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ABSTRACT There is 2 harmanious state between wind forcing and purely wind-
gemerated waves, apressed by the 32-power law, of the proponti

Siokes drift velocity, water wrbulence intensitics and the air friction velocity.
Characteristic nature of wind-wave phenomena is first demanstr by u fNow
visuarization I:}!Dralur) tanks, a ned harmonious

described with physic: his
quesstions in windewave \u.ln yet 1o be drrm:\l p.mcl\. |hcom-ca]|\

1. Introduction

-an surface waves have complexities, such as the existence of many swell components
from different directions, ﬂung,(s in wind speed and direction. In this paper the subject is
focused on pure cases, that is, on pure wind waves, where there is no swell and no <||Jng¢ in
the wind direction.

Even though the conditions are simple, wind waves are characterized by strong monlinearity,
which results in a harmonious stase, where exist similarity laws which however has not yet
been derived purely thearetically. This state is presumably governed by sel
processes including wave breaking, wave-tarbulence coupling. and strong wave ineractions.

In the firss place, a demonsiration of wind-wave phenomena by using flow visualization is
given, and then physical insempretation fellows.

2. Flow Visualization of Microphysical Processes in Wind Waves

Wind-wave phenomena have been studied by using flow visualizaion in our laboraiory wind-
‘wave Lanks. techniques includs almost neutral polystyrene particles(1], hydrogen bubble
lines(2) ami Bubble clouds{3] in water side, suspended zinc stearate particles(4] and paraffin
mist3] in the air side with light sheet power stroboscope. Seme optical techniques were also

d to observe the surface structure[6]. Easlicr warks \u\:‘t reviewed in [7].

wing \uu]lulmll of the wind-wave coupled turbulent
¥ This will be mentoned later again.

Microphysical processes at the air-water rface are characierized by the air-flow separatian,
reattachment of the high-sheas layer of the air flow at the windward face of the waves[5)
causing a high tangential stress toward the crests{8]. which in tum gives rise 1o the high
vorticity region under the crest[%]. and breaking of wind waves. Wind waves are accos .rn:d
by ordered motions in waler a5 well as in the air-flow above the wind waves[3, 10). Figare 2

these processes at the air-water interface schematically.

Although this schematic pmlum is for young waves in a laboratary, the actual windsea field is
of a continuous energy spectrum, which contains the high frequency pant well expressed by this
pictuse.

3. Overall Similarity Laws in Wind Waves «- we-Froportionality
The wind waves have randomness spatially as well as temporarily. Neventheless there ase
well-defined regularities statistically. Amoag them there are the 42-power law and the form o

\nnd wave encrgy spectra consistent wil
awer law of wind waves as a macroscoph
s.ausunl state of windsea field in the gencration arca free

swells, is expres

He =BT-}2, B=0.062 (1)

where He = gHyfus?, Ts = gTy/ue. g is the acceleration of gravity. us the frict
H; the significant wave height, Ty the significant wave period, and B is an c|||'
constant[11]. A conceptual expression is given by

(5, Ts, us) =0 @

and this form is wlcrprclcd - clummg that Hg and Ty cannot be independent of each other

ut there is a g stase where Hs and Ty are strongly combined with
cach other by the action of the wind which is represented by us (the concept of wind waves in
quasi-equilibrium with the wind). Equathon (1) corresponds 1o the siuation that the sieepness is
statistically limised(12]).

Figure 3 shows Eq. (1) with a data set.  Naturally the empirical constant B shows a
fluctuation with the variation of wind, within an order of 20% [13). Physical processes
involved in this quasi- cqmll'hnum between the wind and windsea with intrinsic fluctuation will
be discussed in the next sectio

The one-dimensional furm of wind wave specira In ihe high-frequency side. which is
consisient with (1), and which is assamed to have a self-similarity form, s expressed by

o(o) = gggewea, o> op 3)

where ${a) is the energy density, ge the expanded acceleration of gravity 1o include the effect of
surface tension, and o is the peak angular frequency of wind waves[14, 15]. In wind waves
actually ohserved. we can see this form of specira in some main pan of the high frequency side,
called the equilibeium range. Figure 4 shows an actual example of these spectra ohser
wower station in the seal Ibﬁ

The value of the o nil @1y seems lo range between (6-12) x 102 [e.g., 15]. and as will
be discussed in the next section, Muctuates in respoese w gustiness of the wind.

4. Concept of Wind-Windsea Equilibrium - Self Adjustment Processes

Equation (3) has a form of the us-proportion: In the system of gravity wave interactions,
Zakharov and Filonenko[17] showed that there is a wave spectral form proportional to o,
However, it seems that there has been mo purely theoretical derivation of the proportional {
the spectral level to us,

The air and water boundary layers are coupled by approximate \\mlinual-m
mementum (lux which is represented by the air friction velocity ¢ the portion of the
momentum retained a5 the wave momentum among the 104l momentan kamr:nr.l from the
1o the water is fow percent[18]. Thus ue is the characteristic velocity for the coupled air and
waler boandary layers

If we express wrhulemt velocities in the air and watcr boundary layers by uy' and uy, route
mean squares of these are propartional w us [19, 20 10]. \!-nd waves are coupled with this
ae, and the 32-power law (1) represents soch a situation.

uation (1) is also equivalent s the proponborality of the Stokes drilt velocity ug of
individual waves {with wave height H and period T) of windsea, 1o us[11]:
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Fig. 3 The 3/2-power law, Eq, (1) with a data set.
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Fig. 4 Ensemble averages of ten raw ane-dimensional wind-wave spectra. Triangle indicates
increasing wind case, circle constant wind case, and inverse iriangle decreasing wind
case, respectively, Cited from [16],




ug [ = 253HYETY) = 2n'B2u. )
Also, combining the turbuleat intensities of the air and water boundary layers, we have[10, 21].

ur o @2 (0P U = U0 s
gum 5 shows an example of i bul intensities just
below laboratory wind waves supporting u"s N:I:lklull [+38 Thm: d.ua were rearranged from

ohservation data of [10].

At the same time, Fig. 5 indicales that there is & wind-wave coupled turbulence boundary
layer below the sea surisce with a depth several times Hy. A data sel including this and Fig. |
with others, indicates that this depih is (3-7)H;, or about five times Hy, a8 will be published
elsewhere.

Considering these observations, it is na:ural 0 supposs that ihe origin of the u.-

lity is combined ph ave the sction of local stress of the

air Mlow over instantaneous individual-wave [unm, and thus induced very local shear flow at

the individual wave surfaces, causing wave breaking either incipient or visible, which, in wm

LS related 10 the turbulence intensities in water just bensath the wind waves. It is thus

thas the ue-proportionality is evenmoally perfonr-m by swrongly nonlinear processes.

'nm is the concept of breaking adjusiment of wind waves as proposed in concept of its earlier
expression in [21].

Then, what determines the values of B in Eq, (1) or o in Eq. (3)? Or what actually controls
the limit of wave stecpness under the action of the wind? These questions are also issues 1o he
solved.

To answer these questions, further elucidation of elementary processes which are relevant 1o
the strongly nonlinear processes, including wind stress structure related 1o the air-flow
separation, reattachment, the recirculation undér the crest, wave modulation and wave breaking,
in addition 1o purely waler-wave gm s such as capillary rollers, bores and crest instabilities
as studied by Longuet-Higgins (22, 23] Clase studies by experiment and theary on strongly
moalinear interactions including wave breaking, such as reporied by Tulin and Li |‘-l] will be
an impaortant direction,

If we approach thess questions from mécrophysical x:f-c\u, we might immediately face a sall
wall by virtwe of complication of the phenomencn. And if we want t approach it from a more
macroscopic aspects, we might have 1 retreat 1o the bevel of some integral constraint such as the
continuity of momentam fluxes.

The approach from the integral constraint may still be impomant. For exam there ane
ordered motions in the wrbulent bourdary layers [e.g.. 25, 5. However, in order 1o satisfy the
constant flux of momentum, ordered motions themselves should perform a kind of s:'.l'-
adjustment 5o that the average velocity profile satisfies the logasithmic law.

uations (1), (3), (4) and (5) are all consistent with one anciber, However, which is the
most fundamental for the quasi-equilibrium stale berween wind and windsea 10 be established?
Tt is the outstanding question yet 10 be salved.

In relation 1o those questions. delicase (1 around these local conditions,
o:cu_mngmn processes for wind waves (o adjust themselves o gusunﬁa is warthy 1o be
stadiéd. This delicate variation seem 10 a large [ the

roughness parametsr 2 of the sea surface, which in tem cormespends Lo IJ‘||: variation of the
drag coefficient Cp. From an observed data, it is scen that over- and under-saturation of the
level ef the equilibrium range of windsea cecurs in relation Lo gustiness with short-time scale ue
ﬂnﬂu:mun[;g

As a physical interpretation, we can conjecture as follaws, First there is a strong constraint
foe the waler waves 1o satisfy, such as the spectral farm proportional to 04, As stated above,
although there is a we-proportionality for a steady state, the level of wind-wave spectra cxamol
follow gustiness instantancously, since the wtal energy of windsea field is already large. Thi

if the wind has increased, the energy level of windsea becomes under-samration, and the energy
near the speciral peak flows down to the higher frequency par. and at the same time, the
steepness of waves at the very high frequency part becomes larger to absorb energy from the air
maore effectively, and feed it 1o the equilibrium-range waves. This situation comesponds to
increased values of zg. IF the wind becomes weak, the spectral level at the equilibrium range
becomes , the energy in the range near the speciral peak goes up to
the peak wave for the spocm.l peak 1o become sieeper (as seen in Fig. 4), and at the very high
frequency range capillary waves diminish and the water surface becomes more smooth, in order
for the energy at the equilibrium range to go up 1o the very high frn}ucnc)- reghon and 10
dissipation. The laner effect makes zg of the drag (orfrclcmsmah or this negative pust.
situation is illustrated in Fig. 6.

For this to be real, wave i should be effective encugh 10 keep the
spectral form proporticnal 1o @, At the same time, the fluctuation of 2, which is relaied 1o
gustiness, should dutul} be connecied with the question of the oug:n af the us-propomionality,
passibly for the be kept more effecively.

5. Conelusions

For purely wind-generated waves, ihere is a harmonious state among wind forcing. wave
elements, and wrbulence intensities just beneath wind waves within the depih of several imes
the sigrifican wave height. This is expressed by the 3/2-power law (1), of the propomiorality
amang the Swkes drift velocity, water |urbo|rr« imensities and the air fricGon velocity. This
state will possibly be performed ismngly nonlinear self-adjustment processes berween wind
and windsea, including wave breaking and wave inseractions. However, the parely theoretical
derivation of this nature remains 10 be challenged.
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Fig- 5 Nom-hud vertical distribution of tarbubence intensities (a) and Reynalds stress (b).
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Fig. 6 A schematic picture of the response of windsea spectra 1o gustiness. Arrows indicate the
expecied direction of encrgy transfer. Cited from [28].
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