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Wave-Coherent Fields in Air Flow over Ocean Waves: ldentification
of Cooperative Behavior Buried in Turbulence
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We present a method to study the coupling and synchronization of two chaotic systems—the surface
gravity waves in the open ocean and the turbulent air flow above. Our approach employs an eikonal-
like representation of the wave field based on the concept of an analytic signal and the Hilbert
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 energy
and momentum exchange, so its identification from actual data is of primary interest. We define and
obtain the phase shifts of the wave-coherent fields and discuss their roles in the wind wave exchange.
[S0031-9007(98)07829-6]

PACS numbers: 92.10.Hm, 47.27.Eq, 47.35.+i, 47.52. +]

Cooperative behavior plays a major role in a vari-ponentsu =u +u +dandp =p + p' + p. The
ety of chaotic systems, but it may be hard to identifyturbulent pressure fluctuatiopd can lead to wave growth
and quantify. A good example is the coupling betweenthrough a random walk process [4], but their contribu-
ocean surface waves (which are not periodic) and the rartion appears to be too small to explain the observed
domly fluctuating turbulent wind above, where a smallgrowth rates [7]. The wave-induced componé@itp} is
(relative to the turbulent fluctuations) wave-coherent compredicted to produce the major contribution to the short
ponent in the wind is believed to carry most of thewaves growth through a resonant mechanism of shear-
wind-wave interaction. Today'’s climate and weather fore-flow instability [3]. In this mechanism the waves modify
casting models are built on assumptions (many of whichhe air flow by phase shifting the mean flow streamlines
are untested experimentally, [1]) about the mechanisméat’s-eye pattern, [10]) and induce velocity and pressure
and intensity of the exchange of kinetic energy and mofluctuations phase locked with the waves. Thus, the com-
mentum between the ocean and the atmosphere. In spip@nent{ii, p} carries and embodies the cooperative behav-
of decades-long efforts, starting from Jeffreys in 1924 [2],ior in the wind-wave system. Synchronization between
expanded by Miles [3] and Phillips [4], and recent ad-driving and driven subsystems is known to be possible
vances in [5,6], current knowledge regarding wind-wavewhen the driven subsystem is more stable than the driving
interactions is limited due to experimental and theoretisystem [11], as in the wind(driving)-wave(driven) case.
cal difficulties [1,7,8]. The wide inconsistency among Further understanding of wind-wave coupling requires the
the experimental estimates for the wind-wave energy exidentification of{i, 5} in field-experiment data by separat-
change [8], possibly amplified by the lack of techniqueing it from the turbulent componef’, p’}. The problem
to extract the wave-coherent component in the air flowpf separation ofi, p} and{u’, p'} is difficult [12,13] and
as well as the absence of field data for the wave-inducednsolved. Since the spatial and time scale$iofs} and
Reynolds stresses (which impedes the closure modelindy’, p’} overlap, Wiener filtering is not applicable. In this
are some of those difficulties. Laboratory experiments oretter, we propose a method which produces optimal esti-
wind-wave coupling do not reproduce the scales and comates for the wave-induced component in the wind.
ditions over the open ocean [9], so the field experiments An approach to the decomposition problem is to assume
remain as relevant and necessary components of this rérat the turbulent and the wave coherent components
search. In this study we use data from the marine boundn the air flow are not correlated and are statistically
ary layers experiment, which took place 50 kilometers offstationary. Let us consider monochromatic waves with
the coast of California on the stable floating instrumenta periodT, and the air velocityu at a fixed height above
platform (FLIP). The instruments were positioned at fixedthe mean ocean surface. Under these assumptions, the
heights from 2.7 to 18.1 m above the interface and theynchronized average of the air velocity for an interval of

wave height was registered directly beneath them. lengthQN + 1)T, defined as

Intuitively, one might expect that the fluctuations of . wor 1 N
velocity and pressure in the air flow over waves are of Su(r) = (ZN 1 Z u(r + nTo)> -u (1
two kinds, originating either from the shear-driven tur- n=-N

bulence, or induced by the underlying waves. Assuminghould filter out the turbulence and leave the phase av-
that the two kinds of fluctuations are weakly coupled, theerage of the wave-coherent componért). In lab ex-

flow velocity u = (u,v,w) and pressurep can be de- periments with monochromatic waves [8], this technique
composed into mean, turbulent, and wave-induced conshould perform well. However, the waves in the open
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ocean are continuously spread over an interval of spectrélor nonmonochromatic wave signals, and ? show
scales. Takind equal to the period’, of the most en- very different results (Fig. 1). Because of destructive
ergetic (peak) mode in the wave spectrum and using (linterference, the averagés) () and Su(r) of 10 dominant
with field data leads to a strong attenuation%f(r) as  wave periods T, = 9s) are attenuated and distorted
a result of the destructive interference of multiple modes[Fig. 1(c), 1(e)]. In contrastPy(s) and Pu(r) show
This obstacle is encountered by attempts to $ide sepa-  almost no attenuation or distortion [Fig. 1(d), 1(f)].
rate{u’, p'} and{a, p}, and motivated the development of  Although 7 can suppress the turbulence and em-
an approach which would be more robust—i.e., far lesphasize the wave-coherent quantitie®, lacks some
sensitive to the lack of coherence in nonmonochromati¢iecessary properties. For instanc®, is insensitive
wave fields. The approach we explore and later apply, varying wave amplituded = |7 + iﬂ:[nl and if
uses nonlinear filtering and is based on an eikonal-likedpp”ed to the wave signal it does not reproduce i, i.e.,
representation of the wave signal. ) Pn(t) # n(t). Therefore, the idea used in (4) should be
To introduce the idea, let us recall that a signalg,ianded to obtain an estimate ffir, 5} as conditional
consisting of two Fourier componemse'®!’ andA,e'“*' expectations  ii(r) = E[u — @|A = A(r),® = ®(1)]
has instantaneous amplitudér) and phasep(r) formed and5(1) = E[p — PlA = A1), ® = @(r)],through the
by the ruleA(r)e’#® = Ael®" + Aye'®'. For a signal transform '
of an arbitrary spectrum(z), the idea can be generalized
by employing the concept of an analytic signal based on.g, u(t) def &
the Hilbert transform [14]. The analytic sign#(z) is a ") W) (r) — W) dr
complex-valued function of time defined as + }Imo fT ()8 (W W d
V(1) = s(t) + iHs() = AN, (2) —r V@I (r) = ¥ @)dr

Where:i:[s(t) is the Hilbert transform of(z)
Fsn € L P.v.f :(—T)dr, 3)
a —0

2 ' /\ ' ' ' ' j j
-7 A\ ]
andP.V. indicates that the integral is taken in the sense of 16 A / / /\ f\ /\ A\ /
Zon . ; 0 \p\j W / VIV Y /\/v \ [
a Cauchy principal value. Thus, (2) uniquely determines LY 0N / ~ oy v \ \/ |
the instantaneous amplitudé(r) and the instantaneous ol \/ !

VA

phase (I)(t) = Al’g[s(t) + i.’]‘[s(l)l of the signal S(l‘). 0 10 20 30 40 50 60 70 80 9
From (3), the Hilbert transfornfHs(r) may be seen as 12 ; . . w[” : : :
the convolution of the functions(z) and 1/7t. The 1 A m
Fourier transforms(w) of s(¢) and$ ;- (w) of Hs(r) are 101““"&&{%\/»/” Bl KW )\NA 0
related ass ;r(w) = —i sgn(w)S(w); i.e., the transform
(3) preserves the amplitudes and introduces a constan
/2 lag at all positive frequencies [14]. o 10 2 0 4 s & 70 80 %
Now we will define a filter to estimate the wave-
coherent componenti, 5}. Let n(¢) be the wave height
signal over a time interva-7,T] (T > T,) and letu(z)
be the wind velocity vector at a fixed height above the
mean ocean surface. Ldi(r) = Arg[n(t) + iHn(1)]
(phase modul®7) be the wave’'s instantaneous phase, 0
as defined in (2). The filter should not cause destructive
interference which make$§ fail to separate(i, p} from 05
{u’, p’}. For that purpose the filter should average the E
signalu(r) or p(r) at the points in time where the wave
phase is the same. Thus, the wave-coherent componerS
ii(¢) can be estimated as a conditional expectatipm — —
u|® = ®(z)] of the wind velocity fluctuationan — w
at all the moments of timer when the wave phase F|G. 1. (a) Wave height signah(z) vs time; (b) measured
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®(7) = P(r), by using the transform stream-wise wind velocity:.(¢) vs time; (c) wave synchronized
N def average Sn(1); (d) wave phase averagfn(r); (e) wind
Pu(r) = —u r / synchronized averag$u(r); (f) wind phase averag@u(r). T,
+ lim o u(n) [ ®/(1)|8(P(7) — ®(1))d7 is the period of the most energetic wave mode. The dotted lines
T sz |D/(7)|8(D(7) — (1)) dr in (c) and (e) show(r) from (a) vsr modT,. The dotted lines

in (d) and (f) showu(r) from (b) vs®. The solid lines in (c),
A , (d), (e), and (f) represent the synchronized or phase averages.
[analogously forPp(1)], where®'(r) = d®(r)/d7. FOr  For the interval shown in (a) and (b) the wind and waves are
monochromatic signals;(z), (4) is equivalent to (1). well aligned.
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[analogously  for Np@)], where W)= n()+ momentum and energy fluxes. The facipin (8) shows
iHn() = A(1)e'®? and V/(r) = d¥(r)/dr. Let thatthe higher frequency waves are favored for energy ex-
us note that: (i)V" reproduces the wave height, i.e., change. Negative fluxes correspond to momentum or en-
IJVn(t) = 5. (i) gv(.) as a conditional expectation €rgy being transferred from wind to waves; positive fluxes
E((:)| ) expresses an orthogonal projection operatofl€an vyaves—to—wmd transfer. 5

in a Hilbert space and thus is the optimal (in a least The instantaneous phase differencg, betweenp(r)
squares sense) estimator [15] fax, p}. As such, N andn(¢) and the mean phase differengg can be defined

satisfies Nu(r), n(1)) = (u(z), n(1)); i.e., Nu(r) carries S

all the information about the coupling of the measured def pt) + igf[p(;)

signal u(z) [or p(1)] with the wave n(¢), but has mini- oqp(t) = arg o) + iF () (9)
mal energy (variance). (iii)N" is equivalent toS for n lA n
monochromatic waveg(s). Consider the subspacaf, o def (p(r), Hn (1)) 10
k=1,...,N corresponding to finite width frequency ¢p = —arctan B, @) (10)

subbands in the frequency range of the wave signal and . .
let m,(1) = pr,, n(t) be the projection ofn(r) onto respectively. The phase shift between the wave-coherent
M,

My. The filtering N can be performed in every one of components in the air flow and the wave has been

; ! . ) redicted to occur from the air flow separation (the mean-
these subspaces if preservation of the covariance in eve %w stream lines forming a cat's eye pattern [8,10]), and

subspace(tix (1), k(1)) = (u(r), m(1)) is needed. By oy 1o getected and estimated by (9) and (10) from open-
using the preservation of the covariance in the subspac Sean experimental data. For example = 168° from
(i.e., projection ontaon, in every subspace) as a criterion the data in Fig. 1 '

i 5o I ; ;
for separation ofii, p} and{u’, p'}, the design of a linear Figure 2 showsp;; vs Uyo/C,, whereC, is the phase

filter for that purpose ,'\,S also possible speed of the most energetic wave component &gl
£ (o). p(} ReY {u(r), p(0)}, Yi (1)) W,(r), (6) IS the mean wind speed at 10 meters from the interface.
’ & [P (0)][? ’ According to (8), Fig. 2 indicates that the efficiency of
the wind-to-wave energy transfer increases Witl/C,,.
The pressure sensors were positioned 4 and 12 m above
the mean ocean surface. The signal distortion due to the
rfressure sensor response is considered negligible in the
tange of time scales of interest [16].

The co-spectrunCo;; of the wave-coherent stream-
wise iz and verticalw velocities represents the wave-
coherent momentum fluxiw), while Co,, represents
ethe turbulent momentum fluXu'w’) per unit of time

where Wi (1) = mi(1) + iHni(r) and (nmi(1), (1)) =
dx. The estimates fofa, p} from £ were found to
closely reproduce the estimates frd.

The phase difference between the wave-cohere
air pressure fluctuations on the surfagér) and the
surface elevation signal(z) plays a major role in
controlling wind-wave energy exchange. Intuitively,
if the maxima of p(r) are behind the maxima of
n(t) (air pressure fluctuations lagging the wave) wav
growth occurs. If the pressure is leading (higher

- T T T T T T

pressure before the wave crests), the waves decay. D
Therefore, defining and estimating the phase shift 9071 *. 1
between p(r) and 7n(r) brings essential information -100} towe

about the air flow structure and wind-wave energy
exchange. Leti(r) = (a(r),v(r),w(r)) be approxi-
mated by [igcodP(r) + @), DocodD(r) + @;),
wocod®(r) + @) ], the wave-coherent air pressure

Pressure phase shift (degrees)
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fluctuations on the interfacg(s) by pocod®(r) + 5], . #;*.g?}ﬁ ]
and the surface elevatiom(z) by nocosd(r). Then Foelte &:ﬁ;ﬁ: "
the vertical flux of horizontal wave-coherent momentum fﬁﬂi* aad Wi o ]
7S (@ w + @) w)jis Ky ol L Fygate T
- _ - — — N\ - — — N B2y * 13
7 = (Wo/2)[iigcos@; — @i + vocosPy; — @y)il, -180 v
7) 190, 02 0.4 06 /c 0.8 1 12 14
and the energy flux is Y10/
_ o an(t) o i FIG. 2. Phase shifp; of the wave-coherent pressure fluctu-
<p(t) 9 | = o @Mobo sin(@;), ®)  ations vsUyo/C, from 2 sensors(e) — 4 m and(+) — 12 m

: _ _ : _ from the surface. Each point is obtained by applying (10) to
where  is such thatw? = ¢(T) QD(.O) IS thg un_ 30 min of data. Should be interpreted according to Eq. (8).
wrapped wave phase accumulated during the time intefrhe pressure configuration corresponds to wind-to-wave en-
val [0,T]. Equations (7) and (8) demonstrate the role ofergy transferg, > —180°), except for few cases in the range

the phase differences in controlling the direction of the0 < U,o/C, = 0.3.
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Co - ACo, | surface (sincéa, p} = Ae 1! to capture the fluctuations
0.2F . induced by the shortest waves (wavelengtks 1 m), ex-
015 | pected to havg major significance for the_wave grow_th.
'01 The phase shifts of the wave-coherent fields, resulting

from the air flow separation and controlling the wind-
0.05F 1 wave coupling, were defined and obtained. The wave-
coherent stress spectrum was calculated, suggesting that
N\ ‘ L waves grow or decay due to the interaction with the air flow
Y omesemer o 0 % ¥ 1% depending on the ratiG, /u. The method clearly showed
momentum transfer from waves to wind for decaying

FIG. 3. A representative ratio of the cospedfiay;/ICouw/|  seas—phenomenon predicted by models, but not hereto-

vs the time scale. The vertical line at time scale= 27 /g)u - -
corresponds to the period of the wave which has a phase speg&re observed in an open ocean experiment.
C, equal to the mean wind spead The work was supported by ONR under Grant

No. N00014-93-1-0923. The authors thank the crew of
scale. A representative ratio;s/|Coy| is shown in  FLIP @nd the Marine Physical Laboratory for their assis-

Fig. 3 vs time scales. From the dispersion of deep-watef@nce- The help from especially Jim Edson (experiment),
waves 2 = gk (g is the acceleration of gravity), we Lloyd Grt_aen (wave wire), and Jim Wilczak (pressure
obtain T> = (27/¢)@ as the period of the wave mode SENSOrs) is gratefully acknowledged.

with phase velocity equal to the mean wind spaedT7,

presented as a vertical line on Fig. 3, separates the time

scales into periods of wave modes with phase velocities

slower than the wind and faster than the wind. For the

time scales corresponding to waves slower than the wmd,[l] F. Dobson and B. Toulany, iDirectional Ocean Wave

the momentum flux is mostly pegatlve (from wind to Spectra (Johns Hopkins University Press, Baltimore,
waves). For those corresponding to waves faster than 1991), pp. 22—33.

the w_md, momentum flux is positive _(from waves t0 (2] H. Jeffreys, Proc. R. Soc. London 207, 189 (1924).

the wind). Since the wave-coherent fields decay with [3] J.w. Miles, J. Fluid Mech3, 185 (1957).

distance from the interfade| roughly as{ii, p} = Ae ¥l [4] 0. M. Phillips, J. Fluid Mech2, 417 (1957).

(A is the wave amplitudek is the wave number), the [5] D. Chalikov and V. Makin, Bound.-Layer Meteordh6,
short-wave effects decay faster with|. This lowers 83 (1991).

the intensity of the high-frequency (short wave) part [6] S. Belcher and J.C.R. Hunt, J. Fluid Mech51, 109
of the co-spectrum (relevant when interpreting Fig. 3). _ (1993). _ . _

The wind velocity sensor was at = 0.28 above the [7] P. Jans§en, nDynamlcs and Modelllng of Ocean Waves
mean interface. Sensors positioned higher detect only the (Car?f”‘;ge University Press, Cambridge, 1994), Chap. Il,
positive peak because of the faster exponential decay o{s] pp. == 1>

S . . C. Hsu, E. Hsu, and R. Street, J. Fluid Med05 87
the short waves’ signature in the air flow. 1981).

The data, processed with the technique describedyg; I(\/I Donelan, inThe SeaJohn Wiley & Sons, Inc., New
above, showed that the absolute value of wave-coherent = york, 1990), Vol. 9, pp. 239—292.
stress fractionl(aw)/(u'w’)| can be less than 0.01 for [10] M.J. Lighthill, J. Fluid Mech.14, 385 (1962).
saturated seas (wind-wave interaction is present, byll] M.S. Vieira, A.J. Lichtenberg, and M.A. Lieberman,
positive and negative parts afo;; virtually cancel). Phys. Rev. A6, R7359 (1992).
Also, that absolute value can exceed 0.5 for decayinl2] L. Hasse and F. Dobsorintroductory Physics of the
seas, Where preexisting waves are faster than the wind Atmosphere and OceafD. Reidel Publishing Company,
and the shear driven turbulence has low intensity. Boston, 1986), pp. 98—114.

In conclusion, we have developed a robust approach-3! O:M- Phillips, The Dynamics of the Upper Oceg@am-
to identify cooperative behavior in the wind-wave system bridge University Press, Cambridge, 1977), pp. 107-108.

. 14] W. Gardner, Statistical Spectral Analysis, a Nonprob-

by extracting t_he unobservable Wave-_coherent component * ,yistic Theory (Prentice Hall, Englewood Cliffs, NJ,
{u, p} in the wind. The detectefii, p} indicates that the 1988), pp. 98—102.
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