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A Model on the Turbulent Wind Field over Wind-waves

in Curvilinear Co-ordinates
Hiroshi ICHIKAWA**

Abstract:

A new theoretical model (Model II) on the turbulent wind field
over wind-waves is proposed by the use of the curvilinear orthogonal
system of co-ordinates in which we can easily take into account the
mean flow undulation caused by the corrugation of wavy water
surface and also we can give the boundary conditions right at the wavy
water surface., The numerical solutions calculated from the present
linear model are in good agreement with the experimental results
obtained by ICHIKAWA and IMASATO(1976). The good agreement, which was
not obtained from the previous model (Model I) using the Cartesian
system of co-ordinates, is attributed to the adoption of the curvilinear

orthogonal system of co-ordinates.

1. Introduction

In order to understand the mechanism of the momentum and energy
transfers from wind to waves, it is necessary to clarify the structure
of wind field over wind-waves, ICHIKAWA and IMASATO(1976) found that
the vertical change of the wave-induced fluctuations of wind velocities
over wind-waves and the wave-induced Reynolds stress are different from

those predicted by the Miles'(1957) quasi-laminar model. They compared
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their experimental results with the numerical solutions obtained from
a linear model (hereafter refered to be as Model I) on the turbulent
wind field over wind-waves, and showed that the discrepancy can be
attributed to the existence of the atmospheric turbulence which was
neglected by MILES(1957).

However, the Model I in which the turbulent wind field is formulated
in the Cartesian co-ordinates and the boundary conditions are given: ot
the mean water surface level was not necessarily appropriate to predict
the wind field over wind-waves, Actually, it could not predict the
phase-differences between the wave-induced fluctuations of wind
velocities and the underlying wind-waves, The critical layer, which
plays an important role in the development of wind-waves, is undulated
by the corrugation of wavy boundary surface and this undulating critical
layer crosses the mean water surface 1level in many cases of
wind tunnel experiment where the mean height of the undulating
critical layer is lower than the wave-crests., Therefore, it is not
appropriate to give the boundary conditions at the mean water surface
level. It can be concluded that the discrepancy in the previous paper
of ICHIKAWA and IMASATO(1976) is attributed to the facts that the
boundary conditions were given at the mean water surface level
assuming the infinitesimal wave and that the undulation of mean air
flow was not taken into account,

In order to overcome these weak points, the adoption of the curvi-
linear orthogonal system of co-ordinates is the most natural way, i.e.,

in the curvilinear co-ordinates (§ ,7 ), the boundary conditions can



be given right at the wavy boundary surface and the undulating
critical layer can be easily represented by an undulating line of

a constant value of 7. MILES(1959) and BENJAMIN(1959) have already
discussed the wind field over wavy water surface using the curvilinear
co-ordinates., However, neither of them took into account the
existence of the atmospheric turbulence which plays an important role
in the wind field over wind-waves (ICHIKAWA and IMASATO, 1976).
Recently, GENT and TAYLOR(1976) numerically investigated the turbulent
wind field over wavy boundary surface using the curvilinear
co-ordinates., However, they neglected the existence of the viscous
sublayer which will exist when the wind speed is fairly small
(IMASATO, 1976).

Therefore, in this paper, another theoretical model (hereafter
refered to be as Model II) on the turbulent wind field is proposed
using the curvilinear co-ordinates and the numerical solutions will
be compared with the previous results in the wind tunnel experiment
(ICHIKAWA and IMASATO, 1976). In Model II, the existence of the
viscous sublayer neglected by GENT and TAYLOR(1976) is taken into
account and the influence of the underlying wind-wave field to the
background atmospheric turbulence is also taken into account by
introducing the parameter {X representing the rate of increase of

eddy viscosity due to underlying wind-wave field.

2. Theoretical Model
2.1 System of co-ordinates and govering equations
Using the curvilinear orthogonal system of co-ordinates (§1, §2,
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g 3) illustrated in Fig. 1, we consider the turbulent wind field in a
frame of reference travelling with the phase velocity C of an underlying
component wave in positive x1-direction. The Cartesian system of
co~ordinates (x1, Xy, x3), which is also illustrated in Fig., 1, is

expressed in the curvilinear system of co-ordinates as follows,

X, = zZ ;- aexﬂ-k§3)shﬂk§1h
X = 5o
Xg = 33 + a exp(-k§3) cos(k§1)-

where a is the wave-amplitude and k the wave-number of the component
wave, The wavy water surface, represented in the curvilinear
co-ordinates as 33 = 0, is expressed in the Cartesian co-ordinates

as follows,

X, = a cosU<§1) (2.1)

3

which equals a cos(kx,) to the order of ak.

It is assumed in this paper that (gg)z is negligibly small, the
wind field is homogeneous in the x2-direction and that the mean
horizontal velocity U(x3) - C in the reference frame has only the
component parallel to the x1-axis.

The gn-component of wind velocity u, in the turbulent wind field
over wavy boundary surface in the reference frame is decomposed into
the mean component En’ the wave-induced periodic component'ﬁg and the

random background turbulence u'; i.e.,

L
n’



w (3, 335, 6) = W (55 + W (5,5 ) +ul(3,, 3, 1)

where t is the time, The time average, denoted by operator < >, of

the wind velocity can be represented by
. ~/
<u 2 = u( z + u (3

The mean wind velocity En is assumed to be expressed in the

reference frame as follows,

=i

n(% 3) = (U(XB) - C' 01 O)} (202)

where U(x3) - C is the mean horizontal wind velocity at the height
Xz = % 5.

Owing to this treatment, the mean wind velocity in the region
between a wave-crest and a wave-trough can be derived although it can
not be treated in the Cartesian co-ordinates, and the mean flow undula-
tion caused by the corrugation of wavy boundary surface can be easily
introduced in the analysis as a mean flow parallel to the 2 1-axis.

The time average of the vorticity equation on the turbulent wind

field over wavy boundary can be expressed in vector form as follows,
< rot.(rotsu xw + Trot.u xm + Trot.u x ®)D>
= -;}a< rot.rot.rot.u> + | +\V\/, (2.3)

where l)a is the kinematic molecular viscosity of air, TT the contribu-
tion from atmospheric turbulence neglected by BENJAMIN(1959) and

W the contribution from wave-induced velocity fluctuations. Tr



and W are denoted by Eqs.(2.4) and (2.5), respectively.

T

4-rot.(rot.m'xnu')>, (2.4)

W {-rot.(rot. @ xW ) >. (2.5)

In order to obtain the solution of Eq.(2.3) onl, the mean wind
velocity, the contribution from atmospheric turbulence and the

boundary conditions must be determined.

2.2 Stream function
Before describing the assumptions adopted in this paper, we define

here the stream function as follows,

3 0 - 3 0 ,
<u,> = J —?3—3?{ and {ug> = -J 75—5—13‘

where J is the Jacobian of the transformation., The stream function

U §1, 3 3) is represented as follows,
F3, 89 = (3 « F(EF,5))
where F (% 3) is the undisturbed part defined by

_ 3,
F(ig = J-ﬁ1(33) a3,

-~ o ~

and ?> the wave-induced periodic part. 7L is assumed to be

represented by

D a
where ¢ﬁg indicates the real part of a complex variable, 3‘ the complex



~

amplitude of % and j = -1.

Hereafter all variables and co-ordinates will be expressed in

1

non-dimensional form, taking k¥~ ' and C as the scales of the length and

the velocity, respectively.

2.3 Turbulent Reynolds stresses

The turbulent Reynolds stress r is denoted by

nm

H
n

< -ulul D

an(i3) + T (g1,§

- (2.6)

3)

wh T i
ere r = is the mean part and T,

which is assumed to be represented by

m the wave-induced periodic part

n

rnm(31,3 5) = a?\z{?nm(§3) exp(331)1]

N . . ~
where Tom 18 the complex amplitude of Tom®
Using the equation of continuity about the turbulent fluctuations

of wind velocity, the \iz-component T2 of 7r , correct to the order of

a, can be represented as follows,
- N A
T, = Tiz + ajhlf Qqs + Tyq t j(r1'1 - ?%3)
¢ (Fyy+ Fl5-2F5) § exn(3E )]

where prime denotes the differentiation on 3 3 Therefore, the
turbulent Reynolds stress Thm must be determined in order to solve

Eq.(2.3).



The mean tangential turbulent Reynolds stress ;13 is obtained from

overall average of the equation of motion and represented by
- 2 -

where u! is the vertical shear of mean wind velocity and u, the friction

1
velocity of air., On the other hand, we have no information on the
vertical changes of the mean normal turbulent Reynolds stresses over
wind-waves. From the experimental results on the pipe flow (HINZE,

1959, Figs.7-34 and 7-38), they are assumed in this paper as follows,
r11(§ 3) = -508 r13(23), (208)
r33(§3) = -0,.,6 I‘13(g3). (2.9)

The wave-induced variations of turbulent Reynolds stresses'?;m
are assumed to have the same form as in Model I and Yefimov's(1970)

model, i.e.,

—~ ~
o ) Vol
Tyz = 2 Y €43

2 Ve a&{313(§3) exp(j§1)’l], (2.11)

where })e is the eddy viscosity and QHB the complex amplitude of the
A~
wave-induced variation e13 of tangential rate-of-strain. @13 is

expressed by Eq.(2.12) in the curvilinear co-ordinates.

~ - Al N
i3(33) = 3{F(3) + F(F + 2em(-3,) - 7))
(2.12)



Although the eddy viscosity })e was assumed to be constant with respect
to X in Model I, it is assumed in this paper to be several times
greater than the eddy viscosity ))s associated with the vertical shear

of mean wind velocity as follows,
V(85 = & V(&) (2.13)

where ™\ is a non-dimensional parameter with a positive constant value

and J)S satisfies the following equation}

Ti3(d3) = 2 V(8 5) o5 2

where 313 is the mean tangential rate-of-strain, It must be noticed
that Eq.(2.11) corresponds to the following equation in the Cartesian

co-ordinates)

~ 7 A P o~
1)( 3+?—;{;V1)

)

where ?; is the wave-induced fluctuation of xn-component of wind
velocity. REYNOLDS and HUSSAIN(1972) and DAVIS(1972) proposed the rela-
tion of Eq.(2.13) with K = 1, which means that the eddy viscosity L)e
is always equal to the eddy viscosity associated with the vertical shear
of mean wind velocity., However, the eddy viscosity ))é in Eq.(2.11) is
a coefficient which relates?‘g3 with 333, and therefore, it is assumed
here that the value of o is not always unity., The parameter A is

considered to represent the influence of the wind-wave field to the

background turbulence, The value of oA can not be determined from-.. -



the measurement and we inevitably obtain the numerical solutions for

several values of A from 0.5 to 20,

2.4 Mean wind profile

It is well known that the vertical profile of the mean horizontal
wind velocity U(x3) in the turbulent boundary layer over wind-waves is
logarithmic with respect to Xz On the other hand, in the close vicinity
of the wavy water surface, it can not be measured directly and it is
assumed, as was proposed by DAVIS(1972), to be linear with respect to
X3 in the layer (named as "linear sublayer" in this paper) of which
thickness z, equals 2 exp(aU), where 24U is the thickness parameter
of "linear sublayer",

On the other hand, the mean wind velocity 51(§53) parallel to
z 1-axis has not been clarified yet and it is assumed in this paper
to be represented by Eq.(2.2). Therefore, from the vertical profile
of the mean horizontal wind velocity described above, 51('€3) is

represented as follows,

.lli*ln( 23/ ZO) - 1, §3 Z_ z1 : )
2.14

1

1)

2 G6(80) 35/ 25 - 1, 354z

where uy, 2z, and )X are the friction velocity of air, the roughness
height and the Karman constant, respectively, and G(4 U) = 4U exp(-4TU).
As the eddy viscosity l)e defined by Eq.(2.13) must be zero or

positive in the "linear sublayer", the value of 24U must satify the
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following relation,
! ()tu*zO/G(AU) - J)a) Z 0 (2.15)

Therefore, the value of 40U must be greater than or equal to 4 Um which
satisfies the sign of equality in the relation (2.15) when the parameter
D = K.u*zo/z%a is smaller than G(1) = exp(-1) because the function
G(4U) has the maximum value at AU = 1., The "linear sublayer" for

AU = ZlUm is coincident with the viscous sublayer and in that sublayer
the eddy viscosity pg vanishes. On the other hand, the value of AU
can be arbitrarily positive when the parameter D is greater than G(1).
In any case, the value of AU can not be fixed from the measurements,
and we inevitably obtain the numerical solutions for several values

of 4U from unity or /JUm to ten,

2.5 Boundary conditions and numerical method

Now, let's consider the boundary conditions, correct to the order
of a, to be satisfied by the velocity components right at the wavy
water surface 23 = 0. The normal componentl<u3(0)>' must be zero

since the wave is stationary in the present frame of reference, i.e.,
A
() = 0 (2.16)

The tangential component <fu1(0)>' must satisfy the condition of
non-slipping relative to the water particle right at the wavy surface,
The tangential velocity u, of the water particle right at the wavy water

surface has not been well known yet, Therefore, it is assumed in this



paper that uc equals the horizontal component of the orbital velocity

of wave at x3 = 0. Owing to this assumption, it is derived as follows,

A
o)y = 1 - u(0) (2.17)
The wave-induced periodic components of wind velocity at §3 = H,

the height sufficiently far from the wavy surface, must be vanished

and this requires that

A

¥ (H)
)

From the assumptions described above on the turbulent Reynolds

0, (2.18)

51(H) exp(-H) (2.19)

stress, the wave-induced periodic part of the gz-component of the
vorticity equation (2.3), which is correct to the order of a, can be
derived as follows,

A A o~

(5" - ¥) =P @ = -3 (B 23" )

DA AR A A NI DY E AP A
- jj,’e"( *-?" + @) + A (2.20)

where

]
3

-2 [ ugm, + 3V, Ry - 2T+ V(Y - 3Ry 4 4T - 20,)
Y

- 21_1{ + T11) + ))e"(ﬁ"' ‘51)3‘3 exp(-§3)
(2.21)
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and \W in Eq.(2.3) is neglected because the magnitude of the wave-
induced Reynolds stress is the order of 22. It is recognized that the
first and the second terms in the right-hand side of Eq.(2.21) originate
from our adoption of the curvilinear co-ordinates and the existence of
the mean flow undulation caused by the corrugation of the wavy boundary,
respectively, by comparing Eq.(2.20) with the vorticity equation
formulated in the Cartesian co-ordinates by the use of the stream

funection ?1 which is defined as follows,

¢1(Xﬁ,x3) = ¢>(x3) - aﬁ1(x3)exp(-x3)cos(x1)

N

+ a‘j%{¢}(x3) exp(jx1)} (2.22)

vhere ¢) is the undisturbed part, the Second term is the contribution
from mean flow undulation caused by the corrugation of wavy boundary,
which is correct to the order of a, and é% is the complex amplitude
of the wave-induced periodic part.
The finite differential equation derived from Eq.(2.20) is inte-
grated numerically with the boundary conditions given at 53 = 0 and
55

the integration are chosen to be 0.001 and 4.0, respectively, because

= H., The finite difference length A§3 and the upper 1limit H of

the numerical solution obtained for A§3 = 0,0005 and H = 6.0 is nearly
equal to that obtained for £§3 = 0,001 and H = 4,0 although it is not

illustrated in any figure.

3, ResultSand discussion

3,1 Numerical results



The numerical solutions and the experimental results (ICHIKAWA
and IMASATO, 1976) are compared in quantities O‘hl, vaz, Bu' ew
and T , which are the non-dimensional powers of the wave-induced
fluctuations of horizontal and vertical wind velocities, the phase-
differences of the wave-induced fluctuations of horizontal and vertical
wind velocities from the underlying component wave, and the non-
dimensional wave-induced Reynolds stress, respectively. It must be
noticed that these quantities in the following discussion are the

spectral components with the frequency fp of the wave spectral peak.

They are expressed as follows,

-2 = 1%, 2 = 2812,

6, = tan'( -8 /%,

B, = ten'( &r/%,

T - 2, 0 - 9, (3.1~ (3.5)

where suffixes r and i represent the real and imaginary parts,
respectively, and é; is the complex amplitude of the wave-induced
periodic part of the stream function defined in the Cartesian co-
ordinates...Qwing to the relations between the Cartesian co-ordinates
and the curvilinear co-ordinates, 3; can be related with 72 , which
satisfies Eq.(2.20) at §3 = X3z, 285 represented by the following

equations,

Pixg) = T xg) = exploxy) (Ulxg) - 1) (3.6)

- 14 -



N A
¢)Qx3) = /yj(XB) - exp(-x3)(U'(x3) - U(XB) + 1) (3.7)
Each second term in the right-hand side of Eqs.(3.6) and (3.7)
represents the contribution from mean flow undulation caused by the
corrugation of wavy boundary surface to the wave-induced fluctuations
of vertical and horizontal wind velocities, respectively.
In order to solve Eq.(2.20) numerically, the values of u,, Zg
AU and K are necessary to be given. u, and 2, are the known values
from the wind tunnel experiment, but the parameters AU and A must
be suitably determined in order that the numerical solutions agree
with the experimental results.
F%&QR& Figs. 2, 3 and 4 show the measured and calculated vertical profiles
of O‘uz, O“WZ, 6

u'
II and III (ICHIKAWA and IMASATO, 1976), respectively. The numerical

Qw and T in the experimental cases of Run-I,

solutions in these figures are obtained for some values of A from

two to ten, from Model II proposed in this paper, The conditions of

the vertical profile of mean wind velocity and the wind-wave field

in the experimental cases of Run-I, II and III are tabulated in Table 1.
The values of AU used in the calculation of the numeric¢al solutions
shown in Figs., 2 and 3 are 7.49 and 2.75, respectively, which correspond
to the minimum value AUm in each experimental case. On the other

hand, the parameter D = K.u*zo/ pg is greater than G(1) and the value
of ;ﬂUm can not be determined in the experimental case of Run-III,

Since the parameter AU determines the "linear sublayer" thickness z,
and the mean wind velocity only in the "linear sublayer", the influence

of 4U on the calculated vertical profiles in the region much higher

- 15 =



than z is fairly small as long as z, is much smaller than unity although

]
it is not illustrated in any figure. The value of 4U in Run-III is
chosen so that Z is much smaller than unity. The numerical solutions
obtained for AU = 3,0 are shown in Fig, 4 as an example,

It is known from Figs. 2, 3 and 4 that the vertical profiles
obtained from our present Model II with a suitable value of X have
good agreement with measured ones, especially the vertical profiles of

Ou

values of o in the cases of Run-II and III are found to be in the range

and Gw which were not well predicted by Model I. The suitable

from two to ten. But it is apparent that the suitable value of X to
explain the measured vertical change of Gfuz in the case of Run-I is

in the range from five to ten. This result suggests that the parameter
A may depend on the underlying wind-wave field and the friction
velocity of air., The precise discussion about the parameter C( will

be made in the following paper,

3,2 Turbulent Reynolds stresses

We have no information on the mean normal turbulent Reynolds
stresses and the wave-induced variation of turbulent Reynolds stresses
and they are assumed as described in section 2.3, REYNOLDS and HUSSAIN
T,, and T, are related to the

11 33
wave-induced variation of normal rate-of-strain, respectively. They

(1972) proposed another model in which

are represented in the curvilinear co-ordinates as follows,

~ Y4 s =
7,059 =2 L R 37 4 exp(- 3%,  exn(33,0) . (5.9)
Ty £5) = 2 Y A(-37 - exp(=3)5, Y exp(33 ) . (3.9

- 16 -
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The numerical solutions obtained from Model IIa in which 11 and
gSB are given by Egs.(3.%) and (3.9) instead of Eq.(2.10), respectively,
are nearly equal to those obtained from Model II although they are not
illustrated in any figure,

It must be noticed that the representation of the mean normal
turbulent Reynolds stresses is not cruCial. The numerical solution
obtained from another model in which the mean normal turbulent Reynolds

stresses are equal to each other, are nearly equal to those obtained

from Model II although they are not shown in any figure.

3.3 Undulation of mean flow

Model II differs from our previous Model I not only in the
co-ordinates system but also in introducing the mean flow undulation
and in the assumptions on the eddy viscosity and on the vertical profile
of mean wind velocity in the close vicinity of wavy surface. In order
to examine the influence of the difference between the assumptions
adopted in Model II on the eddy viscosity and on the vertical profile
of mean wind velocity and those adopted in Model I, another numerical
calculation (named as Model .IIb) was performed in the curvilinear
co-ordinates under the same assumptions as is adopted in Model I; i.e.,

the eddy viscosity is constant with respect to %_. and the value of AU

3

ﬁ‘f% ; Figs., 5a and 5b show the measured and calculated vertical profiles

of Qu and ew in the experimental case of Run-II, The calculated

vertical profiles in these figures are obtained from Model I and IIbd

- 17 -



with the same value (1.5 x 1030m25-1) of the eddy viscosity. From
the comparison between the solutions for Model IIb and the solutions
in Fig. 3 for Model II, it can be said that the numerical results
obtained from Model IIb and Model II are nearly equal to each other,.
Further, it is seen in Figs. 5a and 5b that the numerical results
obtained from Model IIb are largely different from those obtained
from Model I in spite of the fact that the assumptions on the eddy
viscosity and on the value of AU adopted in Model IIb are equal to
those adopted in Model I. Therefore, the good agreement between the
experimental and the numerical results shown in Figs. 2, 3 and 4 can
be attributed to the adoption of curvilinear co-ordinates and to the
introduction of undulation of mean flow. The origin of the large
difference between the numerical results obtained from Model I and

those obtained from Model IIb is described as follows.

The undisturbed part !y(§3) of the stream function defined in the
curvilinear co-ordinates, which originally represents the mean flow
undulation caused by the corrugation of wavy boundary, is expressed

by the Taylor series expansion in the Cartesian co-ordinates as follows,
- 2
i - ¢> ' - -
( 33) = 2(x1,x3) + % u1(x3) { a exp( x3) cos(x1)}

% Eq(x3){-a exp(-x3) cos(x1)?}3 e e e (3.10)

+

where
‘?2(x1,x3) = (x3) - a u1(x3) exp(-x3) cos(x1)
It must be noticed that only the term ¢2 can be used in a linear

theory in the Cartesian co-ordinates to represent the undulation of

- 18 =



mean flow as is seen in Eq.(2.22). However, the mean flow undulation,
which must be introduced in the analysis, can not be completely repre-

sented by ¢72 alone because 51(x3) vanishes at the critical height

Xz = z, and ¢z(x1,x3) has a constant value of—:?(zc) at X5 = 2o l.e.,
the stream line corresponding to <172(x1,x3) = ‘?(zc) is parallel to

x1—axis aE_x3 = 2, Further more, the stream line corresponding to
¢72 = ¢7(zc) crosses the wavy boundary surface in many cases of

wind tunnel experiment where the critical height is lower than wave-

crests. In order to represent the undulation of mean flow, at

least the second term in the right-hand side of Eq.(3.10) must be

introduced in the analysis because the value of this term changes with
2

c
in the right-hand side of Eq.(3.10) are originally included in the

respect to X, at Xz = Z- The higher order terms than the order of a

linear model Model IIb in the curvilinear co-ordinates by the use of

1;( €3). On the other hand, these higher order terms can not be
treated in the linear model Model Ia in which the undulation of mean
flow is taken into account only to the order of a in the Cartesian
co-ordinates by the use of the stream function ¢1 defined by Eq.(2.22).
It can be easily derived that the numerical result obtained from

Model Ia coincides with the numerical solution of Model I. Therefore,

the large difference between the numerical results obtained from Model I
and Model IIb originates from the higher order terms than the order of
32 in the right-hand side of Eq.(3.10). It can be concluded that the
good agreement between the experimental and numerical results shown

in Figs. 2, 3 and 4 is attributed to the fact that the undulation of

- 19 -



mean flow is well represented in the linear model Model II by the use
of the curvilinear co-ordinates. This result suggests that the momentum
and energy transfers from turbulent wind to waves also must be estimated
in the curvilinear co-ordinates when the mean height of undulating
critical layer is lower than wave-crests,

It must be emphasized at last that the direct measurement of the
background atmospheric turbulence in the mysterious region between

the crests and troughs of wWind-waves is greatly important.
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Table 1. The conditions of the vertical profile of mean wind
velocity and the wind-wave field.,
Fig. 1, Curvilinear orthogonal system of co-ordinates ( §1, K 2,‘§3)

and Cartesian system of co-ordinates (x1, X5y x3).

8 and ((: obtained

Fig. 2. Vertical profiled of 02, 0v2, 8 , O

w’
from Model II corresponding to the experimental case of Run-I
and those of the observed values (mark@® ). The variable range

of le f?w and T under the 95 % confidence limit is shown by

the line through the closed circle, x3 is the height non-
dimensionalized by the wave-number. The value of (X is in the range
from 2.0 to 10.0.

Fig. 3. Vertical profiles of o“i, OJa, e 69w and { calculated

u?
from Model II in the experimental case of Run-II and those of the
observed values,

Fig. 4. Vertical profiles of U‘i, 0”6, @u} @w and T calculated
from Model II in the experimental case of Run-IIl and those of the
observed values,

Fig. 5a. Vertical profiles of é?u calculated from Model I and Model IIb
in the experimental case of Run-II and those of the observed value,
The variable range of €>u under the 95 % confidence limit is
shown by the line through the closed circle, The value of J/;

m25-1.

is 1.5 x 10° ¢
Fig. 5b. Vertical profiles of ew,calculated from Model I and Model IIb

in the experimental case of Run-II and those of the observed value.



Run-1 Run-II Run-I1I

uy (em ™) 9.39 23.0 43.3

Zq (cm) 0.000167 0.00286 0.0209

L (Hz) 3.60 2.3%0 1.80

k (em™ ") 0.512 0.212 0.130

mean amplitude (cm) 0.,13%2 0.840 1.74
u, / C 0.212 0.3%38 0.499

-T

Table 1.
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The Energy Balance in the Wind-wave

Spectrum

Hiroshi ICHIKAWA®¥

Abstract:

The mechanism of the development of wind-wave spectrum is studied
with taking into account the energy input from turbulent wind, the
energy dissipation due to water turbulence and the energy rearrangement
due to nonlinear wave-wave interaction., The energy input from
turbulent wind to irrotational wind-waves is estimated in the
curvilinear co-ordinates using a turbulent model proposed by ICHIKAWA
(1978). The energy dissipation due to water turbulence is assumed to
be several times greater than that due to moleculdr viscosity of water,
And then, the nonlinear energy-transfer is estimated from the total
energy balance, It is found that the spectral distribution of the
nonlinear transfer estimated in this paper is qualitatively equal to
that obtained from the nonlinear wave-wave interaction theory. Further
more, it is shown that the contribution from nonlinear energy-transfer
to the development ¢f wind-waves is large but it becomes small as the
amplitude of wind-waves decreases.

The eddy viscosities of air and water are found to change with

respect to characteristic height of wind-wave field and friction

velocity of air,

-1 =
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1. Introduction

The growth of wind-waves in ocean is one of the most mysterious
problems in Oceanography. Although many theoretical studies have
been made, we have not had a good agreement between the theories and
the observed results (SNYDER and COX; 1966, BARNETT and WILKERSON;
1967, DOBSON; 1971 and others). Some investigators tried to attribute
this discrepancy to the existence of the atmospheric turbulence
(YEFIMOV; 1970, DAVIS; 1972, TWONSEND; 1972, FUJINAWA; 1974, GENT
and TAYLOR; 1976) and to the nonlinear wave-wave interaction
(HASSELMANN et al.; 1973, IMASATO; 1976b and others).

ICHIKAWA (1978) proposed a model on the turbulent wind field over
wind-waves, named as Model II in which the turbulent wind field is
formulated in the curvilinear co-ordinates. He clearly showed that
the wind field over wind-waves calculated numerically from his model
has a good agreement with the experimental result of ICHIKAWA and
IMASATO (1976) which is different from the wind field predicted by
the Miles' (1957) quasi-laminar model, It suggests that the energy
input from wind to waves also has to be estimated in the curvilinear
co-ordinates with taking into account the atmospheric turbulence.
Therefore, in this paper, the energy input from turbulent wind to
waves is estimated in the curvilinear co-ordinates using the Model II,
but it depends on unknown value of a parameter XA representing
the rate of increase of the eddy viscosity of air due to underlying

wind-waves., We must find a method to determine the most suitable

value of O&.



On the other hand, IMASATO and ICHIKAWA (1977) measured the
velocity fluctuations in water and suggested that the wave energy is
dissipated by the water turbulence, Unfortunately, the dissipation
of wave energy due to water turbulence has not been clarified yet.
Therefore, it is assumed in this paper that the energy dissipation
due to water turbulence is  times greater than that due to
molecular viscosity of water,

The most suitable values of the parameters Ol and (3 can be
determined so as to satisfy the condition that the integrations in
the frequency domain from zero to infinity of the energy and the
momentum transfers due to nonlinear wave-wave interaction must be
vanished. After the values of ¥ and ﬁ are determined in this
way, the spectra of the energy input and the energy dissipation can
be obtained, and then, the spectrum of the nonlinear energy transfer
can be obtained, using the observed energy flux necessary for the
wind-waves to develop.

In this paper, the dependencies of ¥ and ﬁ on wind-wave field
and friction velocity of air are examined from the evaluation of X
and ﬁ in the cases of the wind tunnel experiment performed by
KUNISHI (1963%) and of the JONSWAP-observation, The value of X fixed
in this paper is compared with the range of suitable value of A
obtained in the previous paper of ICHIKAWA (1978). On the basis of
the above results, the spectral energy balance in the wind-wave
spectrum in different stage and the contribution from the nonlinear

energy-transfer to the development of the wind-wave spectrum are

discussed.



2. Momentum and energy inputs from wind to waves

Fﬁ‘l By the use of the curvilinear orthogonal system of co-ordinates
( 51, 3 29 ,§3) illustrated in Fig. 1, we consider the momentum and
energy inputs from turbulent wind to a component wave which is
represented in the Cartesian system of co-ordinates (x1, X x3) as

follows,
X5 = s = a cosUc§1) (2.1)

which equals a cos(k(x1 - Ct)) to the order of ak. Here, a, k and C
are the wave-amplitude, the wave-number and the phase velocity of the
component wave, respectively, and t the time. The Cartesian system
of co-ordinates is also illustrated in Fig. 1. As is described in
the previous paper of ICHIKAWA (1978), the wavy boundary surface is
expressed in the curvilinear co-ordinates as §.3 = 0. It is assumed
in this paper that the wind field is homogeneous in the ‘52-direction
and (ak)2 is negligibly small.

The total stress Snm denoted in the curvilinear co-ordinates
represents the 5 n-component of total momentum transfer per unit area

perpendicular to the 3% m-axis and is expressed as follows,

Sym = - ?Z_ Com * Tom * <Vam> ot Vnm (2.2)

where p is the static pressure, f; the density of air, gnm the
Kronecker's delta, Thm the turbulent Reynolds stress, Vom the viscous

stress and Wom the wave-induced Reynolds stress and the operator < >

represents the phase average denoted by HUSSAIN and REYNOLDS (1970).



It is equal to the time average in the previous paper of ICHIKAWA
(1978) at fixed points ind frame of reference travelling with the
phase velocity of the component wave, Tom and W.m 2Te denoted as
follows,

>

Z-u'u'd> d 50t
= - w = -
rnm <-upupy an nm nm

N 3
where uﬁ and un are the turbulent and the wave-induced fluctuations
of _§n-component of wind velocity, respectively. As the wind field

is assumed to be homogeneous in the Ez-direction, S over wavy

nm
boundary is also expressed as follows,

- ~/ .
here 5. 1is the undisturbed part of S a5 tn induced
where S s e undisturbed part o nm 20 am e wave-induce

~
periodic part, respectively. Snm is expressed as follows,

YO8, 39 = R {5,035 exp(ik i) (2.4)

nm

taking the first term of the Fourier series expansion of g;m' Here,
JQz denotes the real part of a complex variable, ghm is the complex
amplitude of §;m and j = J:T-.

The mean stress[§n3]S right at the wavy surface represents the
transfer of the %n-component of momentum from wind to mean motion
in water and only the wave-induced periodic part f§;3]; represents
that from wind to waves per unit area at the wavy surface perpendicular
to _53-axis. Therefore, the x1-component of momentum input F?np
and the energy input F?np from turbulent wind to waves per unit



horizontal area can be represented as follows, respectively,

M ~/
Finp = Ja [M1msm3]SA (2.5)
F?np = fa [<vp> MnmSmBJ;A (2.6)

where the overbar denotes the average over several waves along the
wavy surface and A is the projected area on the x1x2-plane of the
unit area at the wavy surface perpendicular to EB-axis. Mnm is the
matrix by which the unit vectors of 51, §2 and 53—axes are
transformed into the unit vector of xn-axis and <vn> is the phase

average of xn-component of wind velocity. [Mnm]5 and A, which are

correct to the order of (ak)2, are represented as follows,

P 2 L
1'%(9—1.5> , 0, -3;5
[Mnm’js = 0, 1, 0
0 P 2
E; ’ 0, 1 %(?15)
) 2
A = 1 - z(sza )

From the boundary conditions that the mass flux through the water
surface must be vanished and that the air particle does not slip
relatively to the water particle at the water surface, it is derived

as follows,

[<vg>], = {[VC]S - C }g%é
[<v1>]s = L¥v. ), + xS + Y?I/C]S



where EVCJS is the mean horizontal velocity of water along the wavy
water surface, kCé the orbital velocity of wave at the water surface
and (;;]S the additional periodic fluctuation of horizontal
velocity of water produced at the wavy surface by [§;3]g. Therefore,

the x1-component of momentum input FM and the energy input F?n

inp P
from turbulent wind to waves which are correct to the order of (ak)2,

can be represented as follows,

M ’ 2
Finp = - o LSz > g (2.7)
E i D ~ - _“ ~
Finp = - fa 01833_JSES + fakCLS13]5§ + fa[vCSAIB]S

(2.8)
It is apparent that l§;315 does not transfer directly the

momentum from wind to waves as shown by Eq.(2.7). On the other hand,
LONGUET-HIGGINS (1969) showed that the momentum is indirectly
transfered from wind to waves byf~;333 through the additional
pressure fluctuation 2 p which is associated with the variation of the
thickness of the boundary layer produced in water by [81315.

According to him, Ep is represented as follows,

5p = Re{35,50) exp(ix 3}

Therefore, F?np in Eq.(2.7) is rewriten as follows,
P = =7 [S;4] ;z—s + P Sp =
inp ~ a 33-3 7x1 Ta p ?x1
. ~ I P
= - < .
= ValS33); 5555+ Fa X [545),3 (2.9)

1

In this paper, it is assumed that 1:?;35 is negligibly small



compared with kC3 as assumed in the Model II proposed by ICHIKAWA
(1978). Therefore, the following relation is derived from Egs.(2.8)
and (2.9),

P ¢ ™ (2.10)

inp ~ inp

Since the energy density E of irrotational wave equals CM (M ; the

. . E M
momentum density of irrotational wave), Finp and Finp can be
represented as follows, respectively,
E fa 3
Finp - kCFyn B (2.11)
M Ja A
Finp = f?; k C Finp M (2.12)

/N
where fw is the density of water and Finp is the non-dimensional

input denoted as follows,

~ 0

inp = —£§§§5§ { - B35); 75 ¢+ K 15503 Yoo
In this paper, the value of ﬁinp is numerically calculated from
the Model II. The assumptions adopted in this model are briefly
described in Apendix, It must be emphasized that ginp calculated
from the model II depends on the value of A representing the rate
of increase of the eddy viscosity of air due to underlying wind-waves
because the wind field calculated from the Model II depends on the

value of D( as shown in the previous paper of ICHIKAWA (1978).

3, Momentum and energy balances

At each frequency of the wave spectrum, the net energy source



function FEe can be evaluated from the observation of the development

t

0f wind-wave spectrum as follows,
9 0
(£) = g3 E(D) + C (f) 55— E(1) (3.1)

net zx1

where Cg is the group velocity of the component wave and E the spectral

density of wave energy.

E
net np

from wind to waves, the energy transfer Fgol due to nonlinear wave-wave

F is considered to be decomposed into the energy input F?

interaction and the energy dissipation ngs due to water turbulence;

}.g.’

E E B
Prae(£) = Fi (£ + FLo() o« Fi () (3.2)

The purpose of this paper is to examine the contribution from

each source functions in the right-hand side of Eq.(3.2) to the net

source function Fﬁet obtained from the observation.

?np(f) can be estimated from Eq.(2.11) by the use of the Model II.
E
i

However, in the estimation of the spectral distribution of F np(f),

F

it must be taken into account that the wave-induced fluctuations of
wind velocities in the frequecy region except near the frequency fp
of the wave spectral peak are fairly small compared with the background
atmospheric turbulence (see Fig. 3 in ICHIKAWA and IMASATO (1976)).
IMASATO (1976b) suggested that the influence of the corrugation of

wavy surface to the wind field over wind-waves will be dominant only

in the frequency region near the peak frequency and that the energy

is transfered from wind only to the steepest component waves near



the peak frequency, i.e., the wind-wave field receives the energy
from wind through a kind of filter associated with the wave steepness.
However, the functional form of the filter has hot been clarified

yet. Therefore, it is assumed in this paper that the filtering

E

function 95(f/fp) is represented by Eq.(3.3) and that Fj, (f) in

Eq.(2.11) is rewriten by Eq.(3.4).

cos?( j;; (£/2,- 1)), fg2.57¢

bsie) - T 3.3)
0, f >2.5 f
E fa A
Flap(D) = 2 K2 o(2) Pe/e) Fip (X, ) B2 (3.4)

N
In Eq.(3.4), the parameter o( on which Fin depends is assumed

P
to be constant with respect to the frequency f of the component wave,
The form of ¢(f/fp) is introduced so as that ¢(f/fp) equals

unity at £f = £ and it gradualy changes to zero at f = 2.5 fp where

P
the power spectral density of wind-waves is negligibly small compared
with that at f = fp.

The dissipation of wave energy due to water turbulence has not
been clarified yet, Therefore, it is assumed that waves dissipate
their energy due to the eddy viscosity of water and the eddy viscosity

is (5 times greater than the molecular viscosity L/w of water.

Therefore, ngs(f) is represented as follows,

Paig(f) = 4B W, x°(1) B(£) (3.5)

where the parameter ﬁ is assumed to be constant with respect to

- 10 -



the frequency of the component wave. As the relation E(f) = C(f) M(f)
is satisfied for the irrotational wave as described in the section 2,

the following relations can be derived,

M E
M FE

where Fg % is the net source function of x1-component of momentum and

P

the momentum dissipation due to water turbulence. As same as

dis
Fiet in Eq.(3.2), Fget is represented as follows,
M M M M
Fnet(f) = Finp(£) + Fnol(f) + Fdis(f) (3.8)

where Fgol is the x1-component of momentum transfered nonlinearly
from other spectral components to the component wave of frequency f.
. M E . .
As the integrations of Fnol and Fnol in the frequency domain
from £ = O to infinity must be vanished, it is derived from Eqs.(3,2)

and (3%.8) as follows,

el K’ o0
M ,
JFnet(f) df = S'Flnp(f) af + S P (f) af (3.9)
Lﬂ" Lto t’1*‘
E E
JFnet(f) af = rFinp(f) af o+ ff‘gls(f) af (3.10)

c

Using Eqs.(3.1), (3.4) and (3.5), the parameter { can be
fixed together with the parameter A so as to satisfy Eqs.(3.9)

and (3.10). Therefore, F?np(f>’ (f) and pE (f) can be evaluated

dis nol

at each frequency from Eqs.(3.4), (3.5) and (3.2), respectively. The

upper limit of the integrations in Egs.(3.9) and (3.10) is taken to



be as five times greater than the frequency f

of the wave spectral
peak because the contribution from the source functions in the

frequency region higher than Sfp to the integrations are vanished
or very small,.

4, Wave data

In this paper, the wave data of the wind tunnel experiment

performed by KUNISHI (1963) and of the JONSWAP-observation are used
in the estimation of o and ﬁ .

In the case of wind tunnel experiment,
the estimation is performed at the middle point of the two observation
points,

In order to obtain

the wave spectrum at the middle point,

which is necessary to estimate the energy and momentum balances, the
following procedure is adopted.

The power spectra P(f) of wind-waves

at the two observation points are expressed by the least-square fitted

analytic function proposed by HASSELMANN et al., (1973) as follows,

P(f) = g4 g?(27)™% £7° exp(- %( 7 }'4) y oXP T

2

f -1
e

R i
P 2 P J

where (4.1)
- (T/a’ for £ ﬁ__ fp’
G =

£t>f

Here, g is the acceleration of gravity and f_, o(H, r )

b

gJa and 0~
are the shape parameters determined from the experimental data. Then,
the wave spectrum at the middle point is estimated by Eq.(4.1) with

the shape parameters which are determined by interpolation using the
shape parameters at the two observation points,.

- 12 =



In the case of the JONSWAP-observation, the similarity law on
the shape of the wave spectrum proposed by HASSELMANN et al. (1973)
is adopted, i.e., the power spectrum of wind-waves is represented by
Eq.(4.1) with constant values of Y = 3.3, 7, = 0.07 and OJb = 0.09
and the parameters fp and CXH changing with respect to fetch X

as follows,

£, = 3.5 Ufs ( xg / v§, 17033 (4.2)
Xy = 0.076 ( xg / uZ, )70:%2 (4.3)

where U10 is the mean wind velocity at the height of 10 m.

The net energy source function Fget(f) denoted by Eq.(3.1) is
evaluated according to HASSELMANN et al. (1973) as follows,
5
E 2 P 2
Fret(f) = f, C(Dr(nein) LI = 2 7 PO (4.4)

where a,, a,,...ag are the shape parameters f , Yy T, (F; and

GJb, respectively. It must be noticed that the term of local time
change in Eq.(3.1) is vanished because the wave spectrum is stationary
in the wind tunnel experiment and the wave spectrum in the case of

JONSWAP-observation changes only with respect to fetch as shown by

Eqs.(4.2) and (4.3).

5. Results and discussion
The parameter N represents the rate of increase of the
atmospheric eddy viscosity due to underlying wind-wave field and the

parameter fﬁ represents the rate of increase of the dissipation due

- 13 -



to water turbulence which is produced by the wave motion and the shear
flow in water. Therefore, the parameters X and ﬁ are conjectured
to change with respect to conditions of wind-wave field and background
turbulences in air and water, Since the power spectrum P(f) of wind-

waves expressed by Eq.(4.1) is rewriten as follows,
- (f P(f
P(£) ¥« /£,) B(£))

where }L(f/fp) is a non-dimensional function, the integration of

P(f) is represented as follows,

<

{P(f) df = I fp P(fp)

c

where

-
I - J }‘(f/fp) a(z/t,)

which is insensible to the shape parameters denoted in Eq.(4.1).
As the value of I is nearly constant, the wind field can be
characterized by the height Hs which is denoted by Hs = fp P(fp).
The atmospheric background turbulence is characterized by the friction
velocity u, of air., The water turbulence produced by shear flow in
water is characterized by the friction velocity of water which equals
0.03 uy,. Therefore, it can be conjectured that both of the parameters
X and ﬁ depend on the non-dimensional wave-height H* and the

non-dimensional friction velocity uy,* of air which are denoted as

follows, respectively,

H u 3
- s ¥ * - Uy’ 1/3
H* A and Uy ( JoE )



where Qa is the kinematic molecular viscosity of air.
In this paper, the parameters X and 3 are evaluated in the

case of wind tunnel experiment performed by KUNISHI (1963) and the
case of JONSWAP-observation in order to examine the dependencies of

X and (3 on H*¥ and u,*. The results of the evaluation are
tabulated in Table 1 together with the conditions of mean wind velocity
profile and the shape parameters of wind-wave spectrum. The values
of u**2§~ and u,*( ﬁ - 1) are plotted against H* in Figs. 2 and 3,
respectively. From these figures, it can be recognized that the
parameters X and f3 are well expressed by Egs.(5.1) and (5.2),

respectively.

X Ay H*Piy *~? (5.1)

1

B o= 1 g BT (5.2)

The values of the coefficients Ay, Ag, p, and ps are tabulated in
Table 2. It must be mentioned here that the values of X and (3
plotted in the figures are only for the wave spectra in the "stage
of sea-waves" and those in the "transition stage" defined by IMASATO
(1976a) because it is found that the Model II can not explain the
measured wind field over wind-waves in the "stage of initial-wavelets".
The reason seems that the steepness of initial-wavelets is very small
and the wind speed Over them is very weak, and another mechanism must
be introduced as suggested by IMASATO (1976b).

In Fig. 2 are also shown the ranges of the suitable value of of

obtained in the previous paper of ICHIKAWA (1978) for the experimental

- 15 =



cases of Run-I, II and III, respectively. These ranges were determined
so as that the Model II could.; explain well the measured wind field
over wind-waves, It is apparent that the value of X evaluated

from the present method agrees with that obtained in the previous
paper (ICHIKAWA, 1978) for the same value of H¥, It indicates that
the Model II predict well not only the turbulent wind field over
wind-waves but also the energy input necessary for the underlying
wind-waves to develop.

It is seen in Fig. 2 that the wvalues of Py in the "stage of
sea-waves" and the "transition stage" are different from each other,
This result suggests that the value of RX is associated with the
wave-steepness because the wave-steepness changes with respect to
H* in the "transition stage" and it has a fairly constant value in
the "stage of sea-waves" as shown by KUNISHI (1963).

On the other hang, pp may not be associated with the wave-

steepness because the values of pﬁ in the "stage of sea-waves" and in

the "transition stage" are equal to each other. As pﬁ has a constant

value of unity in the case of wind tunnel experiment, the parameter
ﬁ in this case can be represented only by the characteristic height

HS of wind-wave field as follows,

= 1+ 0,213 (;5-2—-)1/3}13

a
Therefore, the water turbulence in the wind tunnel can be largely

attributed to the wave motion in water, On the other hand, the

value of pﬁ in the case of the JONSWAP-observation is greater than

- 16 =



unity. This suggests that the parameter 3 in this case becomes
large not only as HS but also as u, becomes large. Therefore, it
seems likely that the water turbulence produced by shear flow in

water in the case of the JONSWAP-observation is too intense to be
neglected comparing with the water turbulence produced by wave motion.
It must be noticed in Table 1 that the large wind-waves have a large
value of ﬁ to reach to fourty, i.e., they dissipate far larger
energy due to the water turbulence than due to the molecular viscosity.
This result may offer a suggestion to the problem of the rapid decay
of wind-waves in the region out of the storm area.

It is concluded that the representations of the eddy viscosities
of air and water using the parameters ™ amd (3 are useful to
parametarize the influence of wave motion to turbulence in air and
water because o and ﬁ can be determined by H¥ and u,*., It
must be mentioned here that the discrepancies between the values of

X and ﬁ in the wind tunnel experiment and those in the
JONSWAP-obsefvation remain to be explained,
Now, we proceed to discuss the spectral energy balance in a

wind-wave spectrum obtained from the method described in the section 3.

. E E E
Figs. 4, 5 and 6 show the spectral distributions of Fnet' Finp’ Fnol
and FE in the cases of JRUN-1e, KRUN-19b and KRUN-13b, respectively.

dis
The wave spectra of JRUN-1e and KRUN-19b belong to the "stage of

sea-waves" and the wave spectrum of KRUN-13b belongs to the
"transition stage".
It must be emphasized that the spectral distribution of Fgol(f)
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shown in these figures are similar to that calculated theoretically
by HASSELMANN et al. (1973), i.e., they have a negative lobe in the
frequency region higher than the frequency fp of the wave spectral
peak and two positive lobes in the frequency regions lower than fp
and much higher than fp, respectively. According to HASSELMANN et al.

(1973), the non-dimensional function ? (f/fp) denoted by Eqg.(5.3)

nol
has @ unique spectral distribution for a family of wave spectra which

are self-similar in shape,

Paor (£/€)) = 9,7 g% &% £t FE o (0) (5.3)

Since the wave spectra adopted in this paper for the case of
JONSWAP-observation are self-similar in shape as suggested by

N
HASSELMANN et al. (1973), F,o1 in this case must be independent of

the parameters ™ and (.

Fig. 7 shows the function F estimated from the present method

nol
for the family of the JONSWAP-spectra used in this paper. It is

apparent that the spectral distributions of %nol calculated from

the present method for the JONSWAP-spectra in different conditions
of mean wind velocity and fetch are nearly equal to each other, In
Fig., 7 is also shown the theoretical %nol which is obtained from the

theoretical Fﬁol(f) in Fig. 2.12 in HASSELMANN et al. (1973). It

is found that % estimated from the present method qualitatively

nol
agrees well with the theoretical $n01 corresponding to theoretical
FE_,(f) calculated by HASSELMANN et al. (1973). From these results,
it could be concluded that the nonlinear transfer of wave energy
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estimated from the present method concerning with the turbulence
in air and water can be largely attributed to the nonlinear energy
transfer predicted by the Hasselmann's (1962) nonlinear wave-wave
interaction theory.

On the other hand, in the case of wind tunnel experiment, the
theoretical calculation of Fﬁol using the nonlinear wave-wave
interaction theory has a rather difficult problem, i.e., the influence
of the surface tension to the dispersion relation of water waves in
the wind tunnel is too large to be neglected and the calculation
method proposed by HASSELMANN (1963) can not be used., Therefore,

E

we can not compare the calculated Fnol in this paper with the theoret-

ical FE However, the spectral distribution of Fgol shown in Fig, 6

nol*
is similar to that shown in Fig., 2,21(d) of HASSELMANN et al. (1973)
which is calculated theoretically for the wave spectrum of which peak

is much narrower than that of the mean JONSWAP-spectrum. This result

suggests that Fgol estimated in this paper must agree with the
theoretical Fgol also in the case of wind tunnel experiment because

the peak of the wave spectrum in this case is much narrower than

that of the mean JONSWAP-spectrum., It is concluded that the present

method is appropriate to estimate the spectral distribution of Fgol‘
It is apparent in Figs. 4, 5 and 6 that F?np estimated in this

paper is dominant arround the frequency fp of the wave spectral peak.
This result agrees with the Imasato's (1976b) model in which the
dominant and steepest component waves are assumed to receive the

almost whole amount of momentum necessary for wind-waves to develop.



It must be noticed in Fig. 4 that ngs in the case of JRUN-1e is

negligibly small compared with other source functions and that Fget

in this case can be largely attributed to Fgol which agrees with

the conclusion of HASSELMANN et al. (1973). On the other hand,

E

Fdis in the case of KRUN-13b can not be neglected compared with other

E

net in this case can be attributed not only

source functions and F

E B
to Fnol but also to F;

inp-
E E

nol net
becomes small although FE01 can not be neglected in any case.

It can be concluded that the contribution

from F to F becomes small as the amplitude of wind-waves

It must be mentioned at last that it is the total stress which
transfers the momentum from wind to waves although it has been
thought since MILES (1957) that only the pressure fluctuation at the
wave surface transfers it from wind to waves. DAVIS (1972) also
estimated the momentum input by total stress and showed that the
total stress could not increase the momentum of a purely irrotational
wave, On the other hand, it is found in this paper that the total
stress can increase the wave momentum because Fikp calculated from
Eq.(2.12) has a positive value. This discrepancy can be attributed
to the adopted co~ordinates systems, In the Cartesian co-ordinates
adopted by DAVIS (1972), the total stress can not be estimated right
at the wavy surface and it is determined only at the mean water surface
level by the Taylor series expansion. On the other hand, since the
total stress can be precisely estimated right at the wave surface

in the curvilinear co-ordinates, F? can be precisely estimated from

np
Eq.(2.9) in this system of co-ordinates, It must be emphasized that
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the momentum input from turbulent wind to waves must be estimated

in the curvilinear co-ordinates.
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Apendix

The assumptions adopted in the Model II are as briefly described
bellow although they are described in the previous paper of ICHIKAWA
(1978).

1) The wind field is homogeneous in the §Z-direction and the

mean wind velocity has only the §1-component 31, i.e.,

.U
_ -;(k ln( 23 / ZO) - C, .§3 Z; Z1
U, 4 '
X z §3 - G 53 < 2

1
where J is the KArméAn constant, u, the friction velocity of air,
Zq the roughness height, AU the thickness parameter of "linear
sublayer" and z, equals Zq exp( AU).

2) The slope of the underlying component wave is so small as

the wave-induced Reynolds stress w is negligibly small compared

nm
with the turbulent Reynolds stress Tom®
3) The wave-induced variations of turbulent Reynolds stresses

are expressed as follows,

~ ~ s . ~
Tyy = r33 and r13 = A Vg e13

where X 1is a non-dimensional parameter with a positive constant
value, E}B the wave-induced variation of tangential rate-of-strain
and 1)5 the eddy viscosity associated with the vertical shear of
mean wind velocity.

4) The boundary conditions for the wave-induced fluctuations

of ‘fnfcomponent of wind velocity in a frame of reference travelling



with the phase velocity of the component wave are represented as

follows,
—Lu1]5 = k C 5 ’ T_U.B]S = O,
~ ~
[u1]H = 0 and ]:IJ.}}H = 0

where subscripts 5 and H denote the values at the wavy boundary
surface and at the height sufficiently far from the wave surface,
respectively,

In this paper, the value of 4U is chosen so as that the "linear
sublayer" is coincident wjth the viscous sublayer when the parameter
D= rfu*zo/ Vg is smaller than exp(-1) and is chosen to be unity

when the parameter D is greater than exp(-1).

- A2 =~
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Table 1. Values of X and  and the conditions of the vertical

profile of mean wind velocity, the fetch and the wind-wave

spectrum,

Table 2. Coefficients Ay , py , Ay and p; in Eqs.(5.1) and (5.2),

Fig.

Fig,

Fig.

Fig.,

Fig.
Fig.

Fig.

1. Curvilinear orthogonal system of co-ordinates ( 51, §2, 53)
and Cartesian system of co-ordinates (x1, X5y x3).

2. O(u**2 versus H*, The relation of Eq.(5.1) is shown by
s0lid lines,

3. (B = 1)ue* versus H¥, The relation of Eq.(5.2) is shown
by solid lines,

4. Spectral energy balance in the case of JRUN-1e., The thin
s0lid line shows the power spectrum of wind-waves and the thick
s0lid line shows the net energy source function obtained from
the observation using Eq.(4.4).

5. Spectral energy balance in the case of KRUN-19b,

6. Spectral energy balance in the case of KRUN-13b,

7. Non-dimensional function %nol(f/fp) calculated for the all
wind-wave spectra of JONSWAP-observation used in this paper.
The thick so0lid line shows the theoretical %nol(f/fp) obtained
by HASSELMANN et al. (1973).



RUN No, Fetch Uso g £, x, 3 H¥ o A Mark in Figs.
(m) (m s~MY(em s7") (Hz)  x10 2 and 3
KRUN-14a 7.0 5.99 22.3 7.33  3.07  9.87 6.36 2.06  1.42
KRUN-15a 7.0 7.02  26.9 6.50  5.33 11,8  1.41x10' 1,55  1.81
KRUN-16a 7.0 9.42 38.0 5.30 8.55  8.48 3.21x10' 0.89  2.23
KRUN-17a 7.0 10.9 44,9 4.25 8.38 8,27 5.78x10' 0.83  2.70 A
KRUN-18a 7.0 12,5  50.2 3.42 11.9 7,04  1.10x102  0.94  2.78
KRUN-19a 7.0 15,2 65.7 3.08 13.2 6.13  1.74x10%  0.75  5.01
KRUN-20a 7.0 21.3 99,1 2.80 33.5 5.41  4.77x10°  0.34  6.00
KRUN-13b | 1.24x10" 3.85 13,6  6.17  1.13  22.5 5,05 3,04 1,20
KRUN-14b | 1,24x10" 5.19 19.3 4.67  3.54 15.6  1.84x10' 3,00 2,06
KRUN-15b | 1.24x10" 6.49 24,9 4,00  4.30 19.9  4.03x10'" 2,70  3.65
KRUN-16b | 1,24x10" 8.61 34,7 3.17  6.54  9.40 7.61x10' 1,49  4.11
KRUN-17b | 1.24x10"  10.2 41,9 3.00 8.78 11.3  1.30x10° 1.48  4.54 A
RRUN-18b | 1.24x10’ 12,0  46.8 2.58 11,1 7.63 1.81x10°  1.49  5.01
KRUN-19b | 1.24x107 14,3  s8.8 2.25 11.2 7.22  2.29x10%  1.33 7,17
KRUN-20b | 1.24x10'  21.3 99,2 2.10 33.0 4.99 8.,09x10%  0.91  11.7
JRUN-1a | 1.69x10° 9,0  40.3 1,41 39,1 3.30  6.45x102 1,06 1,43
JRUN-1b | 8,00x102 9.0  40.3 0.84 27.8 3.30  1.52x10° 1,65  3.40
JRUN-1c | 1.69x107 9.0  40.3 0.66 23.6 3,30  2.30x10° 2,00  5.67 o
JRUN-14 | 8.00x10> 9.0  40.3 0.39 16,7 3.30  5.39x10°  4.00  16.5
JRUN-1e | 1.83x10% 9.0 40,3 0.30 14.0 3,30  8.51x10°  6.09  30.3
JRUN-2a | 1,69x10%  12.0  53.7 1.28 44.4 3.30  1.12x10°  0.87  2.32
JRUN-2b | 8,00x102 12,0  53.7 0.76 31.5 3,30 2,61x10°  1.23 5,19
JRUN-2¢ | 1.69x10> 12,0  53.7 0.60 26.7 3,30 3.98x10°  1.50 8,71 (:)
JRUN-2d4 | 8.00x10> 12,0  53.7 0.36 19.0 3.30  9.33x100  2.55 25,6
JRUN-2¢ | 1.69x10% 12,0 53.7 0.28 16.1 3.30  1.41x10% 3,50 42.2
Run-TI 1.90x10" 3,66  9.39 3,60 — ——  1.32x10"  5~10 —
Run-IT | 1.90x10’ 7.34 23,0 2.30 — — 1.30x10° 2~10 —0 ]:
Run-I11 | 1.90x10" 1.7 43,3 1,80 — —  5.31x10°  2~10 —

Table

fycm

1.




Wind Tunnel Experiment

JONSWAP-observation

Transition Stage

Stage of Sea-waves

Ay 14,5 5.47 1.24
Py 0.375 0.600 0.600
Ag 0.213 0.213 0.675x10™>
Pg 1,00 1,00 1,40

{ 7 ¢ m

Table 2.
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