation, m/s
x D [x; y; z] = Cartesian coordinates: x in streamwise direction,

y in the transversedirection, and z in vertical
direction, m

¾® = standard deviation of ®, ¾® D
p

.®®/

Introduction

S EVERAL experiments have reported wind � uctuations in the
atmospheric ocean surface layer (typical heights z < 50 m)

(Ref. 1), which are due to direct interaction between surface waves
and wind. Most of these experiments report turbulence spectra or
correlations as measured from instrumented platforms offshore or
laboratory wind–wave facilities, where wave-induced � uctuations
are found as additional peaks in the wind spectra (or equivalently
periodicity in correlations) in bands around the wave frequency.2– 5

This is shown schematically in Fig. 1. The � uctuations are primar-
ily reported in the streamwise u and the vertical w velocity, but
results of Elder et al.6 have indicated that similar � uctuations may
also be present in the transversedirection (i.e., in the v component).
The experiments referred to here primarily investigatedmomentum
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transfer across the ocean–atmosphere interface, for modeling pur-
poses, and focused on changes in Reynolds’ stresses,mean velocity
pro� le, and transport of scalars such as temperature and humidity
brought forward by the wind–wave interaction.

The startingobjective for our work, however,was the modelingof
wind structure close to wave surfaces for use in evaluation of wind
impact on sea-skimming missiles. A preliminary investigationwith
a similar ambition had previouslybeen reportedby Lesieutre et al.,7

who used a simple harmonic estimate for the periodicity of wave-
induced � uctuations as input to missile � ight simulations. They
showed that a missile at transonic, or future supersonic, velocities
may experience control problems due to such � uctuations when
� ying close to the sea surface. The important issue in this context
is the possible occurrence of narrow-banded accelerations, caused
by � uctuations in angles of attack or airspeed, which may alter the
� ight path, put critical strain on the airframe structure, or interact
adversely with control system dynamics.

Figure 2 shows a simple conceptual model of streamlines above
a wave surface being perturbed by the wave surface. If we accept
this as a plausiblemodel, it seems likely that a stationarymeasuring
station will experienceincreasedhorizontalwind speedevery time a
wave passes the station due to accelerationover the wave crest. The
wave period T will determine the frequency at which these � uctua-
tions occur and thus the location of the wave peak in the spectrum.
When lookingat missilestraversingtheair abovewaves, themain fo-
cuswill beon the spatialrather than the temporalstructureof the � ow
because the � ight velocity is at least an order of magnitude higher
than the velocity scales of the wind, justifying a view of the wind
� eldas frozen,in the senseofTaylor’s hypothesisfor turbulent� ows.
The � uctuation frequencies that the missile experiences will there-
forebedeterminedby the surfacewavelengthsand the � ightvelocity.

This paper reports results from wind-tunnel measurements of
three components of mean wind and turbulence quantities abovea
rigid three-dimensional realization of realistic ocean waves. The
background for the experiment was, as described earlier, the desire
to model spatial � ow structures above natural waves. The surface
was chosen to be able to describe wind–wave correlations in both
horizontal directions, i.e., including the crosswind direction. The
experiments and the model are believed to be novel approaches
in analyzing spatial correlations above a realistic multicomponent
wave surface. In addition to describing the experiment and deriving
the model, this paper discusses the relevance to � ows above moving
water waves through comparisons with reported experimental re-
sults from offshoremeasurements, laboratorywind–wave facilities,
and wind-tunnel � ows above rigid two-dimensional waves.

The correlation model that is described in the paper has been
implementedin a MonteCarlo turbulencesimulationscheme,which
has been described by Ven Êas and Sætran.8 In these simulations,
numerically realized turbulence is added to realizations of wave-
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Fig. 1 Total wind spectrum as sum
of a turbulence spectrum anda much
narrower wave-induced wind spec-
trum (both axes are logarithmic).

Fig. 2 Conceptual model: streamlines above wave surface.

induced � uctuations to provide realistic wind velocity time series
for use in simulations of missile � ight at low altitudes over waves.

Experiments on Wind–Wave Interaction
An actual ocean wave surface and its interaction with wind is a

very complexprocess.First of all, thewave surfaceis highly threedi-
mensional; i.e., it is not a monotonicwave train as sketchedin Fig. 2.
On the contrary, it consistsof a continuousbandof frequenciesmak-
ing a spectral description necessary. The wave velocity is not one
distinct velocity because each wave component (harmonic) travels
at a velocity proportional to its own wavelength and also spreads
into directions other than that of the main wave propagation.9 To
complicate the situation even further, the wind does not have to be
in equilibrium with the waves. This means that, as waves generate
and dissipate slower than rapid changes in atmospheric wind, the
main wave propagation may take place in any direction relative to
the wind, e.g., in the direct opposite direction, as in Ref. 10.

Existingexperimentalstudiesof boundary-layer� ows overwaves
seem to be divided into three separate approaches: actual offshore
measurements,experiments in laboratorywind–wave facilities, and
wind-tunnel experiments using rigid harmonic surfaces. Of these
approachesoffshore experiments have the obvious advantageof re-
alistic wave surfaces and wind conditions.However, they suffer the
sameweaknessas any full-scaleatmosphericexperiment:uncontrol-
lable boundary conditions and dif� cult and expensive instrumenta-
tion. As far as is known to the authors, all offshoreexperimentshave
been limited to wind measurementsat one horizontalposition.x; y/
as a function of height z and usually the wave elevation h.x; y/ at
the same position. To provide accurate spatial information, how-
ever, one should measure spatial correlationsdirectly (for example,
by using a grid of wave elevation gauges and/or anemometers in the
x – y plane) because the wave surface deforms over time due to the
span of propagation velocities and the directional spreading.

Laboratory wind–wave experiments are controllable but have
been limited to simple (mechanically generated) harmonic waves
because available fetch is too small to develop wind-waves in labo-
ratory scale. However, when using a harmonic wave surface, spatial
correlations are available directly through phase averages because
the waves propagate at one single velocity.

Rigid surfaces also provide both controllable surface conditions
andeasyaccessto phase-averagedmeasurements.The directparallel
to liquid wave surfaces may, however, be questioned due to the sta-
tionary no-slip boundary condition at the wall. The drift velocity of
the waves (the mean motion of the water surface particles) is proba-
bly negligiblecomparedwith thewind andwave velocities,beingon
the order of 3% of U10.9 The wave propagationvelocityon the other
hand is likely to play a signi� cant role in wind–wave interactionbe-
causeit is the most dominantvelocityscale of the water surface,usu-
ally beingof the same orderof magnitudeas the mean wind velocity.

An elegant experiment investigating the effect of wave propaga-
tion was performed by Kendall,11 who replaced a part of the wind-
tunnel � oor with a smooth neoprene rubber sheet, which could be
mechanicallydeformed into progressivesurface waves. In this way
the ratio between wave velocity c and wind velocity U was var-
ied continuously in the range c=U 2 h¡0:5; 0:5i (i.e., with waves

moving upwind, stationary waves, and waves moving downwind).
Looking at the results, the rigid � oor situation, c=U D 0, is not a
singular point but a well-de� ned value along continuous curves for
the different wind perturbationquantities as functions of c=U .

Based on this, and to investigate spatial correlations of wave-
induced perturbations, we chose a somewhat different approach
than the aforementionedones: a wind-tunnel test above a rigid mul-
ticomponent three-dimensional wave surface. A rigid surface has
evidently zero wave velocity, which again, of course, is not physi-
cally viable. But as was pointed out earlier, wave propagation in the
ocean may have any directionother than that of the mean wind, and
the stationarywave situationmay thusbe consideredan intermediate
value of the c=U ratio. Advantages in using a rigid surface are the
easy access to spatial correlationsand the freedom in choice of sur-
face topography.This last point meant that we had the possibilityof
testing developed wind–waves in the laboratoryby creating a wave
surface in accordancewith established results for ocean waves. The
results presented here should, however, be considered in the light
of the restraint that the zero c=U value may put on its applicability.
Aspects of this are discussed further later in the paper.

Experimental Details
The utilized wave surface was made as a Gaussian realization

of the Joint North Sea Wave Project (JONSWAP) spectrum for
partially developed wind–waves, using the directional spectrum of
Hasselmann et al.12 for transforming it into a two-dimensional spa-
tial spectrum, i.e., from Shh.!/ to Shh.kx ; ky/. The realization of
the spectrum was performed numerically and used directly as input
to a digital plain milling machine. The surface and a cut along the
centerline of the model are shown in Fig. 3.

The experimentswere conducted in a 11:2£2:7£1:8 m3 (length
£ width £ height) wind tunnel. The wave model had a dimension
7 £ 2:6 m with a mean wavelength L D 1200 mm and a maximum
difference in surface elevation of 100 mm (lowest through to high-
est crest). The choice of these scales was based on a compromise
between the desire for a large number of wave events and a good
experimental resolution. Further, the steepness of waves are usu-
ally de� ned through the ratio between the wave height Hs and the
wavelength L , and the wave surface spectrum was scaled to get
an Hs =L ratio corresponding to normal but still quite choppy seas;
Hs D 59 mm gave an Hs=L ratio of roughly 0.05, complying with
this speci� cation.The surface can therforebe perceived as a typical,
extreme, nonbreaking wave surface in approximately 1:100 scale,
which has been frozen in time.

A thick turbulentboundary-layer/shear � ow was set up byplacing
spires at the entrance to the test section in accordance with the
method of Counihan13 for simulatingneutral atmosphericboundary
layers. This was done to create a fully turbulent situation over the
short distance upstream of the waves. Because the mean surface
level of the model is located above the wind-tunnel � oor, the � oor
was raised to this new zero level (65 mm) just after the spires. The
wind-tunnel con� guration is shown schematically in Fig. 4.

Fig. 3 Wave model topography (not in scale); back: cut along the cen-
terline of the model (multiplied 10 times).

Fig. 4 Wind-tunnel test section con� guration.
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Constant temperature hot-wire anemometry was employed for
measuring mean wind and � uctuating turbulence quantities along
the model. To speed up the data acquisition and to get an esti-
mate of the spatial turbulence correlations along the model, two
x-wire probes were used simultaneously, with an internal sepa-
ration of 1y D 100 mm. The � ow was allowed to pass the � rst
two waves before reaching the foremost measuring location at
x D 2200 mm. Measurements were performed in four horizontal
planes: z D 55; 100; 150, and 300 mm above the mean surface level.
In each of the planes the probes were traversed in rectangular grids
of 21 £ 16 points (1x D 200 mm and 1y D 100 mm). Two series
of measurements were conducted: with the hot wires oriented in
the vertical plane and with the wires in the horizontal plane, for
measuring u-w and u-v quantities, respectively.14

De� nition of the Problem
The results analysis is based on a triple decomposition of the

instantaneous wind velocity, adding the term wave-induced wind
� uctuation uw to the standard Reynolds decomposition

u D U C u0 C uw D U C [u 0; v 0; w0] C [uw; vw; ww] .1/

where the rules of Reynolds decomposition apply to both types
of � uctuations ( Nu 0 D Nv 0 D Nw0 D Nuw D Nvw D Nww D 0) and the coordi-
nate system x axis is oriented along the mean wind direction
(U D [U; 0; 0]).

It is, however, not self-evidentwhat the different � uctuationsde-
scribe physically. Kitaigorodskii2 de� nes wave in� uence as wave
perturbationsin the turbulence � eld above the surface, whereas tur-
bulent � uctuations are said to be turbulence of purely atmospheric
origin. We have used a slightly different de� nition, stating that the
wave perturbation is the part of the � uctuations that correlates with
the ocean surface elevation, i.e.,

uw.x; t/ D uw[h.x; y; t/; z; U ] .2/

meaning thatuw is a deterministicrather thana stochasticfunctionof
the surface elevation h. Thus, the randomness of the wave-induced
� uctuationsis a resultof the stochasticnatureof thewaves. In Eq. (2)
we have further assumed that uw is a function of height z and scales
on the mean velocity U .

The turbulencecomponentu0, on the other hand, is de� ned as the
part of the � uctuations that does not correlate with h:

Ru0h.1x; 1y; z; 1t/ D u0.x; t/h.x C 1x; y C 1y; t C 1t/ ´ 0

(3)

thoughits stochasticnaturemay bea functionof h. This is to say that
other statistics of u0, such as higher-ordermoments (e.g., ¾u0 ), may
be functions of h. This differs from Kitaigorodskii’s de� nition in
that he de� nes uw as containing all correlationsbetween u and h in
the strict sense,whereaswe onlyassumethis for � rst-orderstatistics.
As we will see later, the difference between the two de� nitions is
probably not very signi� cant in this experiment.

Fig. 5 Turbulence quantities along the centerline of the model for z = 100 mm: ±, wave-induced � uctuations uw /U; £ , turbulence intensity ¾u 0 /U; +,
turbulence correlation function Qu 0 u 0 ( D y = 100 mm and D t = 0); and - - -, wave surface elevation h/Hs.

Our de� nition results in cross correlationsbetween instantaneous
velocity and surface elevation of the form

Ruh.1x; 1y; z; 1t/ D u.x; t/h.x C 1x; y C 1y; t C 1t/

D [U .x/ C u0.x; t/ C uw.x; t/]h.x C 1x; y C 1y; t C 1t/

D uw.x; t/h.x C 1x; y C 1y; t C 1t/

D Ruw h.1x; 1y; z; 1t/ (4)

which means that the cross correlation can be used for extracting
the wave-induced velocities from the total signal.

To evaluate the data using these de� nitions, the measurements
were � rst time averaged according to standard Reynolds decompo-
sition, that is, into local mean velocities

OU.x/ D
1

¿

¿

0
u.x; t/ dt .5/

and zero-mean time series

Ou0.x; t/ D u.x; t/ ¡ OU.x/ .6/

From these the triple decompositionwas evaluated as

U.z/ D 1
Nx Ny

Nx

i D 1

Ny

j D 1

OU.xi ; y j ; z/ (7)

u0.x; t/ D Ou0.x; t/ (8)

uw.x/ D OU.x/ ¡ U.z/ (9)

where (xi ; y j ) de� nes the measuring positions in each plane z. The
overall mean velocity U equals the mean of OU in the x – y plane, and
the wave in� uence is de� ned as the deviationsin OU along the model.
Because we here consider the � ow above rigid waves, the surface
elevation is not a function of time, and the same therefore applies
for the wave-inducedperturbations.Because of this, t is not present
in the followinganalysis, although it should be for the general case.

For the preceding evaluation to be in accordance with the de� -
nitions of the triple decomposition, uw should correlate fully with
h.x; y/; that is, it should not have any other functional relationship
with x or y than through h. Whether this is the case is discussed in
the two next sections, in which we describe, respectively, the cor-
relation between the wave surface and the � ow and the modeling
of it. A necessary but less strict consequence of the de� nition of
uw is that it should be homogeneous in the x – y plane. This is not
per de� nition necessary for u0 but should be satis� ed anyway if the
overall � ow is to be considered homogeneous.To evaluate whether
homogeneity is satis� ed, Fig. 5 shows ¾u 0=U and uw=U (both for
z D 100 mm) as functions of x along the centerline of the model.
In the � gure we see that the turbulence level is fairly constant com-
pared with the � uctuations in uw . The turbulence autocorrelation
function Qu 0u 0.x; 1y D z D 100 mm, 1t D 0/ is also shown in the
� gure. We judge all of these results, both in turbulence level and in
correlation level (an indication of the length scale), to be close to
constant compared with the wave-induced � uctuations, indicating
that u0 may be considered as homogeneous.
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Wave-Induced Correlations
Measured cross-correlationfunctionsbetween the different com-

ponents of uw and the surface elevation h are shown in Fig. 6. The
bottom � gure shows the autocorrelation function Qhh of the sur-
face elevation in the same (i.e., the utilized) region of the model.
The term Qhh is the inverse Fourier transform of the JONSWAP
spectrum Shh.kx ; ky/ and qualitativelyhas the characterof an expo-
nentially decaying cosine function in the x direction, the distance
between the peaks being the mean wavelength L . In the y direc-
tion the function has approximately the same wave length but a
much faster exponential decay, nearly suppressing all oscillations
(the function is slightlynegative for 1y=L D 0:5). The shape of the
correlation tells that the surface is quite periodic in the x direction,
as would be anticipated. In the y direction there is almost no peri-
odicity but a fairly long correlation length, meaning that the waves
have a signi� cant width with respect to the wavelength. The non-
ideal and nonsymmetric form of Qhh in Fig. 6 is due to the model
realization being of limited size.

Fig. 6 Measured wave-induced � uctuations at z = 100 mm. From the
top downward: Quwh , Qvwh , and Qwwh . Bottom: corresponding autocor-
relation function of wave elevation Qhh.

Fig. 7 From above: Quwh , Qvwh , Qwwh , and Qhh plotted along the x axis
( D y = 0) except for Qvwh , which is along D y = 500 mm. The lines repre-
sent the different heights: —-, z = 55 mm; - - -, z = 100 mm; –¢ –, z = 150
mm; and ¢ ¢ ¢ ¢ , z = 300 mm.

The cross-correlationfunction Quw h resemblesquite closely Qhh ,
even having the same general trend of being slightly skewed coun-
terclockwise. The perturbations are close to exactly in phase with
the surface elevation and have the same form of exponentially de-
cayingoscillationsin the x direction.The exactmatch in value is not
found in the origin where Quw h D 0:81 and thus does not correspond
fully to the default autocorrelationvalue Qhh D 1. For all other sep-
arations (1x; 1y), however, the two correlation coef� cients seem
equal within reasonable accuracy. This can easily be seen in Fig. 7,
which shows cuts along the correlation surfaces for the different
planes.Here we also notice that the same picture prevails for all val-
ues of z; that is, there seems to be little change with height within
the measuring range.

The correlation function Qww h suggests that the vertical � uctua-
tion lags the surface by approximately ¼=2. Because uw was found
to be in phase with the surface, this means that uw leads ww by ¼=2.
By the expressionslead and lag here we mean the locationalong the
x axis. This is also equal to the order of events in a situation where
the waves move downwind past a stationarymeasuring station.The
term Qvw h seems to change phase depending on the sign of 1y.
That this in fact should be the case can be reasoned from the fact

Fig. 8 Correlation between turbulence intensity (normalized by ¾uw
at z = 100 mm) and surface elevation.From top to bottom:Q¾u 0 h , Q¾v 0 h ,
and Q¾w0 h . Note: all correlations are normalized by ¾uw (z = 100 mm)
for comparison with Figs. 6, 7, and 9; lines are as in Fig. 7.

Fig. 9 Modeled correlation functions. From the top downward: Quwh ,
Qvwh , and Qwwh . Bottom: autocorrelation functions of wave elevation
Qhh.



892 VEN ÊAS, SŒTRAN, AND FOSSDAL

that the correlation in the mean has to be antisymmetric about the
x axis because no direction can be favored. The reason why this is
not evident from the measurements can be the fact that the abso-
lute values of � uctuations are smaller in this component than in the
two other components and that the aforementioned skewing of the
surface may have masked the result to a certain extent.

In the preceding section the turbulence was shown to be close to
homogeneous in the x – y plane. It is, though, slightly affected by
the surface elevation as can be seen from Fig. 8, which shows cross
correlations between the turbulence standard deviation (note, nor-
malized by ¾uw at z D 100 mm for comparison) at different heights
and the wave surface elevation. Generally the turbulence leads the
waves, although there is some difference between the components
and changeswith height. Using the Kitaigorodskii2 de� nition of the
triple decomposition (preceding section), this turbulence perturba-
tionwouldhavebeen includedin thewave-inducedperturbationpart
becauseit includesall wave perturbationsof the � ow� eld. However,
the magnitudeof the turbulence–wave correlationis at the most only
about5% of the maximum wave-inducedcorrelation,and so the two
de� nitions do not differ very much in this case. As the values of the
variations in turbulence intensity are small compared with the � uc-
tuations in uw , they are not considered in the further modeling and
discussion.

Modeling
As mentioned in the preceding text, Quw h resembles Qhh quite

closely, except near 1x D 1y D 0, where it has a slightly lower
value. There may be at least two reasons for this: it may be an
actual physical process that the lag or the strength of the wave-
induced perturbationvaries somewhat for the individualwaves due
to higher-ordereffects. It may also be caused by uw not being fully
homogeneousin ourexperiment:if theoverallmeanvelocityhad, for
example, a downstream trend, such an inhomogeneity would enter
into uw (based on the evaluation of the triple decomposition). This
again would increase the apparent standard deviation ¾uw

, down-
scaling the correlation function Quw h . It is dif� cult to determine
which of these (or whether both) factors play a role in our experi-
ment due to the short measuring region. We have thereforemodeled
the correlation as

Quw h.1x; 1y; z/ D Qhh.1x; 1y/ .10/

because this represents both a close approximation and a simple
de� nition. The model then gives for the scaled cross correlation

Ruw h.1x; 1y; z/ D ¾uw .z/

¾h
Rhh.1x; 1y/ .11/

The Fourier transform Ff g of the cross correlationyields the cross
spectrum

Suw h.kx ; ky; z/ D
¾uw

.z/

¾h
Shh.kx ; ky/ .12/

Figure 6 indicates a ¼=2 rad phase lag between the vertical and
the streamwise � uctuations, a result also found in the offshore
measurements of Antonia and Chambers.3 They reported this to
be “consistent with a description of the interaction between waves
and turbulence as a quasi-potentialwave perturbation of the turbu-
lent � ow.” Continuing this line of thought, the potential � ow solu-
tion for a two-dimensional, harmonic, and stationary wave surface,
h D .H=2/ sin.k0x/, has the form (using linearized boundary con-
ditions at the wave surface: ww jz D 0 D Udh=dx )

uw D U .Hk0=2/ sin.k0x/ exp.¡k0z/ (13)

ww D U .Hk0=2/ cos.k0x/ exp.¡k0z/ (14)

meaning that the horizontaland vertical � uctuationsare ¼=2 rad out
of phase. The cross-correlationfunctionsbetween the perturbations
and the wave surface are then

Quw h.1x/ D cos.k01x/ (15)

Qww h.1x/ D sin.k01x/ (16)

For a harmonic surface the sine-cosine relationship is represented
simply through this ¼=2 phase lag. The result may, however, also
be used to describe the differences between the Quw h and Qww h

correlations found in our measurements, having, respectively, the
formof a qualitativelydecayingcosineanda similarlydecayingsine
along the x coordinate (Fig. 7). From the preceding equations, we
� nd the following relationship between the two cross correlations:

cos.k01x/
Rww h.1x/

¾ww

D sin.k01x/
Ruw h.1x/

¾uw

.17/

The multiplicationby trigonometric functions corresponds to shift-
ing the spectra into side bands in Fourier space. In other words, the
Fourier transform of Eq. (17) gives (e.g., see Ref. 15)

1
2¾ww

Sww h.kx ¡ k0/ C Sww h.kx C k0/

D 1
2¾uw

i
Suw h.kx ¡ k0/ ¡ Suw h.kx C k0/ (18)

an equation that has the obvious solution

Sww h D ¡ ¾ww
=¾uw

Suw hsgn.kx /i

D ¾ww
=¾uw

Suw h exp[¡.¼=2/ sgn.kx /i ] (19)

where sgn(kx ) is the signum function fsgn.kx / D [¡1; 0; 1] for kx 2
[<0, D0, >0]g. For the potential � ow solution the cross spectra are
thus equal in amplitudebut differ in phase.Similarly, for a harmonic
surface Eq. (19) represents the difference between a sine and a co-
sine, whereas for a multiple component spectrum the equation says
that each individualwave componentis shifted ¼=2 rad out of phase,
i.e., one-fourth of its own proper wavelength.

A similar analysiscan be performedfor the crosswindcomponent
of the wave-induced� uctuation. If Qvw h is assumed antisymmetric,
in both the x and the y direction, we get

Svw h D ¡ ¾vw =¾uw
Suw h[sgn.kx / ¡ sgn.ky/]i

D ¾vw =¾uw
Suw h expf¡.¼=2/[sgn.kx / ¡ sgn.ky/]ig (20)

The model cross-correlationfunctionsare shown in Fig. 9 as they
are evaluatedfrom thismodeling, that is, as the inverseFourier trans-
formof the cross spectra in Eqs. (12), (19), and (20). Comparedwith
the measured results (Fig. 6), we see a good quantitativecorrespon-
dence in all three components, considering that the measurements
are performed over a relatively limited size realization of the wave
spectrum.

Measured values of ¾uw
; ¾vw

, and ¾ww
are plotted in Fig. 10 (top)

normalized by the local mean velocity U .z/. The wave-induced

Fig. 10 Intensity of wave-induced � uctuations: ±, uw; £ , vw; +, ww;
and ——, potential � ow solution [–¢ – , potential � ow value divided by 2;
Eq. (27)] normalized by U(z) (top) and by ¾hU/L (bottom).
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� uctuations are here seen to be close to equal in the streamwise and
the vertical direction, as predicted by the potential � ow solution. In
the transverse direction, on the other hand, the perturbations have
approximately half this value. The experiment of Elder et al.6 is the
only one known to us that has found transverse � uctuations over
waves. One reason for this may be that the � uctuations are substan-
tially weaker in this direction than in the others, as indicated by this
result.

The wind-induced � uctuations decay almost exponentially with
height. This corresponds well with the measurements of Frederick
and Hanratty16 over two-dimensional harmonic waves of approxi-
mately the same wave height to wavelength ratio. They report the
wave-induced correlations to extend to a height equal to about half
the wavelength (L=2, in our case z D 600 mm). Also plotted in
Fig. 10 is the correspondingstandard deviation based on the poten-
tial � ow solution. We see an exponential decay with height but a
somewhat higher � uctuation value. However, when normalizing by
the standard deviation of the wave surface, as is shown in the lower
plot of Fig. 10, a very close match is found. This result is a con-
sequence of the difference between the standard deviation to wave
height ratio of the modeled ocean wave surface and the sinusoidal
surface

¾h;sine D .H=2/ sin2.k0x/ D .H=2/ 1=2 (21)

¾h;ocean D .Hs=4/ (22)

where the ocean waves’ value follows from the de� nition in the
Nomenclature (see, for example, Ref. 9).

To incorporate the � uctuation levels in the model, we scale the
cross spectra by the respective standard deviations

Suw h.kx ; ky; z/ D ¾uw .z/

¾h
Shh.kx ; ky/ (23)

Svw h.kx ; ky; z/

D ¾vw .z/

¾h
exp ¡¼

2
[sgn.kx / ¡ sgn.ky /]i Shh.kx ; ky/ (24)

Sww h.kx ; ky; z/ D
¾ww

.z/

¾h
exp ¡

¼

2
sgn.kx /i Shh.kx ; ky/ (25)

where the standard deviations are modeled as

¾uw =¾h D Uk0 exp.¡k0z/ (26)

¾vw
D ¾uw =2 (27)

¾ww
D ¾uw

(28)

based on the experiments and the potential � ow solution.

Discussion
The modeling in the preceding section stems from the result that

the cross-correlationfunction between streamwise � uctuations and
the wave elevation can be approximated as Quw h D Qhh . This is,
in fact, the same as stating that the wave-induced � uctuation in the
mean wind direction can be represented as a scaling of the surface
elevation, i.e.,

uw .x; y; z/ D ¾uw .z/

¾h
h.x; y/ .29/

as is the case for the potential � ow solution. The analysis from
Eq. (13) and on then follows from a two-dimensional approach.
However, as can be seen in Figs. 6, 9, and 10, this seems to give
good results also for the three-dimensionalsurface, leading to Eqs.
(23–28). The whole model can be seen as a � ltering of the surface
elevationh throughgain factors [Eqs. (26–28)] and phase shiftingof
the surfaceelevationspectrum Shh . The frequencycontentsare equal
to that of the wave surface, but the amplitude levels are scaled sep-
arately for the different � uctuations. Similarly, the phase spectrum
changes drastically from the uw to the vw and ww components.

The close resemblance to a potential � ow indicates that the � ow
stays attached along the model wave surface.A visualizationof this
was performed by placing a number of free-moving tufts close to
the surface. At all times, all tufts stayed close to or � uctuated only
slightly about the downwind direction, meaning that no (neither
mean nor intermittent) � ow separation takes place. This is also in
accordance with the results of Zilker and Hanratty17: the Reynolds
numbers of our experiment,both viscous (Re D u¤ L=º ¼ 104 ) and
mean � ow based (Re DU L=º ¼ 5 £ 105 ) are about two orders of
magnitudehigher than the high limit for separated � ow that they list
for a sinusoidal wave train with an H=L ratio of 0.05.

Both the experiment and the potential � ow solution [Eqs. (13)
and (14)] are for stationary wave surfaces, which is an unphysical
situation for an air–water interface. However, it was earlier argued
that this represents just another value of the ratio c=U . To study this
more closely, we can allow for a wave velocity c in the potential
solution

uw D .U ¡ c/.Hk0=2/ sin[k0.x ¡ ct/] exp.¡k0z/ (30)

ww D .U ¡ c/.Hk0=2/ cos[k0.x ¡ ct/] exp.¡k0z/ (31)

If the wind velocity is higher than the wave velocity (U > c), the
horizontal � uctuation uw will be in phase with the wave surface.
If the wave velocity exceeds the wind speed (c >U ), on the other
hand, the sign of the perturbation will change and the � uctuation
will be ¼ rad out of phase. This can be viewed conceptually as if
the surface, instead of perturbing a passing � ow, sets up a motion
by pumping the air� ow, as is shown schematically in Fig. 11b.

Here, note that it is not our intention to provide sophisticated
modeling of the � uid dynamic processes in the interfacial layer
but to highlight the � ndings from our experiment with a complex
and realistic ocean surface topography. A good starting point for
modeling of air� ow above waves and wind–wave interaction may,
for instance, be the work of Mastenbroek et al.5 or Belcher et al.,18

who consider the two-dimensional Reynolds-averagedmomentum
and turbulence equations for, respectively, the � ow above a wave
surface and the coupling between the air� ow and the � ow in the
water surface layer.

However, several experiments indicate that the results from the
preceding general potential solution are at least qualitatively cor-
rect. Both Kendall11 and Frederickand Hanratty16 foundstreamwise
velocity perturbations nearly in phase with the surface elevation
for c=U D 0. The results vary slightly with distance from the wall,
Reynolds number, wave steepness, etc., but well within reasonable
limits, comparing the different experiments.

In Kendall’s tests with the wave surface moving against the wind
(c=U 2 [¡0:5; 0i) thewall pressureis close to ¼ radoutof phase, in-
dicating that the velocityis in phase with the waves near the surface,
as it is for the stationary surface (velocity is not measured directly
for c=U < 0). This result also corresponds well with the offshore
measurement of Kondo et al.,10 who with near opposite directions
of wind and wave propagation found in-phase correlation between
the streamwise wind � uctuations and the surface elevation. The re-
sults of Mastenbroek et al.5 from a laboratorywave � ume similarly

a) U > 0 and c = 0

b) U = 0 and c > 0

Fig. 11 Schematic of the direction of wave perturbations.
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indicate little phase shift for c=U D 0:25, whereas the phase shift for
c=U D 0:55 is dif� cult to determine due to the low signal-to-noise
ratio (note:U1 in their paper is replacedby local velocityU ). When
c approachesU , the potentialsolution indicates that the � uctuations
gradually fade away. In line with this, for c=U ¼ 1, Kondo et al. re-
port very low correlation between the wind and the waves and the
fact that the phase relation becomes obscure. The magnitude of the
� uctuations in Kendall’s experiments is highest for the lowest value
of c=U (¡0:5) and decays with increasing c=U . When the wave
velocity exceeds the wind velocity, Kondo et al. found near ¼ rad
phase shift as stated by the potential solution [Eqs. (30) and (31)].

As a conclusion, it seems that the qualitative results from the
potential solution are close to what has been found experimentally
when c is suf� ciently different from U . When c is close to U , how-
ever, viscous and turbulence effects are likely to play increasingly
important roles.Keeping this in mind, a � rst-orderapproximationto
the general case can be achieved by combining Eqs. (26–28), (30),
and (31), substituting Eq. (26) with

¾uw
=¾h D .U ¡ c/k0 exp.¡k0z/ .32/

in the model equations.
The model outlined in this paper thus represents a means for

describingthe spatialbehaviorof the � ow when there is a signi� cant
differencebetween the wind and wave velocity. More experimental
results should be compared with the model to check the validity of
the predicted magnitude of uw . Further, the approximative analysis
of phase shifts seems suf� cient for � ight simulations but not for
providing insight into the generation of wind waves (for example,
see Ref. 19). Here, small phase shifts are one of the causes creating
drag on the waves, resulting in momentum transfer between wind
and waves.

For situations in which there is not a clear separationbetween the
wind and wave velocities, the temporal parameters, time t and wave
velocityc, shouldbe introducedto theanalysis.Anyway, the fact that
here a clear relationship has been found between the wave-induced
perturbationsand the spatial shape of the surface indicates that the
spatial coordinates, if possible, should also remain in the analysis
in situations where c ¼ U , when a nonharmonic wave surface is to
be described.

Conclusion
The experimentshave resulted in a model for wave-inducedwind

� uctuations in all three velocity components.The model is based on
measuredcorrelationsbetweenwindanda solidwave surfacehaving
an ocean-like three-dimensional surface topography. Fundamental
differences are found between the different wind components. The
measurements suggest a quasipotentialdescriptionof the wave per-
turbation of the � ow, and the model is built on such an analysis.

The results are shown to be close to what has been found by
others for situations where there is a signi� cant gap between the
wave velocity and the wind velocity. Further studies, using both
spatial coordinates and the temporal coordinate t as parameters,
would be instructive to improve modeling in situations where this
condition is not satis� ed.
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