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Abstract. It is shown that if the wind-wave spectrum in shallow water is approximately independent
of wind speed due to the combined effects of white-capping and bottom friction, then the wave-induced
drag coefficient has a maximum value when the wind speed is twice the maximum wave-speed; as the
wind speed increases further, the drag coefficient slowly decreases. This result is consistent with the
observations of Hicks ez al. (1974).

1. Introduction

The drag coefficients measured by Hicks ef al. (1974) over very shallow water (1-2 m)
are markedly less than those measured with the same equipment over much deeper
water. It seems likely that this result is due to the change in depth, which will have a
very significant effect on the wave field. Further, the results of Dobson (1971) show
that (at least under the conditions of his experiments) a very high percentage of the
total momentum flux from air to water is transmitted directly to the wave field. The
object of this note is to suggest that the drag-coefficient results may be understood in
terms of the wave-generation results.

2. The Wave Spectrum

In shallow water of approximately uniform depth d, waves with wave-number k
such that kd>1 (frequency o>(g/d)"/*) are deep water waves; waves with kd<1
(o<(g/d)'*) are shallow water waves and their dynamics will be strongly influenced
by dissipation at the bottom surface. A well-known expression for the bottom stress
due to a turbulent boundary layer is

T=— chf]ul u, (21)

where o, is the density of water, u is the fluid velocity and a typical value for ¢, is
0.015 (Hasselmann, 1968). The rate of working against the wave motion is

Tu=g,c,|u’. (2.2)

For a single shallow water wave of displacement {, energy density E and horizontal
fluid velocity u, we have

g 1/2
{=acos(kx —ot), u= a<3> sin (kx — ot),

E = }g,ga*. (23)
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Hence the rate of loss of energy due to bottom friction is

dE 3 g 32 ._3—‘—
—=—9.cra = sin” (kx — ot)|, 2.4
d QuwCr ( d) | ( )| (2.4)
where the overbar denotes an average over a wave-period.

Hence

% —4c, (g/d)'? 2

&~ 3 a4 (2:3)

If a has the value @, when #=0 then this equation has the solution

4c, (g 1/2 dg )
=af[1+2L[2} %), 2.6
a ao/(+3n<d) d) 26)
yielding
E(r) 1
Eo 1 +&‘ g I/ZEI 2 (2'7)
3n \d d

As an example we consider a wave of length 10 m with amplitude 10 cm in a depth of
I m (wave period 3.16 s), and for comparison with linear decay processes, when
E[E,~2.72 we have t~325 s =103 wave periods. This time scale is comparable with
that for the growth of deep-water wind waves obtained from the Snyder and Cox
(1966) relation.

We may therefore expect that the wave-dissipation processes controlling a wind-
generated wave-field will be wave-breaking and white-capping for o>(g/d)"/?, and
bottom friction for o <(g/d)'/>.

Hence for the one-dimensional wave frequency spectrum when the wind has been
blowing for a sufficiently long time, we may write (Phillips, 1966)

g 1/2
¢ (o) =mg’c™>, o> <3> : (2.8)

where m=~1.2x 1072 and &, the total energy density of the wave field, is given by
& =0.,9 f ¢(o)do. 2.9
0

For o<(g/d)"/?, apparently no accurate observations of the wave spectra have been
made; various hypothetical spectra may be constructed, based on assumptions about
wave-generation processes and non-linear interactions, but these are too speculative
to warrant presentation here. However, it seems reasonable to expect that an equilib-
rium spectrum will be attained with a spectral peak near ¢ =(g/d)'/?, provided the
mean wind speed is greater than (g/d)'/2, for long fetches and after a sufficiently
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long time. We also assume that the energy of such a wave-field for a<(g/d)!/? is y
times that for o> (g/d)*/* where 7 is of order unity.
Hence

1+ w2 1+
=0 (—4@ m93<fl> = 0w % mgd”. (2.10)

3. The Drag Coefficient

The drag of the air on the sea surface may be divided into two parts; firstly, that due
to small atmospheric eddies in conjunction with surface roughness elements (in
this case, capillaries) in a manner similar to the drag of the air over land, and
secondly the drag due to the momentum flux directly into gravity waves (Dobson,
1971). (It is possible that there is significant interaction and interdependence of the
motion on these two scales (e.g., Mollo-Christensen, 1970) but this is not the issue
here). Hence we may write:

T= CDQ{IUZ = (CDV + CDW) QaUZ, (3.1)

where Cp is the drag coefficient due to small surface roughness elements, Cy, the
drag coefficient due to gravity waves, ¢, the density of air and U the mean velocity
of air at some representative height. Since the sea surface is not rigid but is free to
move in the direction of the mean surface wind, one would expect Cp,y to be less than
the corresponding land value for roughness elements of comparable size.

For an irrotational surface gravity wave, we have (e.g., Phillips, 1966),

E = Mc,, 3.2)

where E and M denote the energy and momentum densities, respectively, and c, is the
phase speed. Following Manton (1971), we apply this equation to the peak of the
wave spectrum, obtaining, approximately,

dé 12

i (9d)"* ~., (3.3)
where 1,,=(dM/d¢)=Cpy 0,U? is the momentum flux to the waves, ¢, =const. =
=(g/d)'/? is the approximate phase speed for most of the energetic waves, and &
represents the total energy density of the wave field. The results of Dobson (1971)
indicate that the Snyder and Cox relation is valid for waves in the frequency range
being considered, and so we have

d¢ o, /U , U
—==|—=1]6&, —>1, (3.9)
dt g, \¢ Cp

which, from Equation (2.10) becomes

3 U a\'"* (1 +9) 5
“ofgam1)(5) e o




302 P.G.BAINES

From Equations (3.3), (3.5) we have

(Lt p)m (@572 ) 1)

CDW =

so that Cpy has a maximum value of (1 +y) m/16. Hence, provided y is approximately
constant, Cpy, has a maximum value (for U>(g/d)"/?) at U=2(g/d)"/? and then slowly
decreases with increasing wind speed, as shown in Figure 1. Equation (3.6) is consistent

CDW

I-O —

r

g)le

Fig. 1. Copw in units of (1 4 y) m/16 as a function of U/(gd)/2,

with the results of Hicks ez al. (1974), but a meaningful test of the relation as a function
of U and d is not possible owing to the uncertainties in the measurements and the
small data sample. Also Equation (3.6) is not inconsistent with the measurements of
Figure 1 of Hicks ef al. (1974) since Bass Strait and Lake Michigan are so deep that
the speed 2(g/d)'/? was not attained by the wind speeds for which measurements were
made. Equation (3.6) may also explain other low values of drag coefficients obtained
in shallow water, such as those by Smith (1967).

4, Conclusions

Under the assumption that the equilibrium wave energy and spectrum are approxi-
mately independent of the wind speed U, when U>(g/d)'/?, it has been shown that
the wave-induced drag coefficient is a maximum when U=2(g/d)'/? and then slowly
decreases as U increases, so that the drag coefficient is a function of depth as well as
wind speed. This argument provides a plausible explanation for the different drag
coefficients observed by Hicks ez al. (1974) and may also explain some of the variations
in drag coefficients obtained by other investigators.
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