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ABSTRACT

We use recent progress in our understanding of the energy and momentum balance
in wind driven surface waves, to give a new estimate for the energy and
momentum flux to and from the waves.

INTRODUCTION

It is generally assumed that to a given wind speed and stratification, there
corresponds a definite turbulent transport of momentum and mechanical energy
downward through the lowest part of the atmospheric boundary layer over sea.

A large fraction of these fluxes (nearly 100% in fully rough flow) is used to
grow the surface waves. However, this energy can not be retained by the waves,
and a sizable fraction is passed on to the underlying ocean, quasi-
instantaneously. The processes by which this dissipation takes place are
insufficiently understood, but whitecapping seems to be a dominant mechanism.

The momentum flux in particular, tends to be dominated by what is happening at
high frequencies, i.e. with the short waves. Therefore, in the past, people
have tried to calculate these fluxes on the basis of empirical estimates of
spectral levels at high frequency (see e.g. Huang, 1986) or by other means
(Mitsuyasu, 1985 and Donelan, 1979). Recently, our understanding of the energy
and momentum balance in the energy containing range of the spectrum has
increased greatly (Komen et al, 1984; Hasselmann et al, 1987). Therefore, we
are now in a better position to give flux estimates over the full spectral
range.

After a short review of the recent progress we will estimate fluxes throughout
the wave spectrum: at high frequencies from a simple "tail"-parametrization,
but at lower frequencies from the physical balance, between sources and sinks
in the energy and momentum budget of the surface waves.

Denoting momentum fluxes by t and energy fluxes by ¢, we can formally write

T_ =1 + 1 T = + 1
a aw ao '’ o) Two Tao (1a)

= + =
<I)a ®aw ¢ao ’ ¢o ¢wo ¥ an (1b)
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Here 1_ is the momentum flux downward through the atmospheric boundary
layer; 1 is the momentum flux going into waves, whereas 1 is the
difference, creating such things as the drift current at thé surface;
To is the total momentum flux into the ocean, 1 from the waves
and T directly from the atmosphere. The same conventions apply to ¢. One
shoul% note that there is an important difference between energy and momentum
fluxes. The momentum flux in the lower part of the atmospheric boundary layer
is thought of as being constant over some height range, forces being absent.
The energy flux is affected by viscous dissipation at every height. In this
note we will concentrate on t_, 7., T...s ®__, ¢ . As mentioned above we

; a aw’ WO aw’ WO
believe that

T20 << Ty ¢ao << ¢a (2)
in realistic situations, but we have not actually checked this in any way.
More detailed investigations of the physical microscale aspects have recently
been made by Chalikov (1986) and Hsu et al. (1982).

THE ENERGY BALANCE IN OCEAN WAVES

There is strong interest in ocean wave prediction, and the equation describing
the evolution of ocean waves has been known for over 25 years now (Hasselmann,
1960). Yet, only recently have wave researchers been able to actually compute

the wave spectrum from first principles, starting from this equation.

We denote the variance wavenumber spectrum by F (k ; x , t) with k the wave
vector, and x and t place and time. It is normalized as

+o -] 2
[ F (k) dk = [ kak [ do F (k, 8) = <n®> (3)
- o] o
with n the surface elevation. It satisfies the following equation
aF B
57 T ¥ogF = S =51, T S ¢ Sus ()

This says that when you consider the spectral level for a given frequency and
direction, it does not change if you move with the appropriate group velocity
gg except for the effect of the source terms S. They represent energy galn due
td wind (S,;,), weakly nonlinear resonant interactions among different wave

n
components fsnl> and energy loss due to dissipation (Sy.).

S;, has been estimated theoretically by several authors. The idea is that
turbulent shear flow with a free internal boundary is unstable. The first
successful calculation was done by Miles (1957). Later his methods have been
refined. In addition, growth rates have been carefully measured (Snyder et al,

1981).

The weakly nonlinear resonant interactions have been calculated from first
principles by Hasselmann (1961). This same author has also given an expression
for the dissipation source term Sds’ based on an estimate of the whitecapping
contribution (Hasselmann, 1974).
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Even with all of these tools available, it was not so easy to make a wave
prediction model based on the integration of (4). In fact, all of the models
participating in the so-called Sea Wave Modelling Project (SWAMP, 1985) had to
make some additional simplifying assumptions about the spectral shape and/or
the evolution of spectral parameters. This led to contradictory results,
especially in complex non-stationary situations with rapidly turning winds and
wind-sea/swell transitions.

To overcome these problems an international group of wave researchers decided
to jointly develop a wave model based on direct integration of eq. (4). This
group, the WAM (= Wave Modelling) group has made considerable progress. A
first version of the model has been run successfully on the CRAY-XMP/48 of the
European Centre for Medium Range Weather Forecasts in Reading, U.K. It has
been installed in both a regional and a global version, and it has been
applied in both hind- and forecasting modes. (Komen, 1986). A full account of
the model is in preparation (Hasselmann et al, 1987).

For the present application it is important to give the source terms of the
WAM model., The wind input is taken as

Sin = YinF
Y. Uy (5)
in
— = 0.25 ¢ max (28 — cos ¢ -1, 0)

Here w = 21 = (gl«c)y2 for gravity waves, g = 9.8 m/s? being gravitational
acceleration, e is the ratio of the density of air and seawater, uy is the
friction velocity in the air, ¢ is the phase velocity (¢ = w/k) ) and ¢ is the
angle between wind and waves. The nonlinear transfer, which conserves overall
energy Aand momentum, but moves it from one wavenumber to another, is
calculated numerically in the so-called discrete interaction approximation,
(Hasselmann et al, 1985). The dissipation, finally, is taken as

Sgs = = VyoF
Y -~
—f—ji’ - 1.59 (w/w) o (6)
~ ~ <n2>au
o= 2
g

which is quasi-linear in the spectrum, <n2> and the mean angular frequency
w expressing global properties of the spectrum.

FLUXES VERSUS SOURCE TERMS

Ocean waves carry energy and momentum, which can be expressed in terms of the
variance spectrum
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+00 2

E=op, _j w Flk) dk (7a)
+o wk

P [ FOO & (7b)

-0
Here E is energy, P momentum and p_ the egsity of water. For w we now read
the more general expression w = (gE + Tk?)%2, with T surface tension, which is
also valid at very high frequencies when capillary effects become important.
For the longer waves (k“<<g/T) this reduces to the deep water gravity wave
dispersion relation, for which the factor puw /k reduces to the familiar pg,
translating variance spectrum into energy spectrum. An easy way of memorizing
(7) is by observing that the energy spectrum can be written as whA, with A the
action density, and the momentum spectrum similarly as kA.

Anyway, from (4) and (7) it follows that the fluxes from the atmosphere to the
waves and from the waves to the ocean can be written as
wk

Taw T Py j dk % Sin (8a)
uk

Two © Py f dk Kk S ds (8b)
2
- w_

Paw = Pu j 4K % Sin (8c)
2
- - w_

Yo = Py J dk =% Syg (8d)

It is important to realize that the integrals extend over all wave numbers.
Therefore, we will now first investigate the high wavenumber behaviour of the
integrands.

THE SHORT WAVE CONTRIBUTION

Crucial for an estimate of the convergence of the integrals (8) is the short
wave behaviour of the_ﬁpectr§% density. There has been a lot of discussion as
to whether this was or f ?. Before joining this discussion one should
always clearly state what frequency range one is referring too. Originally,
Phillips (1958) considered wave spectral levels between say 3 times the peak
frequency and 1 Hz. The JONSWAP tail-fit was made between 1.3 and 2 times the
peak frequency. In his early paper Phillips proposed an f72 tail, on the
presumption that the limiting spectral level is determined by hydrodynamic
processes alone. On dimensional grounds one then obtains for the frequency-
directional variance spectrum:

a 2
p 8

G(f,8)= ————
(2ﬂ)uf5

I(8) (9



with the directional distribution 1(6) still to be specified. In k-space this
corresponds with a wavenumber spectrum (Gdf = F kdk)
%p
F(k,8) = — I(8) (10)

2k)4

Later Toba (1973) suggested that the saturation level was not independent from
the friction velocity and that in fact

angU
G(f,8) = _Tu_; 1(e) (11)
(2w) 'f

should be more appropriate. This idea was endorsed by Phillips (1985).
Experimental data Eavour both. At not too high frequency Birch and Ewing
(1986) observed f ; at higher frequencies they found £72. A crude estimate of
the transition frequency/wavenumber was given by Peter Janssen (private
communication), who obtained

(=£)? (12)

With typical values for the a's (a, = 0.01, a.. = 0.1) the corresponding
transition frequency is within the dynamic range of the WAM model. Therefore,
in the following, we will consider WAM model spectra up to the transition
frequency. Above, we will assume the f ° tail.

We will now proceed by estimating the high frequency contribution to the
momentum-flux from the atmosphere to the waves. Before doing this, however, we
should point out that the wind input source term, eq. 5, is not applicable in
the high frequency range. In fact, Plant (1982) presented a compilation of
wave growth measurements, which turned out to be described by a quadratic ux/c
dependence,

in Uy o

—— - A (E'J cos¢ , A =0.04 % 0,02 (13)
This fit is valid for growing waves and extends towards the highest
frequencies. At lower frequencies it has to be merged with (5). So we split
Taw in a high and a low frequency contribution

S (14)

aw aw aw
1 . , h
T will be considered below. Here we compute 1 as
aw aw

®  wk u a
h = *,2 P
T = P £ — Au(z=)" cose x oy edkakdo (15)
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Taking the X-axis in the wind direction one finds t = (1, o) with

h 2 7 dk 2
= %A p apuy »{ = | a8 1(e)cose (16)

aw
tr

The k-integral is divergent. Fortunately, the theory considered so far is
incomplete at very high frequencies. There, viscosity damps the waves.
Therefore, we introduce as an ultra-violet cutoff the wavenumber at which
viscosity begins to dominate. This is at

Aui

vy = T a7
W

with v the viscosity of water. Not much is known_about the angular

distribution. To Be specific we will assume a cos 9 distribution
(I(8) = (2/w) cos 8). This then yields
h _ 3 2
Taw = B Pup Auy 1n (kv/ktr) (18)
The pseudo-divergence, resulting in a ln kv factor stresses the importance of
the short wave contribution.

The energy can be dealt within a similar way. Performing similar manipulations
one obtains

K

v

h 4 2 w

0= 37 P pAly | 5 dk
ke, K

(19)

w = (gk + 'I'k3)}é

This integral would also diverge for k_ = « , but here the divergence only
appears in tgg/gltra capillary limit. %n the gravity range the integrand
behaves as k Eq. (19) was evaluated by splitting the integrationyrange in
3 parts: (kt , k /3) , (k./3 , 3 k) and (3 k_, k_) where k_= (g/T)? is the
wavenumber aE wh?ch gravigy and surface tension ef%ects are 8qua11y important.
In the first interval the waves are approximated as pure gravity, in the
middle range the integral was computed numerically, and in the last interval
the capillary limit was taken. Using ktr < ko I obtained

h 4 2 28
aw = 37 Puop AUk { o, 2.1 (g 7ky)
tr
(20)

%

A A
+ 2T (kv2 - (3 ko)2 )}

Because of the smallness of T (7.2 1072 m3 s™2) the last term is rather small.
We will illustrate this by considering a friction velocity of 0.85 m/s. This
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value roughly corresponds to a windspeed of 20 m/s. It will be used as a
reference in all numerical estimates to follow, We find

1

ktr = 0.14 kO = 369 and kv = 8360 m
and h
Tow = 1.19 Pa (21a)
¢h = 0.12 (16.7 + 0.56 + 0.98)
aw
= 2.2 W/m? (21p)
It is interesting to note that rh exceeds 1_ = p u§ by 40%. We will discuss

this result below, after the estimate of thealow ?requency contribution.

So far we have only considered fluxes from the atmosphere to the waves. To
estimate the fluxes from the waves to the ocean we would have to use (8b) and
(8d) for high frequencies. Unfortunately, S4g 18 not known there. Therefore,
we will use the fact that at high frequencies there is a balance between the

source terms

kv w2 kv w2
B { K Sgs 9k = { K Sin ¥ Spy) 4k -
tr tr ’ (22)
kV m2 tr w2
B f Kk Sindk - f x Snp 94K
k o]

The second line follows because the nonlinear transfer conserves energy. A
similar expression holds for the momentum flux. Below we will give a numerical
estimate of (22).

LONG WAVE CONTRIBUTICN

We have calculated long wave contributions by using results of the WAM model.
This is a relatively straightforward calculation, because, once you run the
model, you have spectra and source terms every time step in every grid point.
It should be emphasized that in general the fluxes depend on local wind speed
as well as on details of the spectral shape, which are determined by the
geometry of the basin and by the time history of the windfield. A full
analysis was outside the scope of this note. We have only analyzed fetch
limited growth, in which a constant windfield blows off-shore, perpendicular
to a straight coast, and in which the stationary response is considered. The
results are given in table 1 for two different fetches, one in which the waves
are still actively growing (X = 50 km, Hy = 4 m) and one in which saturation
is being approached (X = 500 km, Hy = 7.5 m)
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Table 1 Modelled fluxes of energy ¢ and momentum t into (aw) and from (wo)
the energy containing waves (k<k,_, eq. (12)) at two different
fetches. ¢ and 1 denote the ronlinear transfer from long waves to
short waves as modgiled with the discrete interaction approximation.
(U* = 0.85 m/s).

1 1 1 1
X(km) <l’aw Qwo ¢nl Taw Two Tnl
(W/m?) (Pa)
50 1.5 0.6 0.1 .13 .04 0.02
500 2.4 1.7 0.7 9 0.10 0.09

At the shorter fetch the energy and momentum excess makes the waves grow. In
the steady state the excess is advected away, making the waves higher at
longer fetch. At the longer fetch there is a balance between energy gain and
energy loss.

DISCUSSION

First of all let us combine the results of the previous two sections. We then
obtain the following picture

Table 2. Modelled energy fluxes (W/m2) to (aw) and from (wo) the waves, 1
denotes long waves, h indicates the short wave contribution (ug =

0.85 m/s).
X {km) ¢l ¢h o ¢l @h )
aw aw aw WO WO WO
50 1.5 2.2 3.7 0.6 2.3 2.9
500 2.4 2.2 4.6 1.7 2.9 4.6

Table 3. Modelled momentum fluxes (Pa). The meaning of sub and superscripts is
as in table 2.

1 h 1 h

X (km) Taw Taw Taw TWO TWO 1:WO
50 0.13 1.19 1.32 0.04 1.21 1.25
500 0.19 1.19 1.38 0.10 1.28 1.38

In the tables @20 and T:o have been calculated using (22).
A few remarks can be made:

(i} Both energy and momentum flux to and from the waves increase with fetch.



215

This is because the level in the tail was fixed, and for larger fetch
more wave components take part in the transfer. The dissipation increases
more strongly then the input, a necessary condition for reaching
equilibrium.

(ii) The momentum fluxes are dominated by high frequency contributions, much
more than the energy fluxes.

(iii) There 'is something "wrong" with the magnitude of Tow For example at X =
500 km we have

Tow - 1.7 x T

implying that the waves would receive more momentum then the boundary

layer provides. We distinguish two possibilities

a. Our estimate is correct. This is possible when a deceleration extracts
momentum from the lowest part of the atmospheric boundary layer.
Although 1_ is defined as the momentum flux at the lower boundary of
the boundary layer, it will be measured in practice at, say, 10 m
height. Over land the flux is then constant down to the surface. Over
waves this might be different. In fact it could be that over sea the
flux to short waves is suppressed as has been suggested by Janssen
(1982) (see also Chalikov, 1986).

b. Our estimate is wrong. One should note that the high frequency
contribution alone already exceeds t_, 80 this is suspect. One should
realize that our knowledge of source terms and spectra at high
frequencies in the field is still fragmentary. Plant's constant is A =
0.04 + 0.02, which implies a 50% error in our estimate of t_. Also the
spectral level was taken as in (10) with aj, = 0.01, which afso is only
trug to a certain accuracy. One of the weakest assumptions was the
cos 6 angular distribution at high frequency. There are indications,
also in the WAM model, that this might be considerably flatter. (An.
explanation of this is perhaps found in the behavior of the nonlinear
transfer at high frequencies). This could reduce our estimate by a
factor of 2 or 3.

CONCLUSION

Although our understanding of the energy balance in wind driven ocean waves
has improved greatly, our ablility for estimating energy and momentum fluxes to
and from the waves is still limited. For the energy flux from waves gegnerated
by a wind of about 20 m/s (uy = 0.85 m/s8) we typically find a few W/m“. This
is large compared to the fluxes currently studied inside the mixed layer, so
one wonders what happens to this energy. Part will go into mean motion, an
other part will dissipate, but the rest will certainly penetrate as
turbulence. How this exactly happens is a challenge for mixed layer modelers.

The momentum flux through the energy containing waves is relatively small.
When we estimated the total flux we made a number of assumptions about source
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terms and spectral shapes at high frequencies. These require further
confirmation. Our answer came out slightly larger than what would have been
considered acceptable. The discrepancy can be easily explained for instance by
a flat angular distribution; it could also hint at something we don't
understand about the lowest meter or so of the atmospheric boundary layer over
sea.

Acknowledgement: I would like to thank Peter Janssen for discussions and
ideas. The WAM Project was supported by NATO grant 523/85.
REFERENCES

Birch, K.G., and J.A. Ewing, 1986: Observations of wind waves on a reservoir.
10S-report no. 234. 37 p.

Chalikov, D.V., 1986: Numerical simulation of the boundary layer above waves.
Bound.-Layer Meteor. 34, 63-98.

Donelan, M., 1979: On the fraction of wind momentum retained by waves. Marine
forecasting, Elsevier Oceanographic Series, 25, 141-160.

Hasselmann, K., 1960: Grundgleichungen der Seegangsvorhersage. Schiffstechnik,
7, 191-195.

Hasselmann, K., 1961: On the nonlinear energy transfer in a gPaVity-wave
spectrum. J. Fluid Mech. 12, 481-500.

Hasselmann, K., 197U4: On the spectral dissipation of ocean waves due to
whitecapping, Bound.-Layer Meteor. 6, 107-127.

Hasselmann, S., K. Hasselmann, J.H. Allender and T.P. Barnett, 1985:
Computations and parameterizations of the nonlinear energy transfer in a
gravity-wave spectrum. Part II. Parameterizations of the nonlinear
transfer for application in wave models. J. Phys. Oceanogr. 15, 1378-
1391,

Hasselmann, S., K. Hasselmann, P.A.E.M. Janssen, G.J. Komen, L. Bertotti, A.
Guillaume, V.C. Cardone, J.A. Greenwood, M. Reistad, J.A. Ewing, 1987:
The WAM-model- a third generation ocean wave prediction model. In
preparation.

Hsu, C.T., H.W. Wu, E.Y. Hsu and R.L. Street, 1982 : Momentum and energy
transfer in wind generation of waves. J. Phys. Oceanogr. 12, 929-951.

Huang, N.E., 1986: An estimate of the influence of breaking waves on the
dynamics of the upper ocean, Wave Dynamics and Radio Probing of the Ocean
Surface, Phillips and Hasselmann, eds. Plenum, 295-313.

Janssen, P.A.E.M., 1982: Quasilinear approximation for the spectrum of wind-
generated water waves. J. Fluid Mech. 117, 493-506.




217

Komen, G.J., S. Hasselmann and K. Hasselmann, 1984: On the existence of a
fully developed wind-sea spectrum. J. Phys. Oceanogr. 14, 1271-1285.

Miles, J.W., 1957: On the generation of surface waves by shear flow. J. Fluid
Mech. 3, 185-204.

Mitsuyasu, H., 1985: A note on the momentum transfer from wind to waves. Jd.
Geophys. Res. 90, 3343-3345.

Phillips, 0.M., 1958: The equilibrium range in a spectrum of wind generated
ocean waves. J. Fluid Mech. 4, 426-U34.

Phillips, 0.M., 1985: Spectral and statistical properties of the equilibrium
range in wind-generated gravity waves. J. Fluid Mech. 156, 505-531.

Plant, W.J., 1982: A relationship between wind stress and wave slope. dJ.
Geophys. Res. 87, 1961-1967.

Snyder, R.L., F.W. Dobson, J.A. Elliot and R.B. Long, 1981: Array measurements
of atmospheric pressure fluctuations above surface gravity waves. J.
Fluid Mech. 102, 1-59,

SWAMP group: J.H. Allender, T.P. Barnett, L. Bertotti, J. Bruinsma, V.J.
Cardone, L. Cavaleri, J. Ephraums, B. Golding, A. Greenwood, J. Guddal,
H. Glnther, K. Hasselmann, S. Hasselmann, P. Joseph, S. Kawai, G.dJ.
Komen, L. Lawson, H. Linné, R.B. Long, M, Lybanon, E. Maeland, W.
Rosenthal, Y. Toba, T. Uji and W. de Voogt, 1985: Sea wave modelling
project (SWAMP). An intercomparison study of wind wave prediction models,
Part 1: Principle results and conclusions in Ocean Wave Modelling Plenum
Press 1-156.

Toba, Y., 1973: Local balance in the air-sea boundary process III. On the
spectrum of wind waves, J. Oceanogr. Soc. Jdpn. 29, 209-220.




