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Wave-Coherent Fields in Air Flow over Ocean Waves: Identification
of Cooperative Behavior Buried in Turbulence
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(Received 29 June 1998)

We present a method to study the coupling and synchronization of two chaotic systems—the surfac
gravity waves in the open ocean and the turbulent air flow above. Our approach employs an eikona
like representation of the wave field based on the concept of an analytic signal and the Hilber
transform. We identify a wave-coherent component in the air flow which is phase locked with the
waves and deeply buried in turbulence. That component contributes most of the wind-wave energ
and momentum exchange, so its identification from actual data is of primary interest. We define an
obtain the phase shifts of the wave-coherent fields and discuss their roles in the wind wave exchang
[S0031-9007(98)07829-6]
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Cooperative behavior plays a major role in a var
ety of chaotic systems, but it may be hard to identi
and quantify. A good example is the coupling betwee
ocean surface waves (which are not periodic) and the r
domly fluctuating turbulent wind above, where a sma
(relative to the turbulent fluctuations) wave-coherent co
ponent in the wind is believed to carry most of th
wind-wave interaction. Today’s climate and weather for
casting models are built on assumptions (many of whi
are untested experimentally, [1]) about the mechanis
and intensity of the exchange of kinetic energy and m
mentum between the ocean and the atmosphere. In s
of decades-long efforts, starting from Jeffreys in 1924 [2
expanded by Miles [3] and Phillips [4], and recent ad
vances in [5,6], current knowledge regarding wind-wa
interactions is limited due to experimental and theore
cal difficulties [1,7,8]. The wide inconsistency amon
the experimental estimates for the wind-wave energy e
change [8], possibly amplified by the lack of techniqu
to extract the wave-coherent component in the air flo
as well as the absence of field data for the wave-induc
Reynolds stresses (which impedes the closure modeli
are some of those difficulties. Laboratory experiments
wind-wave coupling do not reproduce the scales and c
ditions over the open ocean [9], so the field experimen
remain as relevant and necessary components of this
search. In this study we use data from the marine bou
ary layers experiment, which took place 50 kilometers o
the coast of California on the stable floating instrume
platform (FLIP). The instruments were positioned at fixe
heights from 2.7 to 18.1 m above the interface and t
wave height was registered directly beneath them.

Intuitively, one might expect that the fluctuations o
velocity and pressure in the air flow over waves are
two kinds, originating either from the shear-driven tu
bulence, or induced by the underlying waves. Assumi
that the two kinds of fluctuations are weakly coupled, th
flow velocity u ; su, y, wd and pressurep can be de-
composed into mean, turbulent, and wave-induced co
0031-9007y98y81(23)y5245(4)$15.00
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ponents,u ­ u 1 u0 1 ũ and p ­ p 1 p0 1 p̃. The
turbulent pressure fluctuationsp0 can lead to wave growth
through a random walk process [4], but their contrib
tion appears to be too small to explain the observ
growth rates [7]. The wave-induced componenthũ, p̃j is
predicted to produce the major contribution to the sho
waves growth through a resonant mechanism of she
flow instability [3]. In this mechanism the waves modif
the air flow by phase shifting the mean flow streamlin
(cat’s-eye pattern, [10]) and induce velocity and pressu
fluctuations phase locked with the waves. Thus, the co
ponenthũ, p̃j carries and embodies the cooperative beha
ior in the wind-wave system. Synchronization betwee
driving and driven subsystems is known to be possib
when the driven subsystem is more stable than the driv
system [11], as in the wind(driving)-wave(driven) cas
Further understanding of wind-wave coupling requires t
identification ofhũ, p̃j in field-experiment data by separat
ing it from the turbulent componenthu0, p0j. The problem
of separation ofhũ, p̃j andhu0, p0j is difficult [12,13] and
unsolved. Since the spatial and time scales ofhũ, p̃j and
hu0, p0j overlap, Wiener filtering is not applicable. In thi
Letter, we propose a method which produces optimal e
mates for the wave-induced component in the wind.

An approach to the decomposition problem is to assu
that the turbulent and the wave coherent compone
in the air flow are not correlated and are statistica
stationary. Let us consider monochromatic waves w
a periodT0 and the air velocityu at a fixed height above
the mean ocean surface. Under these assumptions,
synchronized average of the air velocity for an interval
lengths2N 1 1dT0 defined as

Ŝustd def
­

√
1

2N 1 1

NX
n­2N

ust 1 nT0d

!
2 u (1)

should filter out the turbulence and leave the phase
erage of the wave-coherent componentũstd. In lab ex-
periments with monochromatic waves [8], this techniqu
should perform well. However, the waves in the ope
© 1998 The American Physical Society 5245
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ocean are continuously spread over an interval of spec
scales. TakingT0 equal to the periodTp of the most en-
ergetic (peak) mode in the wave spectrum and using
with field data leads to a strong attenuation ofŜustd as
a result of the destructive interference of multiple mode
This obstacle is encountered by attempts to useŜ to sepa-
ratehu0, p0j andhũ, p̃j, and motivated the development o
an approach which would be more robust—i.e., far le
sensitive to the lack of coherence in nonmonochroma
wave fields. The approach we explore and later app
uses nonlinear filtering and is based on an eikonal-li
representation of the wave signal.

To introduce the idea, let us recall that a sign
consisting of two Fourier componentsA1eiv1t andA2eiv2t

has instantaneous amplitudeAstd and phasewstd formed
by the ruleAstdeiwstd ­ A1eiv1t 1 A2eiv2t. For a signal
of an arbitrary spectrumsstd, the idea can be generalize
by employing the concept of an analytic signal based
the Hilbert transform [14]. The analytic signalCstd is a
complex-valued function of time defined as

Cstd ­ sstd 1 iĤsstd ­ AstdeiFstd, (2)

whereĤsstd is the Hilbert transform ofsstd

Ĥsstd def
­

1
p

P.V.
Z `

2`

sstd
t 2 t

dt , (3)

andP.V. indicates that the integral is taken in the sense
a Cauchy principal value. Thus, (2) uniquely determin
the instantaneous amplitudeAstd and the instantaneous
phase Fstd ­ Argfsstd 1 iĤsstdg of the signal sstd.
From (3), the Hilbert transformĤsstd may be seen as
the convolution of the functionssstd and 1ypt. The
Fourier transformsSsvd of sstd andSĤ svd of Ĥsstd are
related asSĤ svd ­ 2i sgnsvdSsvd; i.e., the transform
(3) preserves the amplitudes and introduces a cons
py2 lag at all positive frequencies [14].

Now we will define a filter to estimate the wave
coherent componenthũ, p̃j. Let hstd be the wave height
signal over a time intervalf2T , T g (T ¿ Tp) and letustd
be the wind velocity vector at a fixed height above th
mean ocean surface. LetFstd ­ Argfhstd 1 iĤhstdg
(phase modulo2p) be the wave’s instantaneous phas
as defined in (2). The filter should not cause destruct
interference which makeŝS fail to separatehũ, p̃j from
hu0, p0j. For that purpose the filter should average th
signal ustd or pstd at the points in time where the wave
phase is the same. Thus, the wave-coherent compon
ũstd can be estimated as a conditional expectationEfu 2

u j F ­ Fstdg of the wind velocity fluctuationsu 2 u
at all the moments of timet when the wave phase
Fstd ­ Fstd, by using the transform

P̂ustd def
­ 2u

1 lim
T!`

RT
2T ustd jF0stdjdsssFstd 2 Fstdddd dtRT

2T jF0stdjdsssFstd 2 Fstdddd dt
(4)

[analogously forP̂pstd], whereF0std ; dFstdydt. For
monochromatic signalshstd, (4) is equivalent to (1).
5246
tral

(1)

s.

f
ss
tic
ly

ke

al

d
on

of
es

tant

-

e

e,
ive

e

ent

For nonmonochromatic wave signals,̂S and P̂ show
very different results (Fig. 1). Because of destructiv
interference, the averageŝShstd andŜustd of 10 dominant
wave periods (Tp ­ 9s) are attenuated and distorted
[Fig. 1(c), 1(e)]. In contrast,P̂hstd and P̂ustd show
almost no attenuation or distortion [Fig. 1(d), 1(f)].

Although P̂ can suppress the turbulence and em
phasize the wave-coherent quantities,P̂ lacks some
necessary properties. For instance,P̂ is insensitive
to varying wave amplitudeA ­ jh 1 iĤhj and if
applied to the wave signal it does not reproduce it, i.e
P̂hstd fi hstd. Therefore, the idea used in (4) should b
extended to obtain an estimate forhũ, p̃j as conditional
expectations ũstd ­ Efu 2 u j A ­ Astd, F ­ Fstdg
and p̃std ­ Efp 2 p j A ­ Astd, F ­ Fstdg through the
transform

N̂ustd def
­ 2u

1 lim
T!`

RT
2T ustd jC0stdjdsssCstd 2 Cstdddd dtRT

2T jC0stdjdsssCstd 2 Cstdddd dt
(5)

FIG. 1. (a) Wave height signalhstd vs time; (b) measured
stream-wise wind velocityustd vs time; (c) wave synchronized
average Ŝhstd; (d) wave phase averagêPhstd; (e) wind
synchronized averagêSustd; (f ) wind phase averagêPustd. Tp
is the period of the most energetic wave mode. The dotted lin
in (c) and (e) showhstd from (a) vst modTp . The dotted lines
in (d) and (f) showustd from (b) vsF. The solid lines in (c),
(d), (e), and (f ) represent the synchronized or phase averag
For the interval shown in (a) and (b) the wind and waves a
well aligned.
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[analogously for N̂pstd], where Cstd ­ hstd 1

iĤhstd ­ AstdeiFstd and C0std ; dCstdydt. Let
us note that: (i)N̂ reproduces the wave height, i.e.
N̂hstd ­ hstd. (ii) N̂ s?d as a conditional expectation
Essss?d j Cddd expresses an orthogonal projection operat
in a Hilbert space and thus is the optimal (in a lea
squares sense) estimator [15] forhũ, p̃j. As such,N̂
satisfieskN̂ustd, hstdl ­ kustd, hstdl; i.e., N̂ustd carries
all the information about the coupling of the measure
signal ustd [or pstd] with the wavehstd, but has mini-
mal energy (variance). (iii)N̂ is equivalent toŜ for
monochromatic waveshstd. Consider the subspacesMk,
k ­ 1, . . . , N corresponding to finite width frequency
subbands in the frequency range of the wave signal a
let hkstd ­ prMk

hstd be the projection ofhstd onto
Mk . The filteringN̂ can be performed in every one o
these subspaces if preservation of the covariance in ev
subspacekũkstd, hkstdl ­ kukstd, hkstdl is needed. By
using the preservation of the covariance in the subspa
(i.e., projection ontohk in every subspace) as a criterion
for separation ofhũ, p̃j andhu0, p0j, the design of a linear
filter for that purpose is also possible

L̂ hustd, pstdj def
­ Re

NX
k­1

khustd, pstdj, Ckstdl
jjCkstdjj2

Ckstd , (6)

where Ckstd ­ hkstd 1 iĤhkstd and khkstd, hlstdl ~

dkl. The estimates forhũ, p̃j from L̂ were found to
closely reproduce the estimates from̂N .

The phase difference between the wave-cohere
air pressure fluctuations on the surfacep̃std and the
surface elevation signalhstd plays a major role in
controlling wind-wave energy exchange. Intuitively
if the maxima of p̃std are behind the maxima of
hstd (air pressure fluctuations lagging the wave) wav
growth occurs. If the pressure is leading (highe
pressure before the wave crests), the waves dec
Therefore, defining and estimating the phase sh
between p̃std and hstd brings essential information
about the air flow structure and wind-wave energ
exchange. Let ũstd ; sssũstd, ỹstd, w̃stdddd be approxi-
mated by fũ0 cossFstd 1 wũd, ỹ0 cossFstd 1 wỹd,
w̃0 cossFstd 1 ww̃d g, the wave-coherent air pressur
fluctuations on the interfacẽpstd by p̃0 cosfFstd 1 wp̃g,
and the surface elevationhstd by h0 cosFstd. Then
the vertical flux of horizontal wave-coherent momentu
t̃

def
­ kũstd w̃stdli 1 kỹstd w̃stdlj is

t̃ . sw̃0y2d fũ0 cosswũ 2 ww̃di 1 ỹ0 cosswỹ 2 ww̃djg ,

(7)

and the energy flux isø
p̃std

≠hstd
≠t

¿
.

1
2

vh0p̃0 sinswp̃d , (8)

where v is such thatvT ­ wsT d 2 ws0d is the un-
wrapped wave phase accumulated during the time int
val f0, T g. Equations (7) and (8) demonstrate the role
the phase differences in controlling the direction of th
,
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momentum and energy fluxes. The factorv in (8) shows
that the higher frequency waves are favored for energy e
change. Negative fluxes correspond to momentum or e
ergy being transferred from wind to waves; positive fluxe
mean waves-to-wind transfer.

The instantaneous phase differencewhp̃ betweenp̃std
andhstd and the mean phase differencewp̃ can be defined
as

whp̃std def
­ arg

p̃std 1 iĤp̃std
hstd 1 iĤhstd

, (9)

wp̃
def
­ 2 arctan

kp̃std, Ĥhstdl
kp̃std, hstdl

, (10)

respectively. The phase shift between the wave-cohere
components in the air flow and the wave has bee
predicted to occur from the air flow separation (the mea
flow stream lines forming a cat’s eye pattern [8,10]), an
can be detected and estimated by (9) and (10) from ope
ocean experimental data. For examplewũ ­ 168± from
the data in Fig. 1.

Figure 2 showswp̃ vs U10yCp , whereCp is the phase
speed of the most energetic wave component andU10
is the mean wind speed at 10 meters from the interfac
According to (8), Fig. 2 indicates that the efficiency o
the wind-to-wave energy transfer increases withU10yCp .
The pressure sensors were positioned 4 and 12 m ab
the mean ocean surface. The signal distortion due to t
pressure sensor response is considered negligible in
range of time scales of interest [16].

The co-spectrumCoũw̃ of the wave-coherent stream-
wise ũ and vertical w̃ velocities represents the wave-
coherent momentum fluxkũw̃l, while Cou0w0 represents
the turbulent momentum fluxku0w0l per unit of time
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FIG. 2. Phase shiftwp̃ of the wave-coherent pressure fluctu
ations vsU10yCp from 2 sensors:s≤d – 4 m ands1d – 12 m
from the surface. Each point is obtained by applying (10) t
30 min of data. Should be interpreted according to Eq. (8
The pressure configuration corresponds to wind-to-wave e
ergy transfer (wp̃ . 2180±), except for few cases in the range
0 , U10yCp # 0.3.
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FIG. 3. A representative ratio of the cospectraCoũw̃yjCou0w0 j
vs the time scale. The vertical line at time scaleTu ­ s2pygdu
corresponds to the period of the wave which has a phase sp
Cp equal to the mean wind speedu.

scale. A representative ratioCoũw̃yjCou0w0 j is shown in
Fig. 3 vs time scales. From the dispersion of deep-wa
waves v2 ­ gk (g is the acceleration of gravity), we
obtain Tu ­ s2pygdu as the period of the wave mode
with phase velocity equal to the mean wind speedu. Tu,
presented as a vertical line on Fig. 3, separates the t
scales into periods of wave modes with phase velocit
slower than the wind and faster than the wind. For t
time scales corresponding to waves slower than the wi
the momentum flux is mostly negative (from wind t
waves). For those corresponding to waves faster th
the wind, momentum flux is positive (from waves t
the wind). Since the wave-coherent fields decay w
distance from the interfacejzj roughly ashũ, p̃j ~ Ae2kjzj

(A is the wave amplitude,k is the wave number), the
short-wave effects decay faster withjzj. This lowers
the intensity of the high-frequency (short wave) pa
of the co-spectrum (relevant when interpreting Fig. 3
The wind velocity sensor was atkz ­ 0.28 above the
mean interface. Sensors positioned higher detect only
positive peak because of the faster exponential decay
the short waves’ signature in the air flow.

The data, processed with the technique describ
above, showed that the absolute value of wave-coher
stress fractionjkũw̃lyku0w0lj can be less than 0.01 for
saturated seas (wind-wave interaction is present,
positive and negative parts ofCoũw̃ virtually cancel).
Also, that absolute value can exceed 0.5 for decay
seas, where preexisting waves are faster than the w
and the shear driven turbulence has low intensity.

In conclusion, we have developed a robust approa
to identify cooperative behavior in the wind-wave syste
by extracting the unobservable wave-coherent compon
hũ, p̃j in the wind. The detectedhũ, p̃j indicates that the
resonant interaction mechanism, similar to the one in [
is active for the long waves. However, addressing the
sue of wave generation requires measurements closer to
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surface (sincehũ, p̃j ~ Ae2kjzj) to capture the fluctuations
induced by the shortest waves (wavelengthl # 1 m), ex-
pected to have major significance for the wave growt
The phase shifts of the wave-coherent fields, resulti
from the air flow separation and controlling the wind
wave coupling, were defined and obtained. The wav
coherent stress spectrum was calculated, suggesting
waves grow or decay due to the interaction with the air flo
depending on the ratioCpyu. The method clearly showed
momentum transfer from waves to wind for decayin
seas—phenomenon predicted by models, but not here
fore observed in an open ocean experiment.
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