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ABSTRACT

In this paper we are concerned with the effect of wind-generated, long gravity waves on the air flow. We study
this example of resonant wave-mean flow interaction using the quasilinear theory of wind-wave generation.
This theory is an extension of the Miles’ shear flow instability in that the effect of the gravity waves on the mean
wind profile is taken into account as well. The direct effect of air turbulence on the mean wind profile is modeled
by a mixing length model.

We present results of the numerical calculation of the steady state wind profile for given wave spectra. Results
are found to be sensitive for the parameterization of the high-frequency tail of the wave spectrum.

Following a proposal by Snyder on the fetch or wave age dependence of the Phillips constant, a strong
dependence of the drag of air flow over sea waves on the wave age is found.

For young wind sea (small wave age) a strong coupling between wind and waves is found, whereas there is
hardly no coupling for old wind sea. This sensitive dependence of the aerodynamic drag over sea waves on the
wave age explains the scatter in plots of the experimental observed drag as a function of the wind speed at 10
meters. -

Consequences for the coupling of weather and wave models and for remote sensing (e.g., the scatterometer)
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are briefly discussed.

1. Introduction

Perhaps one of the most intriguing problems in the
theory of surface gravity waves is the generation of sea
waves by the wind. A great interest in this problem
and a considerable controversy has aroused since the
publication of Miles’ theory of surface wave generation
by shear flow instability three decades ago. One of the
main reasons for this controversy was that Miles’ theory
oversimplifies the physical problem by assuming that
the air flow is inviscid and that the turbulence does
not play a role except in maintaining the shear flow.
Also, early field experiments, in particular by Dobson
(1971) gave rates of energy transfer from wind to waves
that were an order of magnitude larger than predicted
by Miles (1957). The measurement of the energy
transfer from wind to waves is, however, a very difficult
task as it invelves the determination of the phase dif-
ference between the wave-induced pressure fluctuation
and the surface elevation signal. Later, field experi-
ments (Snyder 1974; Snyder et al. 1981; D. Hassel-
mann et al. 1986) show order of magnitude agreement
with Miles’ theory, although theory still predicts energy
transfer rates that are smaller than measured values,
especially for relatively low frequency waves with a
phase speed that is about the same as the wind speed
at 10 m.
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Recently, there have been several attempts to include
the effects of the interaction of waves with air flow
turbulence. One approach (e.g., see Riley et al. 1982;
Al-Zanaidi and Hui 1984; Jacobs 1987) considers the
direct effects of small-scale turbulence on wave growth.
Mixing length modeling or second-order closure is then
assumed to calculate the turbulent Reynolds stresses,
but the direct effect of small-scale eddies on wave
growth turns out to be small.

Another approach ( Nikolayeva and Tsimring 1986)
considered the effect of large-scale turbulence (gusti-
ness ) on wave growth. These authors applied a so-called
kinetic model for fluid turbulence, proposed by Lund-
gren (1967), to the problem of wind-generated waves
and a substantial enhancement of energy transfer due
to gustiness was found, especially for those waves with
a phase speed comparable to the wind speed at 10 m.

Thus far, we have discussed the linear theory of wind-
wave generation. However, the momentum transfer
from wind to sea might be considerable so that the
associated wave-induced stress may be a substantial
amount of the turbulent stress (Snyder 1974; Snyder
et al. 1981). Therefore, the velocity profile over sea
waves may deviate from the profile of turbulent air
flow over a flat plate.

Consequently, the energy transfer from the air to the
sea waves will be affected by sea state so that there is
a strong coupling between the turbulent boundary layer
and the surface waves generated by it.

The dependence of the air flow on the sea waves is
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perhaps best reflected by the dependence of the drag
coeflicient at 10 m height on the so-called wave age.
The wave age parameter (to be defined more precisely
later) measures the stage of development of the wind
sea. “Young” wind sea, related to a wave spectrum
with a relative high peak frequency, refers to a sea state
where waves have just been generated by wind, while
“old” wind sea refers to a saturated sea state, the energy
of which hardly changes in time. There is some exper-
imental evidence on the wave age dependence of the
drag coefficient (e.g., Donelan 1982). For a fixed wind
speed at 10 m height Donelan found that the drag coef-
ficient of air flow over young wind sea is some 50%
larger than the drag coefficient over old wind sea.

This wave age dependence of the drag coeflicient of
the air flow has important consequences for wave pre-
diction models, storm-surge modeling and modeling
of the climate. Also, the consequence might be that
one has to couple a global wave prediction model (The
WAMDI Group 1988) with a weather forecast model.
It is therefore the purpose of this paper to determine
the wave age dependence of the drag coeflicient by
means of a theoretical model of the coupling of the air
flow with the sea waves generated by it. In addition,
we also determine the wave age dependence of the en-
ergy and momentum transfer.

The plan of this paper is as follows: in section 2, we
shall introduce the definition of the wave-induced
stress. In order to get some idea about the relative im-
portance of the wave stress in the boundary layer, we
calculate the wave induced stress, using the bight of
Abaco parameterization of the growth of waves by wind
(Snyder et al. 1981) and using the Phillips spectrum
for the surface waves. It is found that the greater part
of the wave-induced stress is carried by the medium
to high-frequency waves and that, depending on the
wave age, the magnitude of the wave-induced stress
varies from 10% (old wind sea) to about 100% of the
turbulent stress. It is emphasized, however, that this
conclusion depends on how sensitive the Phillips con-
stant depends on wave age. In JONSWAP (1973),
where it was attempted to fit both laboratory and field
data, a rather weak dependence of the Phillips’ constant
on wave age was found, with the result that the wave-
induced stress is independent on wave age. The JON-
SWAP relation for the Phillips’ constant does not,
however, fit the field data particularly well, as was al-
ready pointed out by Snyder (1974). The relation pro-
posed by Snyder (1974) gives a stronger wave-age de-
pendence of the Phillips’ constant and therefore a
stronger wave-age dependence of the wave-induced
stress. This is in accord with one’s intuition and ob-
servations (e.g., see Donelan 1982) that young wind
sea is rougher than old wind sea. Nevertheless, a strong
impact of growing surface waves on the air flow above
it has to be expected. The coupling of wind and waves
was considered by Miles (1965), Fabrikant (1976) and
Janssen (1982). For one-dimensional propagation it
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was found that the effect of the waves on the wind
profile was similar to the effect of molecular viscosity.
For a turbulent wind the evolution of the wind speed
U, in time ¢ is therefore given by (see section 3)

0 92 d

&UO: Vgi U0+a_ZT“
where v, is the viscosity of air, D,, is the wave diffusion
coefficient (it therefore depends on the wave spectrum ),
z is the height above the water surface and 7, is the
turbulent stress.

It should be emphasized, however, that the evolution
equation ( 1) only has a restricted validity as it is based
on the Miles’ resonance mechanism, thus effects of
molecular viscosity and air turbulence on the critical
layer have not been taken into account. This means
that high-frequency waves (with phase speed c less than
5u,, where u, is the friction velocity), which have their
critical layer in the viscous sublayer, are not particularly
well modeled by Eq. (1). It was therefore decided to
parameterize the effect of these high-frequency waves
on the wind profile by means of the introduction of a
roughness length; we choose the Charnock relation.
Hence, in this paper we shall study the effect of long
waves (with phase speed ¢ larger than, say, 5u, ) on the
air flow.

The consequences of this model for the coupling
between wind waves and the air flow above it will be
discussed in section 4. In particular, we look for steady
state solutions of Eq. (1) for given wave spectrum and
we determine the wave-age dependence of the drag
coefficient and the momentum transfer of air flow to
the waves. Section 5 summarizes our conclusions.

v=v,+D, (1)

2. The wave-induced stress

In generating conditions the air flow over wind waves
loses momentum to those waves. Hence, in comparison
with air flow over a flat plate, the air flow over surface
gravity waves feels an additional stress due to the pres-
ence of the waves, the so-called wave-induced stress.
This stress is most easily determined from the rate of
change of the momentum of the waves.

Here, we are only interested in the order of magni-
tude of the wave momentum so we shall neglect effects
of the water current and capillarity on the dispersion
relation of the surface waves. The dispersion relation

then reads
w = Vgk, (2)

- where w is the angular frequency and g is the acceler-

ation of gravity. Using Whitham’s variational principle
in combination with Noether’s theorem (Whitham
1974) or by direct calculation of the momentum of a
fluid (Phillips 1977), the wave momentum P is then
given by :

P = powp(k)l, T = E/k, (3)
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where ¢(k) is the surface elevation spectrum and p,,
the water density. As the wave-induced stress 7,, is
given by the rate of change in time of wave momentum
due to wind, we have

?w=fd7€6%13 }(4)

wind

We are mainly interested in the contribution to the
stress of the low-frequency waves, as the effect of the
high-frequency waves on the air flow will be modeled
by a roughness length. For the rate of change of the
surface elevation spectrum due to wind one can there-
fore use the empirical expression proposed by Snyder
et al. (1981) and modified by Komen et al. (1984) to
accomodate friction velocity scaling,

(5)
where
Y = new max(O, zgci"f cos® — 1) .

Here, the wind speed is pointed in the x-direction, ®
is the direction in which the waves propagate, c is the
phase speed of the wave, ¢ is the ratio of air to water
density, and u, is the friction velocity. From the bight
of Abaco data Snyder et al. (1981) infer a mean value
of 0.25 for p.

Since we are only interested in order of magnitudes
at the moment, we shall use a very simple spectral
shape,

0, k<k,
k, 8) = (6)
¥k, 6) Sk *F(®), k>k,

where the directional distribution F(0) is given by
2 2
F(0©) = — cos*0,
ki3

and k, is the peak wave number corresponding to the
peak frequency w, = Vgk,. The k™* power law was
first proposed by Phillips (1958) and is based on wave
breaking being the dominant limiting mechanism for
the wave spectrum. The introduction of more com-
plicated looking spectra such as that of JONSWAP
(1973) is not essential for the discussion that follows.

Substitution of (5) and (6) into (4) results in the
following expression for the ratio of wave-induced stress
Twx to the total stress 7 = p,u2

Twx

T = 0, 5 (28)2{S() + X,8(X,) ~ (X)h(Xp)},
(7)

where X, = ¢,/28u, (here c,/u, is the wave age) is a
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measure for the stage of development of the wind sea,
¢, = wp/k, is the phase speed of the peak of the spec-
trum, and the functions f, g and k are given (for X,
< 1)by

fX) =5 —(1— X,ﬁ)“z(

16 _8_ 2 i .
BTk T4 )
g(X,) = %arcos(Xp) +2X,(1 - sz)l/z(% " sz)

h(X,) =;;(1 +%X,,2)(1 ~ X212 ®)
and for X, > 1 these functions take the values '¥%s, 0,
0, respectively. Note that by symmetry the y-compo-
nent of the wave stress is zero.

The order of magnitude of the ratio of wave-induced
stress to turbulent stress is then found to vary between
0.20 and 1 or even larger. However, this estimate of
7. depends largely on the wave age dependence of the
Phillips constant. Following Snyder (1974) one would
infer from the standard JONSWAP fetch laws the re-
lation

ap ~ (cpfus) . (9)
It results in a wave-induced stress that is virtually in-
dependent of the waves, as shown in Fig. 1. As noted
by Snyder (1974) and Hasselmann et al. (1973), the
power law (9), which attempts to cover both laboratory
and field data, does not fit the field data particularly
well. As a matter of fact, there is no reason to assume
that both field and laboratory data may be described
by a single power law. A power law that fits the JON-
SWAP data (and also the KNMI data, see Janssen et
al. 1984) well shows a much stronger dependence of
a, on wave age. It is given by

a, = 0.57(c,/uy) 32, (10)

The result is a much stronger wave age dependence of
the wave-induced stress, see Fig. 1. We favor the power
law (10) because, on the one hand, (10) is in better

T 10
Tw

5+

[ B L |
5 10 15 20 25
Cp/uy —*

FIG. 1. Wave age dependence of wave-induced stress, normalized
with stress p,u%, 7', for two different parameterizations of the Phil-
lips’ constant: (O) standard JONSWAP law Eq. (9), (A) Snyder’s
proposal Eq. (10).
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agreement with the field data and, on the other hand,
the wave-induced stress [based on Eq. (10)] is large
for young wind sea (¢,/u, = 5) while small for old
wind sea (c,/#, = 30). The latter is in agreement with
one’s intuition that air flow over young wind sea is
rougher than over old wind sea. Convincing experi-
mental evidence for this is, however, hard to find. Per-
haps the resuits of Donelan (1982) obtained at Lake
Ontario under fetch-limited conditions are convincing.
Donelan plotted the drag coefficient as a function of
wind speed using the wave age as a label. His results
are reproduced in Fig. 2, and the plot shows that air
flow over old wind sea has a lower drag than over young
wind sea. For fixed wind speed, the drag coefficient
varies due to the wave-age dependence by a factor
of two.

It is conjectured that this variation of the drag coef-
ficient by a factor of two can only be explained if the
wave stress has sufficiently sensitive wave age depen-
dence. Returning to Fig. 1 this again supports our
choice of the power law (10) for .

From Fig. 1 we infer that, especially for young wind
sea, the wave-induced stress is a significant fraction of
the total stress. This therefore suggests a strong coupling
of the wind and the surface gravity waves. A model for
the coupling between wind and waves, based on Miles’
shear flow instability mechanism, will be presented in
the next section. By means of this model we attempt
to study the dependence of the air flow on the presence
of the long waves and the impact this might have on
the growth rate of the waves by wind. Also, the wave
age dependence of the drag coefficient of air flow over
growing sea waves is determined.

We finally remark that already Miles (1965) made
an attempt to estimate the wave-induced stress, using
the Neumann spectrum which has a f % high-fre-
quency tail. The result was a wave stress of only 20%
of the total stress. This led Miles to conclude that the
coupling between wind and waves is weak.

+0.8<U/cp<is
® 15<U/Cp<20
420<U/cp<30
+3.0<U/cp<4.0
x 4,0<U/ Cp<6.0
o-——ou'/Cp=.2

a—au,/Cp=-04

Conx10°

U(m/s)—»

F1G. 2. The observed aerodynamic drag over surface waves as
function of the wind speed at 10 meters. The meaning of the symbols,
which denote different stages of wave development, is shown in the
figure (reproduced with permission of Donelan {982).
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The Neumann spectrum applies, however, to fully
developed waves only. Therefore, Miles’ estimate
should be compared with our estimates for old wind
sea (cf. Fig. 1) and a reasonable agreement is then ob-
tained. We again emphasize the importance of the wave
age dependence of the high-frequency tail of the spec-
trum giving rather high energy levels in the high-fre-
quency tail for young wind sea with the result that for
underdeveloped wind sea the wave-induced stress is a
significant fraction of the total stress.

3. The drag of air flow over sea waves

In this section we study the effect of the waves on
the wind profile as we have seen in the previous section
that a considerable fraction of the stress 7 in the
boundary layer over sea is related to the generation of
the waves by wind. The coupling of the wind and waves
will be investigated by means of the following simple
model: The momentum transfer from air flow to the
waves is determined by Miles’ resonant wave-mean
flow interaction so that effects of molecular and tur-
bulent viscosity on the critical layer are disregarded.
The neglect of molecular viscosity is justified for the
longer waves (with phase speed c larger than Su,, say)
which have their critical layer outside the viscous sub-
layer. The neglect of turbulent viscosity is probably
not justified but earlier studies have shown (e.g., see
Riley et al. 1982) that the direct effects of small scale
turbulence on wave growth are small. Hence, with this
model we can only study the effects of the long gravity
waves ¢ > 5u, on the air flow. The effect of the short:
waves on the wind will be modeled by means of the
introduction of a roughness length.

According to Miles’ theory of wind-wave generation
the rate of change of the surface elevation spectrum
¢(k) due to wind is given by -

”
[4

| Wel

4l = —mecth)ln?

Ey ¢, (11)

lwind

where the subscript ¢ refers to evaluation at the critical
height z, defined by W = U, — ¢ = 0, where Up(z) is
the wind profile, and ¢ is the ratio of air-to-water den-
sity. Also, X is the normalized vertical component of
the wave-induced air velocity and it satisfies Rayleigh’s
equation

82
[W(g;—z — k2) - W”]X =0,

x(0) =1, (12)

The transfer of momentum from the wind to the waves
must be accompanied by a corresponding change of
the wind profile. The effect of the waves on the wind
profile was determined by Miles (1965), Fabrikant
(1976), and Janssen ( 1982). The wave motion at the
surface induces a secondary flow in the air and the
vertical and horizontal component of this secondary

X(o0) = 0.
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flow give rise to a stress that we call the wave-induced
stress. As a result the rate of change of the wind velocity
due to the presence of the waves is given by

a 9?2
al| TDvis

'waves

Uo (13)

where the wave diffusion coefficient D,, is proportional
to the surface elevation spectrum ¢,

_wc*kx|?
[ ¢ — vg]

where the wavenumber k has to be expressed as a func-
tion of the height through the resonance condition W
= 0 and v, is the group velocity dw/dk. It is clear that
the effect of the waves on the wind profile is analogous
to the effect of molecular viscocity. In addition, it
should be noted that by use of (11) and ( 13) the equa-
tion for the loss of momentum of the air flow to the
waves is found,
'waves wind

F.] o
3{([)0]; dZUo)
=—7,(2=0) (15)

where the right-hand side of Eq. (15) is just the one-
dimensional analog of the total wave-induced stress as
introduced in Eq. (4). [In passing, it should be noted
that we corrected an algebraic error of a factor of 2 in
the momentum balance of Janssen (1982).] It is of
interest to know what part of the spectrum is affecting
the wind profile the most.

This is most easily investigated by introducing a
height-dependent wave-induced stress in the following
manner

D,

#(k), (14)

«© 0
_pwJ; dkwb-tqb

8 o0
Tw(Z) = —pg af dzUp(z)

waves

k(z)
= +4p,, f dkw 9 )

o af, o U8

wind

in other words, the rate of change in time of the mean
flow momentum in a column starting at z and extend-
ing to infinity is given by the rate of change of wave
momentum of the low wavenumber part of the spec-
trum determined by k& < k(z). It is emphasized that
we have this one-to-one correspondence between z-
space and k-space because of the resonant wave-mean
flow interaction, hence the wave number k(z) follows
from W = 0.

The consequences of the effects of the waves on the
wind profile have been discussed by Fabrikant (1976)
and Janssen ( 1982). These authors disregarded the ef-
fects of molecular viscosity and air turbulence on the
wind profile. In this paper we intend, just as Miles
(1965) did, to consider these latter effects as well.
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Therefore, the rate of change of the wind profile in
time is governed by the equation

9?2 1 9
U+ ——— Twm, ¥

3y 1
¢ pa 0z

Y V@ =v,+ D,

(17)

where we model the turbulent stress by means of a
mixing-length model

9

a9z Uo

Trrb = Pal’ (18)

d
2z o

with the mixing length / given by / = xz (« is the von

-Karman constant). The evolution of Uj 1s, hence, de-

termined by two competing mechanisms, namely air
turbulence that attempts to maintain a logarithmic
wind profile, and the combination of diffusion due to
viscosity and surface waves, that tries to maintain a
linear wind profile.

The effect of the short gravity waves is not well de-
scribed by the Miles’ instability mechanism as the effect
of air turbulence and molecular viscosity will give rise
to a considerable broadening of the critical layer. Also,
capillary waves might give rise to a considerable con-
tribution to the drag of air flow over sea waves. If one
were to consider gravity capillary waves with dispersion
relation

= {gk + Tk?}'7?

instead of the dispersion relation (2), then our theo-
retical model for wave diffusion will certainly fail for
those waves in the vicinity of the minimum of the phase
speed at k = Vg/T. This is because at the minimum
of the phase speed, where the phase speed ¢ equals the
group velocity dw/dk, the diffusion coefficient D,, be-
comes infinite. One would expect that the introduction
of, e.g., molecular viscosity will remove this singularity;
however, we will not pursue this problem in this paper
as we are mainly interested in the effect of the long
waves on the drag of air flow over sea.

From observations at sea (e.g., see Donelan 1982)
it is known that even for old wind sea the aerodynamic
drag is larger than the aerodynamic drag over a flat
plate. This increase in drag must be mainly due to the
momentum loss to the gravity capillary waves as the
longer gravity waves have such a low energy content
(because the Phillips constant a, is small for old wind
sea) that their wave stress may be neglected. It is, there-
fore, important to take into account the momentum
loss to the short gravity waves. As, however, no theory
on the wave-induced stress of gravity—capillary waves
is available we have to rely on a parameterization. Since
the phase speed of these short gravity—capillary waves
is much smaller than, say, the wind speed at 10-meters
height, the air flow experiences a water surface with
more or less stationary perturbations, i.e. the air flow
experiences a water surface with a certain roughness.
Thus, the impact of the short waves is modeled by
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means of a roughness length, that is, we impose the 4. Results

boundary condition
Us(z) = 0, (19)

where following Charnock (1955), we take as rough-
ness length

zZ =29

20 &= aui/g) (20)

with & = 0.0144. A different choice of roughness length
(e.g., the relation of Hsu 1974) has hardly no effect on
the results regarding the drag coefficient. The steady
state solution of Eq. (17) with boundary condition (19)
results for old wind sea (e.g., Dy =~ 0) in the observed
drag law which shows an approximate linear increase
with wind speed (Wu 1982).

Finally, for large heights we impose the condition
of constant stress and we assume that the waves have
no direct impact on the wind profile at those heights,
hence

3y oLy

iz | 9z

The set of equations (12), (14), (17)—(21) describes
the effect of the long gravity waves on the air flow. To
close this set of equations we need to specify the wave
spectrum ¢(k) since the wave diffusion D,, (14) de-
pends on the spectral shape. Clearly, the evolutions of
the wave spectrum and the wind speed are coupled,

Tturb=pa12 =pau§== z—=> 0. (21)

and in principle one should solve the energy balance:

equation for the waves (see WAMDI Group 1988) in
tandem with the momentum equation for the wind.
In this study we shall not pursue this approach, but
instead we assume that the wave spectrum is given by
an empirical relation (the JONSWAP shape) and we
shall concentrate on the effect of the waves on the wind.
Hence, the spectral shape is given by

_l -3 __5_ ﬁz r
#(k) =3 epk exp[ 4(k)}7,

r= exp[— SV~ VE)/aVkT,P] (22)

where a,, is the Phillips’ constant, k, is the peak wave-
number, v is the peak enhancement and ¢ is the width
of the spectral peak. Based on the JONSWAP data we
obtain parametric relations for the spectral shape pa-
rameters «,, k,, v, and ¢ in terms of the wave age
parameter ¢,/u, . For simplicity, we shall give v and
o the constant value 3.3 and 0.10, respectively, and k,
= g/ ¢,” whereas for a, we either use Eq. (9) or (10)
from section 2.

Given the spectral shape (22) we shall in section 4
search for steady-state solutions of the air flow above
sea waves. After presenting the numerical method we
shall discuss the effect of waves on the drag of the air
flow, on the wind profile and on the growth rate of
waves by wind.

In this section we present the numerical method to
search for steady-state solutions of the air flow over sea
waves and we compare results for two different param-
eterizations of the Phillips’ constant as a function of
wave age.

We found it convenient to introduce dimensionless
variables according to

zy = gz/u%, ki =ulk/g,
Uo, = Us/tix, D, = gD,/ul,

t* = gt/ut’
Cx = Cf Uy,
Vay = 8ValUY, b4 = &0/ US. (23)

Then, dropping the asterisks, the dispersion relation
for the gravity waves simply becomes

w="Vk

and in the steady state the set of equations governing
the behavior of air flow over sea waves may be written

as
d? a a 0
0=v— Up+—{PP— Uy| — U,
Va7 o (')z[l oz | 8z 0]
.| Ie]
Uo(Z=a)=O', I—Uo—*U():l, z—>oo(24)
9z a9z

where | = «kz, v = v, + D,,. Here, for gravity waves
D,, = 2mc(k)k?|x|*¢(k), (25)

where we eliminate the wave number k through the
resonance condition W = U, — ¢(k) = 0, and where
X follows from the solution of Rayleigh’s equation plus
boundary conditions

922
X(z=a)=1,

P
W(— - kz)x = WX

X(z—=> 0)—>0 (26)

and the wave spectrum is given by Eq. (22). The growth
rate v = 9 In¢ /93¢ due to wind was then found using
Eq. (11).

In order to solve (24)-(36) we used two grids, a
coarse- and a fine-mesh grid. On the fine mesh grid

zm (i) = alexp{Ai/«} — 1), i=0,10000, (27)

(with A = 0.01) we solved Eq. (24) by means of a
variable step method giving U, and dU,/dz, and in-
termediate values were obtained by linear interpolation.
The curvature in the wind profile 32U,/ 9z was then
found using Eq. (24). The representation of the wind
profile on this fine mesh grid was needed in order to
obtain a sufficiently accurate solution of the Rayleigh
problem (26).

The Rayleigh problem was solved for a relatively
small number of waves, because its solution is expen-
sive in terms of cpu units. We generated a set of wave-
numbers by specifying the critical height according to
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z(i) = efexp(i/x) — 1], i=1,25 (28)

then the set of wavenumbers followed from the reso-
nance condition W = Uy — ¢(k) = 0.

It should be realized that we are dealing here with a
strongly nonlinear problem as the wave diffusion coef-
ficient D,, depends in a complicated fashion on the
wind profile. Therefore, steady-state solutions of (24)-
(26) were found by means of an iterative procedure.
Denoting the iteration step by a superscript, the starting
point for iteration was chosen to be the air flow in
absence of gravity waves (D,, = 0). This resulted in a
first guess for the wind profile U,‘"(z) which was used
in Rayleigh’s equation (26) (solved by means of the
method of Conte and Miles 1959) to give via Eq. (25)
a first guess of the wave-diffusion coefficient D,,(". To
obtain the next guess for the wind profile, we used a
mix of the previous wave diffusion coefficient D,~"
and the present value of D/, i.e.

v =y, + 4D,V + BD,), 4+ B=1. (29)

This was then substituted back into Eq. (24) for the
wind profile to give a next guess for Up(z), and so on.

After some trial and error we found that 4 = B
= (.5 gave a rather rapid convergence to the steady
state. The rate of convergence was judged by calculating
the total stress

9
0z

9

U+ I?
o+ 0z

a
— U,
az °

Tiot = pa["a

Uo] +71.(z) (30)

where 7,(z) is given by Eq. (16), as in the steady state
this is given by its asymptotic value for large z, 7y
= pg. After 10 iterations we found that this condition
was satisfied up to four significant digits.

Steady-state solutions for the wind profile were ob-

tained for two different friction velocities (#, = 0.3 m -

s and u, = 0.7 m s™') and two different parameter-
izations of the Phillips’ constant «, [Eq. (9) and Eq.

U= -7m/s
o old windsea, Cp/u,= 25
x young windsea, Cp/uy,=5

T 20

U /u,

15 |-

-1 1 10 2 100
gz/u,—>

FIG. 3. Dimensionless wind speed as a function of dimensionless
height for u, = 0.7 m s™', showing the effect of long gravity waves
on the wind profile for young wind sea (¢,/uy = 5).
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FIG. 4. Distribution of turbulent stress, viscous stress and wave-
induced stress as a function of height. The contribution of viscous
stress is not shown because it is smaller than 5%.

(10)]. We will discuss in detail the case with u, = 0.7
m s~ ! and a Phillips’ constant that depends sensitive
on wave age [Eq. (10)].

a. Sensitive dependence of Phillips’ constant on wave
age (Eq. (10))

The effect of the long gravity waves on the wind
profile is illustrated in Fig. 3, where we have plotted
the dimensionless wind speed Up/u, as a function of
dimensionless height gz/u3 for various wave ages. It
is clear from this figure that the long waves extract a
significant amount of momentum from the air flow,
however, young wind sea appears to be rougher than
old wind sea. The wind profile is found to be approx-
imately logarithmic except in a region close to the sur-
face (gz/u% < 1), where considerable deviations from
the logarithmic profile are found. Even for this large
friction velocity this region only corresponds to a few
centimeters above the sea surface.

It is of interest to study the distribution of the stress
in the boundary layer over turbulence, the wave effect,
and viscosity. To this end we have plotted in Fig. 4 the
turbulent stress

] 0
Tturb = palz & UO & UO,
the viscous stress
a
Tvisc = Pa"a& Uy,

and the wave-induced stress 7,(z) [Eq. (16)] as a
function of dimensionless height for young and old
wind sea. For young wind sea, we observe that at
around gz/u% ~ 1 the wave-induced stress becomes
a considerable fraction of the total stress corresponding
to the deviations from the logarithmic wind profile in
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Fig. 3. At the surface, the stress due to the long waves
is then about 95% of the total stress whereas the tur-
bulent stress (which will go into the short waves) is
only 5%. In all cases considered, the viscous stress at
the surface was quite small; the reason is that by our
choice of the Charnock relation as roughness length
the water surface is already rough for v, > 10« (or u,
>0.lms™").

On the other hand, for old wind sea the stress going
into the long waves is only 35% of the total stress so
that most of the stress is supplied to the very short
gravity and capillary waves.

Miles (1965) found that the effect of the gravity
waves on the curvature of the wind profile was quite
small. The reason for this is that he considered old
wind sea spectra only, For fully developed waves our
results agree with his as the wind profile is then almost
identical to the profile in the absence of long waves
(cf. Fig. 3 and Fig. 4).

However, also Miles’ choice of the high-frequency
tail of the spectrum (f ¢ tail) differs from ours (f >
tail). As a consequence, one should only expect large
deviations from the logarithmiic profile in a region close
to the water surface. This is indeed found in the nu-
merical results, presented in Fig. 3 and Fig. 4.

Referring again to Fig. 1, we have seen that the wave-
induced stress obtained from parametrical relations
given in section 2 may be a considerable fraction of
the total stress or even larger. In Fig. 5 we show what
happens according to the quasi-linear theory of wind-
wave generation. Here, crosses denote the wave-in-
duced stress calculated from the wind profile in the
absence of long waves and diamonds denote the results
when there is equilibrium between wind and waves.
We infer from the Fig. 5 that for young wind sea the
ratio /7 is reduced considerably, whereas for old wind
sea this ratio hardly changes. Apparently, in equilib-
rium the curvature in the wind profile is for young
wind sea reduced in such a way that the ratio 7,,/r
remains less than unity. This must then be accompa-
nied by a considerable reduction of the growth rate of

x un coupled
+ coupled
fer
Tw
T 2

I | ] L I
5 10 15 20 25
Cp/u, >

FIG. 5. Reduction of wave-induced stress due to the quasi-linear
coupling of wind and waves. Crosses denote the normalized wave
stress calculated from the wind profile in the absence of the long
waves and diamonds denote results when there is equilibrium between
wind and waves. .
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F1G. 6. The normalized growth rate -y /w of the waves as a function
of the inverse of the dimensionless phase speed c/u, of the waves.
The labels refer to different wave age and u, = 0.7 ms™',

the waves. This is illustrated in Fig. 6 where we plot
the normalized growth rate v /w of the waves versus
the inverse of the dimensionless phase speed c/u,.
Clearly, for fixed phase speed, the growth rate of the
waves is larger for old wind sea then for young wind
sea. This considerable reduction of the growth rate for
young wind sea in the phase speed range c/u, > 5 may
be understood by realizing that for rougher air flow
(or younger wind sea) and fixed dimensionless phase
speed the resonance between wave and air flow occurs
at a larger height than for smoother air flow. Conse-
quently, since in this wind speed range the wind profile
is logarithmic (see Fig. 3), for fixed phase speed the
quantity W,/ W, ~ 1/z.(where z_is the critical height)
is smaller for young wind sea than for old wind sea. It
is emphasized, however, that this is only a partial ex-
planation because a too big reduction of growth rate
of the waves for young wind sea would result. To see
this, consider again Fig. 3 and compare the critical
height for young wind sea with that of the case of no
long waves (in practice this is old wind sea). The re-
duction in growth rate for ¢/ u, = 10 would be about
a factor of 6 whereas according to Fig. 6 the growth
rate is only reduced by a factor of two. It turns out that
the decrease in the curvature of U is accompanied by
an increase of the wave-induced velocity in air, X,
such that the aforementioned reduction is partly com-
pensated.

It is concluded that there is a strong coupling between
wind and the waves generated by it, especially for young
wind sea. This is, on the one hand, reflected by an air
flow that is rougher than can be expected from Char-
nock’s relation for the roughness length alone, and, on
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the other hand, a strong reduction of growth of the
waves by wind for young wind sea. However, it should
be remarked that for old wind sea only a very weak
coupling between wind and waves is found. There is
no need to emphasize that the reason is our choice of
dependence of Phillips’ constant on wave age. In other
words, the high-frequency waves are much steeper for
young wind sea than for old wind sea resulting in a
larger wave-diffusion coefficient for young wind sea and
therefore a rougher air flow for young wind sea than
for old wind sea.

We finally remark that a similar conclusion holds
for the case u, = 0.3 m s™!. It is no surprise that we
find similar results for this case since it was already
noted that the consequence of the Charnock relation
as roughness length implies a rough water surface al-
ready for u, ~ 0.1 m s™', so that effects of viscosity
on the wind profile may be disregarded for larger fric-
tion velocities.

b. Concluding remarks

We have performed similar calculations for the case
that the Phillips’ constant only depends weakly on the
wave age. It is by now no surprise that both old wind
sea and young wind sea give similar effects on the air
flow. This is best illustrated by considering the drag
coefficient at 10 meters, defined as cp(10) = [u,/
Uo(10)]? as a function of wave age ¢,/ u,. We have
therefore plotted this relation in Fig. 7 for two different
friction velocities and the two different parameteriza-
tions of Phillips’ constant. From this figure the effect
of the two different laws for the Phillips® constant is
immediate. The standard JONSWAP law for a, gives
hardly no dependence of the drag coefficient on wave
age whereas Snyder’s proposal results in a sensitive de-
pendence. The implication is that we can now give an
explanation of the large scatter found in the field data
for the drag coefficient as a function of the wind speed
at 10 meters. Returning to Fig. 2 we have shown lines

35
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FIG. 7. Aerodynamic drag over sea waves as a function of wave
age for two different parameterizations of the Phillips’ constant «,.
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of constant wave age ¢,/ u, in the plot of drag coefficient
versus wind speed. Using Snyder’s proposal for the
wave age dependence of the Phillips’ constant we find
a family of curves that explains the scatter in the field
data, whereas the standard JONSWAP relation for a,
would give a single line.

We would like to close this section by means of a
brief discussion of the impact of the short waves on
the air flow, which was modeled by means of a rough-
ness length. It should be remembered that we were
forced to introduce this crude parameterization of the
effect of the short waves because the Miles’ instability
mechanism does not take into account, e.g., effects of
viscosity. Also, the wave diffusion coefficient D,, be-
comes infinite at the minimum of the phase speed of
the waves. However, a detailed study of the effects of
these short waves on the air flow is clearly desirable, if
only to understand why Charnock’s relation works at
all (for an interesting discussion of the topic, see Hasse
1986).

5. Summary of conclusions

In this paper we have studied the effect of wind-
generated, long gravity waves on the air flow, where
we parameterized the effect of short gravity and cap-
illary waves by means of Charnock’s relation. It was
found that the coupling between waves and wind was
sensitive to how the energy level of the high-frequency
waves depends on the wave age. The standard JON-
SWAP law for the Phillips’ constant as function of wave
age gave rise to a coupling that is equally strong for
both young and old wind sea. On the other hand, Sny-
der’s proposal, which is a better fit to the JONSWAP
field data, resulted in a strong coupling for young wind
sea and a weak coupling for old wind sea. This is re-
flected by the strong dependence of the drag coefficient
on wave age. Adopting Snyder’s proposal for the Phil-
lips’ constant as a function of wave age the considerable
scatter in the experimental data of drag coefficient as
function of wind speed at 10 meters may be attributed
to the wave age dependence. For this reason we favor
Snyder’s proposal.

As a consequence of the coupling between wind and
waves we find the growth rate of the waves by wind to
be a sensitive function of wave age. This may have
important implications for both wave and weather
prediction, as the stress in the boundary layer of the
atmosphere varies by a factor of two depending on the
sea state. Also, the strong coupling between wind and
waves may have important consequences for storm-
surge modeling as a significant fraction of the momen-
tum and energy of the gravity waves will go to the
ocean currents through wave breaking.

Finally, the strong coupling between wind and waves
may have significance for the measurement of the
windfield over the oceans by means of the so-called
scatterometer. Clearly, if one is interested in the wind
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speed at 10 meters height and if indeed the energy level
of the gravity—capillary waves depends on the friction
velocity, the conversion from friction velocity to wind
speed has to include the effect of the long waves on the
air flow.
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