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The Wind Field over Wind-waves*

Hiroshi ICHIKAWA** and Norihisa IMASATO**

Abstract: The velocity fluctuations of wind over wind-waves in a wind tunnel are measured
with a X-type hot-wire anemometer at some heights over the water surface.

The observed vertical profiles of the wave-induced velocity fluctuations and the wave-
induced Reynolds stress at the wave spectral peak frequency are different from those expected
from the inviscid quasi-laminar model; i.e., the observed vertical profiles of the power spectral
density of the wave-induced horizontal or vertical velocity fluctuations of wind have the
minimum value at the height much heigher than the critical layer, and the value of the wave-
induced Reynolds stress is negative at several heights over the water surface. From the
comparison between the experimental results and the numerical solutions of a linear model of
the turbulent shear flow over the wavy boundary, it is shown that the discrepancy described

above can be attributed to the atmospheric turbulence.

1. Introduction

In order to understand the mechanism of the
development of wind-waves, many investigators
have performed a large number of field obser-
vations and laboratory experiments, and many
informations on the wind-wave phenomena have
been accumulated.

MILES (1957) theoretically studied this prob-
lem, and found that the momentum of the
air flow was transferred from the critical layer
to wind-waves. LIGHTHILL (1962) gave the
physical interpretation to the Miles’ model,
Their studies seemed to have solved the prob-
lem of the wind-wave development, but
SNYDER and Cox (1966) and BARNETT and
WILKERSON (1967) found that the growth rate
of wind-waves observed in the ocean was much
greater than that expected from the Miles’
model.

One of the authors performed some wind
tunnel experiments and field observations (IMa-
SATO, 1976a), and he concluded that the
dominant wind-wave spectral peak, which is
the steepest wave in the spectrum, receives the
momentum from the air flow according to the
Miles’ (1957, 1962) mechanism and nonlinearly
transports the wave energy to the forward face
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and to the high frequency part in the wave
spectrum (IMASATO, 1976b).

HASSELMANN ¢z al. (1973) concluded from
the JONSWAP-observations that the shape of
the wind-wave spectrum is determined by the
nonlinear energy transfer from the central
region of the spectrum to both shorter and
longer wave components.

On the other hand, motivated by Miles’
(1957) study using the quasi-laminar model,
several investigators tried to clarify the actual
features of the wave-induced fluctuations of
wind and those of the wave-induced Reynolds
stress in the boundary layer over the wavy
surface.

PHILLIPS (1966) suggested that the wave-
induced variations of turbulent Reynolds stresses,
which were neglected by MILES, play some role
in the momentum transfer from wind to wind-
waves., YEFIMOV (1970), REYNOLDS and Hus-
SAIN (1972), DAVIs (1970, 1972) and TOWNSEND
(1972) theoretically investigated the effects of
the atmospheric turbulence over the wavy
boundary.

STEWART (1970), LAl and SHEMDIN (1971)
and KATO and SANO (1971) measured the wave-
induced fluctuations of wind over the regular
wave produced by a wave generator in the wind
tunnels. STEWART (1970) compared the ex-
perimental results with the numerical sclutions
of linear equations governing the shearing flow
over the wavy water surface, and concluded
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that the atmospheric turbulence plays an im-
portant role in the momentum transfer from
wind to wind-waves.

The turbulent fluctuations of wind over the
the regular wave are fairly small to discuss the
effects of the atmospheric turbulence on the
momentum transfer to the wind-waves. The
air flow over the irregular wind-waves is much
more turbulent than that over the regular wave
because of the large steepness of the wind-wave
field. Therefore, the atmospheric turbulence
will play much more important role in the
momentum transfer from the air flow to the
irregular wind-waves, which we intend to dis-
cuss in this paper.

We performed a wind tunnel experiment and
numerical calculations in order to clarify the
characteristics of the turbulent air flow over
the irregular wind-waves. In this paper, we
will discuss the vertical change of the wave-
induced Reynolds stress and the wave-induced
fluctuations of wind obtained from the wind
tunnel experiment and the numerical solutions
of the viscous Orr-Sommerfeld equation. In
the theoretical model about the turbulent shear
flow over the wavy boundary, the atmospheric
turbulence is taken into account in the form
of the eddy viscosity.

2. Wind tunnel experiment and the evaluation
of the wave-induced wind fluctuations

The wind tunnel, used in this experiment,
18 80cm in width, 130cm in height, 40m in
length and 1m in water depth. The range of
the wind speed used in this experiment is from
2.1 to 89 ms™! at the central core of the wind
tunnel.

The water surface displacements were meas-
ured by the capacitance-type wave gauge. The
horizontal and vertical velocity fluctuations of
wind were measured by a X-type hot-wire
anemometer at several heights in the boundary
layer over the wave crests. This hot-wire
anemometer was calibrated before and after the
every run of the experiment by using an ultra-
sonic anemometer. The hot-wire anemometer
was located at a distance of 8cm in parallel
with wave gauge, so that the wind-waves and
the velocity fluctuations of wind over the wind-
waves could be measured at the same fetch of
19 m,

Signals of these fluctuations were digitalized
at an adequate interval, and the power and
cross spectra were computed by the correlation
method of BLACKMAN and TUKEY (1958). The
degree of freedom of spectra is fourty-five.

In order to investigate the momentum transfer
from wind to wind-waves and the mechanism of
the development of wind-waves, it is necessary
to understand the structures of the wind field
over the irregular wind-waves, especially the
wave-induced wind fluctuations. Therefore,
we must separately evaluate the wave-induced
fluctuations of wind from the fluctuations of
wind measured by a hot-wire anemometer.
This separation was performed on the assump-
tions as is described in the following.

The measured horizontal velocity fluctuations
of wind u» over the wavy boundary are repre-
sented as

u=#+u' @.n

where # is the velocity fluctuations coherent to
wind-waves or the wave-induced fluctuations
and #’ is the turbulent fluctuations noncoherent
to wind-waves. As # and »’ are noncoherent
each other, the power spectral density S.(f)
of u is equal to the sum of power spectral
densities Si(f) and S.(f) of the wvelocity
fluctuations # and ', respectively, where f is
the frequency. Because the turbulent fluctua-
tions of wind «’ and the water surface dis-
placement { are noncoherent each other by the
definition, the cross-spectral density X,(f)
between u and { equals the cross-spectral den-
sity Xg(f) between # and {, i.e.,

Xur(f)=Xue(F) 2.2)

The coherence 72,:(f) between u and { and

the coherence 7%i(f) between @ and { are
defined as

2.0
I ssn Y
_ X))

where S¢(f) is the power spectral density of
wind-waves. Owing to the definition, the co-
herence 7% (f) is found to be equal to unity.
Therefore, if any noise is not contained in the
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present system, the power spectral density
S.{f) can be separated into the spectral den-
sities Sz(f) and S,.(f) as follows:

Sa(£)=r%u () SLS) 2.5
Sul )= —r2u(£) Sulf) (2.6)

Using the Eq. (2.2), we can find that the
phase-difference 8,(f) of the velocity fluctua-
tions of wind # from the water surface dis-
placements { is equal to the phase-difference
Ou(f) of @ from {. And the confidence limit
of the phase-difference depends on the coherence
between » and { (MUNK and CARTWRIGHT,
1960). The power spectral density Sz(f) of
the wave-induced vertical fluctuations of wind
w can be estimated by the same method as
that for @. The symbols used for the various
spectra in this section will be used also in the
following sections without explanation.

3. Experimental results and discussion
Vertical profiles of the mean wind velocity
in Run-I, II and IIT are shown in Fig. 1. They
are found from this figure to follow the loga-
rithmic law in the boundary layer over the
wind-waves. The mean wind speeds in the
central core of the wind tunnel were 2.1, 5.3
and 8.9 m s7!, respectively for these three cases.
The friction velocity uy, obtained from the
logarithmic profiles, and the mean characteristic
properties of the wind-wave field are shown in
Table 1. From this table, it is clearly found
that the critical layer corresponding to the
dominant component wave, where the mean
wind velocity is equal to the phase velocity of
the dominant component wave, is situated at
the lower level than that of the wave crests.
Therefore, in this experiment, the wind velocity
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Fig. 1. Vertical profiles of the mean wind velocity.

fluctuations in the neighbourhood of the critical
layer corresponding to the component wave of
the wave spectral peak could not be directly
measured, because the wind velocity fluctuations
must be measured at some levels higher than
the wave crests.

The wind-wave spectrum of Run-I belongs
to the stage of “‘transition stage’’, defined by
IMASATO (1976a). The wind-wave spectra of
Run-II and III belong to the stage of “‘sea-
waves’’.

Table 1. Wave data and conditions relating
to the spectral analysis,
Run-I Run-II Run-III
U (ms™) 2.1 5.3 8.9

ok (ems™) 9.39 23.0 43.3
Mean amplitude (cm) 0,132 0. 840 1.74
Mean frequency (Hz) 3.64 2.35 1.93
Wave number (cm™) 0.524 0.258 0.149
Critical height (cm) 0.000309 0.00683 0.00256

uxlc 0.214 0. 346 0.533
Nyquist frequency (Hz) 20.0 10.0 10.0
Lag number 100 100 100

Run-11
!
&5
wlt ;
w2 r 1
1072 1
s § " 1 i
1 1 5 10
£ (Hz)
Fig. 2. Power spectrum S:{(f) of wind-waves
in Run-II.
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Fig. 3. Power spectra Su(f) and S,(f), and coherence spectra y*u;(f) and r®wi(f) at Z=3.0 cm

in Run-1II.
the Eq. (2.6).

The power spectrum Si{f) of wind-waves in
the case of Run-II is shown in Fig. 2, in which
the spectral peak is shown by an arrow. The
high frequency part of S;(f) does not follow
the /5 law proposed by PHILLIPS (1958), and
decreases more rapidly with the frequency.
This wave spectral form in the wind tunne]
experiment has been well known (IMASATO,
1976a). IMASATO (1976b) showed that this
wind-wave spectral form can be explained by
the “momentum transfer filter’”’ on the momen-
tum transfer from wind to wind-waves and the
nonlinear wave-wave interaction, and also by
the fact that the upper limit of the develop-
ment of the power spectrum S;(f) is given by
a certain ultimate value in the slope spectrum
of wind-waves.

Fig. 3 shows the spectra S.{f), Su(f), 72uc(f)
and 7%(f) of Run-II, which were calculated
from the time series of the water surface displace-
ment { and the horizontal and vertical velocity
fuctuations of the wind # and w measured at
the height Z=3.0 cm (Z=0 indicates the mean
water surface level). Each of the spectra S,(f),
Sl ), 72uc(f) and 7% (f) has a dominant peak
near the frequency fp of the wave spectral peak.

The peak of the power spectra S.(f) and
So(f) becomes obscure and the coherences
72u(f) and 7Pu(F) become smaller with in-
creasing the height, where « and w were
measured. At the sufficiently large height, the

The dotted lines represent the power spectra Su/(f) and Sw{(f) obtained by

wind velocity fluctuations have the same charac-
teristics as the ordinal atmospheric turbulence
and the coherence between the velocity fluctu-
ations of wind and the wind-waves is lost. The
peak may be attributed to the wave-induced
velocity fluctuations over the wind-waves.

The dotted curves in Fig, 3 represent the
power spectra S,.(f) and S,.{f) obtained from
the Eq. (2.6). These power spectra have the
characteristics very simitar to the atmospheric
turbulence except that each of them has a
weak peak near the frequency f,. One pos-
sibility to explain this weak peak is to consider
it to be the result of energy transfer from the
wave-induced velocity fluctuations to the atmos-
pheric turbulence.

We will compare the experimental vertical
changes of the power spectral densities of 4
and @ with the theoretical ones predicted by
PuiLrips (1966). The wind and the wind-wave
fields in the wind tunnel may be considered to
be in a steady state. There is, however, a few
possibility to bring some errors into the evalu-
ation of the vertical profile of the power spectral
densities of # and w, because it has been un-
able to measure the wind fluctuations simul-
taneously at several heights. Therefore, we will
introduce the non-dimensional power spectra
0%; and 6%y, which are non-dimensionalized with
power spectrum Sy(f) of wind-waves measured
simultaneously with the velocity fluctuations of
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value of ¢a®(fp). K is the wave number cor-

responding to the component wave at the spectral
peak.
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Sa(f)

L= o RS 3.1
o Saf)
o= S ©82)

On the other hand, the theoretical non-dimen-
sional spectra of # and @ are given after
PHILLIPS (1966) as follows:

2
()= _’-;w(w - 1) “exp (—2K7)
(3.3

]“2

el f)= 5 (%—l)zexp(~2KZ) 3.4

where U is the mean wind velocity, C the
phase velocity of the component wave of the
frequency f, K the wave number and I'? is
given as

1 Z< 70
”‘{1/3 Z>7m 3.5

Znm being the height of the critical layer cor-
responding to the component wave of the fre-
quency .Jf.

The observed spectral densities ¢%(f) and
o2:(F) of Run-I, 1T and I and the theoretical
spectral densities, given by the Egs. (3.3) and
(8.4), are evaluated at the frequency jf5» of the

2
oﬁ(fp)

Fig. 4b. Vertical profiles of observed and
theoretical value of ¢a®(fy).

wave spectral peak and are shown in Fig. 4.
It is seen from this figure that the observed
profiles have the minimum value at the height
much higher than the critical layer and they
differ from the theoretical profiles. This dis-
agreement between the theory and the experi-
ment may be attributed to the effects of the
atmospheric turbulence neglected in the Egs.
(3.3) and (3.4). Discussion about it will be
given in the next section.

The wave-induced Reynolds stress is evaluated
from the co-spectrum Cu(f) which represents
the spectral distribution of the total Reynolds
stress. The total Reynolds stress over wind-
waves is the sum of the wave-induced Reynolds
stress and the turbulent Reynolds stress. If
the co-spectrum Cuw{ f) of the turbulent veloc-
ity fluctuations of wind over wind-waves can
be evaluated by some ways, the frequency
spectrum of the wave-induced Reynolds stress
—Cizaf) can be given as follows:

— Caal )=~ Caa )+ Concl ) (3.6)

Thke non-dimensional spectrum 7:(f) of the
wave-induced Reynolds stress given by Eq.
(3.6) is expressed as

__—Caalf)
22rf PSS

The spectral distribution of the turbulent

T.l(f): (37)
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Fig. 5. Normalized co-spectra {Cuw(n)>, in Run-II,
in the frequency region except the narrow
frequency band arround the wave spectral
peak. The broken line represents the co-
spectrum {Cyny(72)) given by the Eq. (3.8)
with the parameter #o of 0.035.

Reynolds stress over wind-waves has not been
well understood yet. On the other hand, the
spectral distribution of the turbulent Reynolds
stress over the solid wall boundary has been
investigated by KAIMAL er al. (1973). They
represented the normalized co-spectrum <(Cy
(n)> of the turbulent velocity fluctuations of
wind over the solid wall boundary as

_0.88(n/n0)
T 1+1.5(n/no)? !

3.8)

where Z is the height above the wall surface,
U the mean wind velocity at Z, » the non-
dimensional frequency, and 7, a non-dimensional
parameter,

From our experimental result that the wave-
induced fluctuations of wind is concentrated in
a narrow frequency band around the wave
spectral peak, it can be considered that the
co-spectrum Cuw(f) represents the co-spectrum
Cuwlf) in the frequency regions except in the
narrow frequency band around the wave spectral
peak. Fig. 5 shows some examples of the
normalized co-spectra (Cuw(n)) in the frequency

regions except in the narrow frequency band
around the wave spectral peak, measured at
several heights in Run-II of our wind tunnel
experiment. The normalized co-spectrum
{Cumdn)y, given by the Eq. (3.8) with the
parameter ng of 0.035, is shown by a broken
line in this figure.

Although the observed normalized co-spectra
{Culn)y is rather scattered, especially in the
high frequency region, it is seen from this
figure that the normalized co-spectrum (Ci.p(n)>
between #’ and w’ over wind-waves can be
given by the Eq. (3.8). Therefore, the co-
spectrum Co.,{f) over wind-waves is represent-
ed as

n 0.88 mp~!
7 1+ 1.5(n/mpp

— 7

— Cyl )= —uw @9
where the value of the parameter #n; is taken
tc be 0.025, 0.035 and 0.050 respectively for
Run-I, II and III of our experiment. The
co-spectrum — Cia(f) between & and & can be
evaluated using the Eqs. (3.6) and (3.9) in the
fairly narrow frequency region around the
wave spectral peak.

KAIMAL ef af. (1973) concluded that the
most suitable value of the parameter ne is 0.1
for the shearing flow in the neutral condition
over the solid boundary. This discrepancy
may be attributed to the surface condition; i.e.;
in the present case of the wind tunnel experi-
ment, momentum and energy are transferred
to the water across the irregularly wavy sur-
tace, but, on the other hand, in Kaimal’s
measurements over the land, they are not
transferred across the surface.

Fig. 6 shows the co-spectra —Cydf) from
the Eq. (3.9) and —Cia(f) from the Egs. (3.6)
and (3.9), and the phase spectra 8,,(f) at
Z=3.0, 5.0 and 8.0cm in Run-II. It is found
from this figure that the phase-difference be-
tween the velocity fluctuations = and w is
nearly 180° outside the frequency region around
the wave spectral peak. This fact indicats the
characteristics of the turbulent velocity fluctu-
ations of wind in the turbulent shear flow. On
the other hand, in the frequency region around
the wave spectral peak, the phase-difference
shifts significantly from 180°, and it is attributed
to the wave-induced fluctuations of wind.

The non-dimensional spectrum of the wave-
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Fig. 6. Co-spectra —Cuw(f) and —Cis(f), and phase-difference spectra Gu(f) at Z=3.0, 5.0
and 8.0cm in Run-II. The dotted lines represent the co-spectra — Cynys(f) given by the

Eq. 3.9). —Caa(f) is evaluated by the Eq.
peak is shown by arrows.

induced Reynolds stress is also given by the
other method using the non-dimensional power
spectral densities 0%(f) and ¢2&(f), and the
phase-differences 0z:(f) and 8z¢(f) between the
wind-wave and the wave-induced fluctuations
of wind. These phase-differences are equal to
the observed phase-differences 8,:(f) and G,,:(f).

(3.6). The frequency of the wave spectral

The non-dimensional spectrum 7Tu(f) of the
wave-induced Reynolds stress estimated by this
method is given as

T2 )= —2c%(f) o®a(f))/?
X cos (Gag(f)—0a(f)) (3.10
The vertical profiles of 7Ty and T: at the



278 IcHiIkAWA and IMASATO
3 3 3 T T
Run-I Run-IT Run-III
<] Tl
o
. T2
-+
2r . T 2r T r
-O1T—
] o e S} o o—*
—o— Qe
ol —
i o —ef— 1 11 —p—— -
b ———— O
|' ———lo—m —_——eo——
3
)
0 -0.2 -0.1 0 0.1 0.2 0 -0.4 -0.2 0 0.2 0.4 0 -1.0 0 1.0
Ty anp Tz Tl AND TZ Tl Ao Ty

Fig. 7. Vertical profiles of the non-dimensional wave-induced Reynolds stresses T (mark O)

and T: {mark @) evaluated by two methods at the frequency fp.

The variable range of

T> under the 95 % confidence limit of the phase-difference is shown by the line through

the closed circle.

wave spectral peak are shown in Fig. 7, where
T, and 7% are represented by an open and a
closed circle, respectively. In this figure, the
variable range of T: under the 95 9% confidence
limit of the phase-difference is also shown. It
is seen from this figure that the values of wave-
induced Reynolds stress, obtained by the two
methods described above, are
regard to the wvariation for the height above
the mean water surface level.

This fact means that the two methods de-
scribed above are appropriate to estimate the
wave-induced Reynolds stress. From this
figure, it is found that the values of the wave-
induced Reynolds stress is negative at several
heights over wind-waves. These experimental
results are fairly different from the theoretical
results given by Miles’ inviscid quasi-laminar
model. The negative value of the wave-induced
Reynolds stress is an unexpected result. The
same phenomena as shown in Fig. 7 have been
found from the wind tunnel experiments over
the regular waves by LAI and SHEMDIN (1971)
and KATO and SaNO (1971), and from the field
observations by DAVIDSON et al. (1973). These
phenomena are predicted theoretically by
YEFIMOV (1970), Davis (1970) and TOWNSEND
(1972), who took into account the turbulent
shear flow over the wavy boundary. The
present experimental situation differs from those

similar with

in their experimental and theoretical studies;
i.e., in the present experiment, the critical layer
for the dominant component wave of the irregu-
lar wind-wave field is lower than the wave-
crests, and the scales of wind-waves are much
smaller than those discussed by them. There-
fore, the present experimental results can not
be directly compared with their results. In the
next section, the Orr-Sommerfeld
equation will be numerically integrated under
the suitable conditions to the present wind
tunnel experiment and the solutions will be
compared with the experimental results.

viscous

4. Comparison between experimental and
theoretical results

From the present experimental results, it is
found that a wind-field over irregular wind
waves has some characteristics different from
the theoretical ones predicted by the Miles’
(1957) quasi-laminar model. These differences
will be attributed to the fact that the Miles’
model did not take into account the atmospheric
turbulence in the form of the wave-induced
vartations of turbulent Reynolds stresses pro-
posed by PHILLIPS (1966).

The mechanism by which the wave-induced
variations of turbulent Reynolds stresses are
produced has not been clarified yet. In this
article, we take into account the effect of the
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atmospheric turbulence by introducing an eddy
viscosity. 'We take the assumptions similar to
those of Yefimov’s (1970), as is described below.

1) The wave-induced variations of tangential
turbulent Reynolds stress #3 is represented as

Fis={—w'w>—{(—u'w"

w(Larla)  an
where v, is the kinematic eddy viscosity of the
air. It is assumed that p, is independant of =z
and much greater than the kinematic molecular
VISCOSItY .

Here, the operator { ) denotes an average
over y, in the direction along the crests of the
component wave, as same as that denoted by
PHILLIPS (1966), and the over-bar denotes an
average over several waves in the direction of
the propagation of the component wave.

2) The wave-induced perturbations of the
normal turbulent Reynolds stresses 711 and #s3,

defined by
Fru={—u'—{—u'%
Faa={—w? - {(—w'%)

respectively, are equal to each other.

3) The slope of a component wave is so
small that the cross terms of the wave-induced
velocity fluctuations in the equations of motion
are negligible comparing with other terms.

4) A wvertical profile of the mean wind veloc-
ity follows the logarithmic law in the turbulent
boundary layer. As the air flow over the wind-
waves is aerodynamically rough, the viscous
sublayer does not exist, and therefore, the
mean wind velocity becomes zero at a height
lower than the roughness height. The wave-
induced fluctuations of wind at the mean water
surface level approximately represent the veloc-
ity fluctuations of water, i.e., the wave-motion,
at that level.

All variables are non-dimensionalized by
taking £7! and @' as the scales of the length
and the time, respectively. The wave-induced
velocity fluctuations are non-dimensionalized by
aw, where a is the amplitude of the component
wave with the angular frequency «.

From the assumptions 1, 2 and 3, the viscous
Orr-Sommerfeld equation over a component
wave 1s obtained as

DG P U ==L 28+ @

where the dash represents the differentiation
about kz, and Re(=w/v:k?) is the eddy viscous
Reynolds number. 95 is the non-dimensional
complex variable defined as

aw

k

Re (pk=) exp (hz—wr)))  (4.3)

where ¢ is the stream function of the wave-
induced velocity fluctuations of wind. U is the
non-dimensional mean wind velocity non-dimen-
sionalized by the phase velocity of the component
wave and is given by

o ln( k2 ), kz>zo
U= K 20
0, k2 =<z

(4.4)

from the assumption 4, where Uy(=#ku,/w) is
the non-dimensional friction velocity, 2o the
non-dimensional roughness parameter, and x
the Karman’s constant. From the assumptions
1 and 2, it is found that the Eq. (4.2) differs
from the ordinary Orr-Sommerfeld equation
only in the sign of the term 2q§" on the right-
hand side.

The boundary conditions are obtained from
the assumption 4 as

A

(=1, and ¢'(0)=1 (4.5)
at the mean water surface level, and also

S(HH=0, and ¢ (H)=0  (4.6)

at a sufficiently large height H at which the
effect of the waves is negligible.

It must be mentioned here that the Eq. (4.2)
is different from the equation derived by YEFI-
MOV (1970), who non-dimensionalized the mean
wind velocity and the phase speed of the wave
by aw, and that the sign of 55’(0) is different
from that used by YEFIMOV (1970) who tock
into account the effects of viscous sublayer.

In order to solve the Eq. (4.2) the value of
Y. is neccesary to be given. We have, how-
ever, no information about », in the turbulent
shear flow over the irregular wavy boundary.
We have obtained the solutions for some values
of y, from 1.5x10' to 1.5x10%cm?s™!, being
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given the observed values of U, and zo corre-
sponding to the component wave of the wave
spectral peak. To compare the numerical
solution with the experimental values o¢3%(fp),
o (fo)s Gac(fr)s Oue(fp) and Ti(fy), we estimate
the quantities 0,2, 0u4?, 0., 6 and T which
correspond to the experimental values, respec-
tively. They are expressed as follows:

1.4 1,4
O'u2:§-|¢/|2, GWZ:EIQSP:
Ou=arctan (—g?g/gﬁ;), G =arctan (gZST/gzgi),

T= ——;:Sm B8 (4.T~4.11)

@ EXPERIMENT
+,= 1.5« 10t
B R -1
v- 15 7 103
- v 15w 10t

g 0T . 160
et
Fig. 8. Vertical profiles of 6. obtained from
the numerical solutions of the Eq. (4.2) cor-
responding to Run-II, and those of observed
value of 622(fp) in Run-Il. The value of v, is
in the range from 1.5 X 10" to 1.5% 10* em®s7%.

r T
' —@—  EXPERTNENT
---- v 1.5 x 10!
v L5k 102
v 155 108
S - v 15 408

1‘0'? ! 1o

ué(fp)
Fig. 9. Vertical profiles of o,? and g22(fp) in
Run-IT.

where the asterisk represents the complex con-
jugate, and suffixes » and i represent the real
and imaginary parts, respectively.

The vertical profiles of ¢.2, 0,2, 64, 6w and
T obtained from the numerical solutions of the
Eq. (4.2), which correspond to Run-II of the
experimental case, are shown in Figs. 8, 9, 10,
11 and 12, together with each measured one.

From Figs. 8 and 9, it is found that the
vertical profiles of ¢,2 and 0.2, obtained from
the numerical solutions for an adequate value
of v., are qualitatively similar to the experi-
mental profiles, although quantitative agreement
is not sufficiently attained, for instance, the
magnitude of 6,2 or .2 and the heights where
a2 or g,°> has a minimum value, are different.
It can be seen from Fig. 12 that the vertical
profile of the wave-induced Reynolds stress T

* exeeRiment
----- ver 15 5 10
S R
v 1.5« 10% VE
s w1500t |i

1 . aw 4

o ey /’

- - !

I’ R -7 .
g i n 180 0
Eﬁ;(fp) (deg.)
Fig. 10. Vertical profiles of §x and 8zz(f3) in

Run-II1.

o wemine
e 15y 0k
oo v 150102
— e L5 1P
S v LS w100
N

Bﬁ{'(fp) (deg.)

Fig. 11. Vertical profiles of 84 and fuz(fp) in
Run-II.
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- - \J:= 1.5 x 102
vo= 1.5 x 10°
————— vo= 1.5 x 10
ir :xpenment 1
A _
> ]
1+ o
ARy
NN
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0 N
0.4 -0.2 0 0.2 0.4
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Fig. 12. Vertical profiles of T and Ti{(fp) in
Run-I1.

obtained for an adequate value of v, is similar
to the experimental results and the value of
T is negative at several heights over the wavy
boundary,

It is found, however, from Figs, 10 and 11
that the calculated phase-differences differ from
the observed ones approximately by 180°. When
Yefimov’s boundary conditions are used instead
of the Eq. (4.5), the similar discrepancy about
the phase-differences also comes and the dis-
erepancy in the magnitude of the wave-induced
Reynolds stress is much greater than that in
this article. The discrepancy about the phase-
differences probably comes from the assumption
about the boundary conditions at the water
surface; i.e., we adopt the assumption of the
infinitesimal wave and give the boundary con-
ditions at the mean water surface level, although
the critical layer is lower than the wave-crests
in this experimental case. The precise consider-
ations about this problem will be made in the
following paper.

Comparisons between the experimental and
the theoretical results in the case of Run-I and
Run-III are not mentioned in this paper. But
they give the similar results to those of Run-II.

From the comparisons between the experi-
mental results and the numerical solutions, it
is concluded that the discrepancy between the
observed wind field over wind-waves and the
wind fleld expected from the inviscid quasi-
laminar model can be attributed to the atmos-
pheric turbulence, and that the theoretical
model used in this article is not necessarily
appropriate to predict the wind field over wind-
waves.

5. Conclusion

For the wind field over the wind-waves in
the wind tunnel the following conclusions are
derived.

The measured vertical profiles of the power
spectral density of the wave-induced velocity
fluctuations of wind and the wave-induced
Reynolds stress at the wave spectral peak
frequency are different from the profiles expected
from the inviscid quasi-laminar model. This
difference may be attributed to atmospheric
turbulence from the comparison between the
experimental results and the numerical solutions
of the viscous Orr-Sonmerfeld equation where
the effects of the atmospheric turbulence is
taken into account in the form of the eddy
viscosity. It is considered that the atmospheric
turbulence plays an important role in the
momentum transfer from wind to wind-waves.

The theoretical model used in this article is,
however, not necessarily appropriate to predict
the wind field over wind-waves. The discrepancy
between the experimental and the numerical
results may come from the inadequate assump-
tions adopted in this study about the wave-
induced variation of turbulent Reynolds stresses.
It may also come from the assumption about
the boundary conditions at the mean water
surface level, i.e., the assumption of the infini-
tesimal wave. Studies using a curve-linear co-
ordinate are desirable.
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