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The generation and growth of small water waves by a turbulent wind has been 
investigated in a laboratory channel. The evolution of these oscillations with 
fetch was traced from their inception with amplitudes in the micron range under 
conditions of steady air flow. The experiments revealed that the waves are 
generated at all air velocities in small bursts consisting of groups of waves of 
nearly constant frequency. After travelling for some distance downstream, 
these wavelets attain sufficient amplitude to become visible. For this condition, 
a wind speed critical to raise waves is well defined. After the first wavelets appear, 
two new stages of growth are identified at  longer fetches if the air speed remains 
unchanged. In the first of these, the wave component associated with the spectral 
peak grows faster with fetch than any other part of the wave spectrum of the 
initial waves until its amplitude attains an upper limit consistent with Phillips’s 
equilibrium range, which appears to be universal for wind waves on any body 
of water. If the air flow is not changed, then the frequency of this dominant wave 
remains constant with fetch up to equilibrium. This frequency tends to decrease, 
however, with increasing wind shear on the water. In the second stage of growth, 
only the energy of wave components with spectral densities lower than the 
equilibrium limit tend to increase with fetch so that the wave spectrum is main- 
tained near equilibrium in the high-frequency range of the spectrum. 

The origin of the first waves and the rate of their subsequent growth was 
examined in the light of possible generating mechanisms. There was no indication 
that they were produced by direct interaction of the water surface with the air 
turbulence. Neither could any significant feedback of the waves into the tur- 
bulence structure be detected. The growth of the waves was found to be in better 
agreement with theoretical predictions. Under the shearing action of the wind, 
the first waves were found to grow exponentially. The growth rates agreed with 
the estimates from the viscous shearing mechanism of Miles ( 1 9 6 2 ~ )  to a frac- 
tional error of 61 yo or less. A slight improvement was obtained with the viscous 
theory of Drake (1967) in which Miles’ model is extended to include the effect of 
the drift current induced by the wind in the water. Since the magnitude of the 
water currents observed in the tunnel is very small, this improvement is not 
significant. 
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1. Introduction 
It is currently accepted that water surface waves can be generated by a 

turbulent wind through a sequence of mechanisms elucidated by Phillips (1957) 
and Miles ( 1 9 6 2 ~ ) .  According to  Phillips, the initial wavelets derive from reson- 
ance between the free modes of the water surface and the pressure field of the 
turbulent motion in the air flow. This class of water waves is predicted to grow 
linearly with time (or with fetch), until the viscous mechanism of Miles (1962a) 
takes over. Then waves and air flow become coupled; the waves give rise to a 
pressure distribution at the water surface which feeds energy to the waves at  a 
rate which increases with the amplitudes of the waves. Unless viscous dissipa- 
tion exceeds the energy gain due to the induced pressure, single components of 
the wave spectrum grow exponentially with time or with fetch under the action 
of a steady wind. 

The Phillips-Miles mechanism is appealing because it promises a rational 
solution to an age-old problem, but it seems that the part of the theory that deals 
with the initiation of waves is at odds with observation that the first waves form 
a regular pattern. If turbulence were responsible for these first waves, one would 
expect their pattern to  be fully random. There is also some evidence that the 
quantitative results based on the theoryare not in agreement with experiments. A 
preliminary attempt to verify the Phillips-Miles theory by Hidy & Plate (1966) 
failed to reveal a regime of linear growth in the development of a wave component 
with fetch or time. All frequency components examined in that study grew 
approximately exponentially. However, it was found that the growth rate was not 
equal to that predicted by Miles (1962a),  but was about twice too large. There 
was some scatter in the experimental data, but the trend towards larger growth 
rates than predicted analytically was quite definite. 

These results of Hidy & Plate (1966) cannot be considered conclusive because 
not all conditions required by the theory were met in the experiments. For 
example, the shearing stress acting on the water varied with fetch, and a drift 
current developed in the water. Both of these features were not taken into account 
in Miles’s model. We therefore felt that more accurate experiments were 
needed to clarify features of the mechanism of wave generation by wind. The 
results of such tests are reported in this paper. 

The experiments were of two different types. The first series was directed 
towards a better understanding of the interaction of the turbulent wind field 
and the first waves. We observed the development of the waves from their in- 
ception, when the water surface is virtually glassy smooth, to fully developed 
waves, for two different air speeds. The variation in the water surface elevation 
was determined with a newly designed capacitance gauge capable of detecting 
water surface undulations of less than ten microns in amplitude. For similar 
conditions, single wire hot-wire anemometer measurements were made in the 
air flow, from which turbulent intensities and spectra were determined. No 
evidence of the effect of waves could be found in the turbulence, nor could a sig- 
nificant difference between turbulence over a smooth plate and a smooth water 
surface be detected. Additional experiments on the role of the turbulence showed 
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that an increase in the intensity of the turbulence outside of the boundary layer 
leads to a lowering of the critical water surface shearing stress, and that the 
turbulence propagates at a much faster speed over the surface than the speed of 
the water surface waves. We conclude that turbulence is probably not directly 
responsible for the first observable waves. 

The second experiment was designed to duplicate as closely as possible the 
conditions for the validity of Miles’ model. The shear stress over the water 
surface was found to be constant at  low wind speeds, up to fetches well beyond 
the appearance of the first waves. Also, the mean wind velocity distribution was 
closely logarithmic. The only feature not provided for in Miles’ model is the 

Aluminium plate 

boundary layer 
developing with 
increased surface 
roughness 

FIGURE 1. Schematic diagram of the experimental arrangement of combined 
air and water flow. 

drift current in the water. To check for its possible influence, the model of Drake 
(1967) is utilized to calculate growth rates. This model in which the drift current 
is considered as additional variable is a modification of Miles’ model. It yielded 
growth waves which were in slightly better agreement with experiments than 
Miles’ model. 

2. Experimental equipment and procedures 
The experiments were performed in a wind-water tunnel which has been de- 

scribed in detail by Plate (1965). The experimental arrangement is shown in 
figure 1. Air flows from the tunnel inlet over a smooth flat plate of 3.7 m length 
on to a body of initially standing water, 11.4 cm deep and 13.7 m long. The fetch 
x is measured positive downstream from the junction between the plate and the 
water. The flat plate consists of smoothly sanded aluminium. Screens and a honey- 
comb section placed at  the tunnel inlet assure an aerodynamically smooth flow 
developing over the bottom which corresponds to flow in a developing turbulent 
boundary layer. 

Measurements taken in this study include records of the water surface dis- 
placement, profiles of mean air velocity, turbulent fluctuations of the longitudinal 
component of the air flow, apparent critical wind speeds, and velocities of the 
drift current at the water surface. To measure the water surface displacement, a 
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capacitance gauge was used which consisted of a 32-gauge, Nyclad-insulated 
magnet wire combined with a bridge circuit developed in the Engineering Re- 
search Center of Colorado State University. This capacitance device had a sensi- 
tivity which permitted the measurement of water surface undulations with 
amplitudes of less than ten microns. For such low amplitudes, even a wire as thin 
as the one employed here is not free of capillary adhesion effects. Consequently, 
the data should be accepted with reservation at  lowest wind speeds until verified 
by other investigations. At the high wind speeds, however, the wave heights were 
significantly larger than ripples found in lower wind speeds even at the shortest 
fetches, so that the results can be used with confidence. 

The capacitance probe was practically free of drift in the bridge circuitry. A 
tendency for drift was observed only at the very highest sensitivities, and over 
much longer times than any sampling time used. 

The data of wave amplitude were recorded on a Brush Mark I11 strip chart 
recorder (with a frequency response curve flat to 30 Hz) and were digitized 
manually for computer analysis. Usually, points were taken at time intervals 
At E 0.025 see, for a total of about 2000 points. Calculations of the statistical 
properties of the wave records included the standard deviation (r, the auto- 
correlation function R(T), and the energy spectral density $(n). The maximum 
lag rmax was chosen at r,,, = 200At, yielding k = 2nAt/rma, = 20 degrees of 
freedom. For such computations, techniques were used which have been described 
previously by Hidy & Plate (1966). 

Mean velocity measurements in air were made by continuously recording on 
an x-y recorder the dynamic pressure of a Pitot-static tube versus signal pro- 
portional to the distance from the undisturbed water surface as the probe moved 
vertically through the air stream. Turbulent fluctuations were measured with 
a Hubbard-type hot-wire anemometer, working on the constant temperature 
principle. The probe containing the hot wire was held stationary at  a given 
position for 5 min. While the root-mean-square (r.m.s.) value of the signal was 
read, the turbulence signal was recorded on an F M  tape recorder. The 1.m.s.- 
meter used measured 99 yo of the fluctuating signal above 2 Hz. The spectra of 
these records were determined with a Bruel and Kjaer analogue spectrum 
analyzer (type 2 log),  with proportional one-third octave filters. The low-fre- 
quency range of the spectrum was investigated more closely with a spectrum 
analyzer made by Technical Products (type TP  627) which has constant band- 
width filters of 2 Hz with a continuously variable centre frequency. 

It was found that a critical wind speed could be defined at  a given fetch as the 
speed of the air a t  a fixed reference location at  which the vibrations of the water 
surface became visible. During such a test, the water surface was observed by 
watching the reflexions of the capacitance wire in it, as indicated in figure 2 ,  
plate 1. At wind speeds below critical the reflexion was a straight line which, 
with increasing wind speed, first oscillated irregularly in time withever-increasing 
amplitude and then disrupted. The critical wind speed to which frequent 
reference will be made hereafter was defined rather arbitrarily as the speed at  
which, at  a given fetch, the reflexion was still sinusoidal but on the verge of 
transition to the disrupted stage as shown in figure 2 (b). 
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Velocities of the drift current at the water surface were measured by observing 
the motion of paper disks of 0.6 cm diameter cut from thin wax paper, and timing 
the passage of the paper particles between distance markers. The distance mar- 
kers consisted of strips of adhesive tape glued to both transparent walls of the 
wind-water tunnel, across which the disks’ passage was sighted. At the time of 
passage, a switch was thrown which would apply a voltage to a voltage-time 
recorder. At the passage of the next strip, the switch was thrown again, and a 
downward step was obtained. In  this manner, a single particle could be timed at  
all marks along the channel. Twenty particles were traced and averaged for the 
determination of each case of water surface speed, 

3. Results 
3.1. Air motion over very small waves 

Experimental conditions were restricted primarily to cases where the shearing 
stress at the water surface was constant with fetch and time and the disturbances 
on the water surface were as small as possible yet still observable. Under these 
circumstances, the surface stress was uninfluenced by the induced surface 
roughness, so that all analytical models should apply which assume no coupling 
or weak coupling between the air and water motion. For completeness, however, 
and for comparison with previous work, a few measurements of air flow and water 
surface agitation are cited in a range where the surface stress increased down- 
stream with the influence of the growing waves. We begin by presenting typical 
aerodynamic data to show that the water did not affect the air flow in the regimes 
of principal interest in so far as we were able to determine with our experimental 
equipment. 

Mean velocity projiles. Two different regimes of air flow were examined in this 
study, one at  low wind speed in the ‘ critical’ regime of u, M 3 m sec-l, and one 
at higher wind speed of u, s 11 m sec-l. Here u, refers to the speed of the air 
stream outside the boundary layer, whose thickness 6 is defined as the height at  
which the mean wind speed U is equal to 0-99 u,. All of the measured wind profiles 
are well correlated by a logarithmic form : 

where u* is the square root of the ratio of the stress at  the water surface 7, to the 
air density pa. Kiirmh’s constant, K,  is taken as 0-40, andz, denotes theroughness 
length. Typical parameters for the mean air flow are listed in table 1. 

In  the low-speed cases, waves could be identified visually only downstream 
of the critical fetch, while, at the higher windspeeds, waves appearedimmediately 
after the edge of the aluminium plate. A t  all wind speeds, the distributions of 
average longitudinal velocity were found to follow the logarithmic law, (l), in 
the lower portion of flow. At distances far downstream in the high-speed flow, 
departures from the logarithmic profile were observed, but this regime will not 
concern us here. In  cases where the wind profiles were logarithmic, u* was 
estimated from the slope of the lower portion of the profile. Because of the rapid 
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X urn u* s 20 
(cm) (m sec-l) (cm sec-l) (cm) (om) Remarks 
488 3.66 15.8 7-62 9.6 x 10-4 Critical fetch 

without grid 
488 3-20 13.4 5-72 11.2 x 10-4 Critical fetch, 

with grid 
- 35.3 10.6 45 4.8 3.3 x 10-4 Over plate 
244 11.1 62.4 6.8 8.02 x 10-3 Over initial 

ripples 
(CJ w 0.3 cm) 

85 0 12.8 82.5 15.0 3.82 x Over fully 
developed 
waves 
(CJ fi: 0.9 cm) 

Table 1. Typical characteristics of the mean flow of air. 

growth of waves at  the higher wind speeds, u* remained constant under these 
conditions only for a fetch x < 50 cm. These results have been discussed pre- 
viously for slightly different conditions of air flow by Plate & Hidy (1967). 

Equation (1) is often written in the form of the law of the wall 

%Y) 1 U*Y 
~ = -ln-+const., 
U* 0.40 V ,  

where v, is the kinematic viscosity of the air, and the constant is related to the 
roughness length, zo. Typical mean velocity profiles in the air are shown in this 
form in figure 3. The constant in (2) found for flow over the aluminium plate is 
5.6, which is somewhat larger than the value of 4.9 quoted by Clauser (1956) but 
it has been observed by many workers that this constant can vary over a range 
between 4-3 and 6. The two profiles shown for larger fetches agree with ( 2 )  except 
for the numerical constant, which is found to be negative. This is typical for flow 
over fully rough boundaries. Corresponding values of zo are given in table 1. 

For wind profiles taken at low speed over water, the constant in ( 2 )  was found 
to be equal to 6-1. The agreement with the results for flow over smooth solid 
boundaries could be improved by correcting the air velocity profiles for the effect 
of the drift current. Taking the air flow relative to the velocity us of the drift 
current a t  the surface, i.e. substituting ?i - us for U in ( 2 ) ,  one obtains close agree- 
ment with the value of 5.6 by using UJU, = 0.57 obtained from observations of 
surface drift at this wind speed. 

The two distributions taken at low speeds in figure 3 correspond to the critical 
wind speeds at  fetch x = 488 cm. One set of data was obtained with a flow 
developing with usual inlet conditions. The second set of data was taken under 
inlet conditions modified for creating a high turbulence level in the air flow. 
The turbulence was increased by placing a heavy grid of 2.54 cm wide slats nailed 
crosswise at  distances of 5.08 cm at the upstream edge of the aluminium plate. 
These two conditions correspond to different boundary-layer thicknesses, and 
different velocities in the free stream as well as different shearing velocities 
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(table 1).  The reason €or changing the air turbulence level will be discussed in a 
later section. 

Turbulence properties. Turbulence measurements were restricted to determina- 
tion of the fluctuations u' in the longitudinal component of the air velocity. The 
variance of the turbulent fluctuations, 5 was measured as a function of height 
from the mean water level for the high ambient air speed over several different 
fetches. These results are shown in non-dimensional form in figure 4(a). The 
quantity (u'2)& has been normalized by u* and plotted with y/6. The data taken at  
high wind speeds over the plate are compared with results of Klebanoff (1954) 

25 I I 

10 100 1000 10,000 

U*YlVlZ 

FIGURE 3. Distribution of average air velocity in the downstream direction at  various 
fetches, with and without inlet grid. a ,  u* = 15.8 cmlsec without grid, x = 488 em; 
x , u* = 13.4 cm/sec with grid; A, u* = 45 cm/sec (smooth flat plate), x = -35.3cm; 
0, u* = 62.4 cmlsec, z = 244 om; +, u* = 82.5 cmisec, z = 850 em. 

and satisfactory agreement is found, except in the outer portion of the boundary 
layer where the higher free-stream turbulence caused deviations. Over the waves 
the- profiles are similar in shape to that of the profiles of Klebanoff (1954), but 
the dimensionless quantitieszL'2/u2 are somewhat larger for a given thickness 6. 
Evidently, the turbulence in the developing boundary layer over the waves is not 
in equilibrium, in contrast to that found in fully developed boundary layers over 
uniform surfaces. 

In comparing the observations of air turbulence taken at  critical fetch, the 
boundary-layer thickness is not a meaningful scaling parameter because the 
change in the free-stream turbulence significantly distorts the outer part of the 
boundary layer, leading to a thickness which is much smaller for high free-stream 
turbulence. Since the two cases correspond to flow over smooth boundaries in 
the inner layer and differ in shear velocity only by 15 %, the profiles of intensity 
should be approximately similar in the lower boundary layer if plotted in 
dimensionless form based on the similarity parameters of the mean flow as given 
by figure 3. In figure 4 ( b ) ,  curves for (21.'2)*/u* vs. yu,/v, are drawn, showing 
striking agreement between the two cases near the boundary. In  the outer part 



63 2 E ,  J .  Plate, P. C .  Chang and (2. M .  Hidy 
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1.5 

0.5 

Fetch (x) cm u, S / v  

X -35.6 2.68 X lo5 

~ 
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FIGURE 4. Distribution of intensities in longitudinal component of the air flow: (a)  for 
u* = 45 em see-1 at  different fetches; (b )  at 2 = 488 cm: , u* = 15.8 em sec-l (without 
grid), Re8 = 1.9 x 104; A, u* = 13.4 em see-’ (with grid), Re8 = 1.1 x lo4. Curves of 
Laufer (1954) and Klebanoff (1954) are added for comparison. Laufer’s results correspond 
to fully developed pipe flow with Reynolds number based on pipe diameter D. 
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of the boundary layer the grid turbulence, of course, influences the intensity profile 
strongly. However, the curves in figure 4 (b )  do not agree with smooth plate data 
of Klebanoff (1954). There seems to exist a systematic variation with Reynolds 
number, as suggested by comparison between Laufer's (1954) data for pipe flow, 
and Klebanoffs (1954) results in a wind tunnel. 

10-1 

10-2 

10-3 

- x 10-4 
G 

10-5 

10-6 

10-7 
1 10 100 1000 10,000 

(Hz) 
FIGURE 5. Spectra of air turbulence at critical fetch of 2 = 350 cm, y = 1.27 cm with 
ZL* = 17 cm sec-1 (without grid), and u* = 15.8 om sec-l (with grid). 0, without grid, 
proportional band-width analyzer ; D, without grid, constant band-width analyzer; 

, with grid, proportional band-width analyzer; m ,  with grid, constant band-width 
analyzer. 

From analysis of magnetic tape recordings of the signal from the hot-wire 
anemometer, energy spectra for the longitudinal velocity component of air 
flow were determined. Some typical examples plotted in frequency co-ordinates 
are shown in figure 5. These spectra represent data taken at critical wind speeds 
at  a fetch of x = 350 cm, for uyc = 17 cm see-1 (urn = 4.0 m see-l). They display a 
distribution of turbulent energy with frequency that is characteristic of known 
turbulent flows (e.g. Hinze 1959). 
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The modification of the energy distribution caused by changing inlet con- 
ditions is readily seen in the examples of figure 5. At small elevations above the 
water surface, say y = 1.27 cm, the spectra were influenced by the presence of the 
grid mainly at  low frequencies. The relatively high level of turbulence induced 
by the grid in the outer portions of the boundary layer tended to be associated 
with the large eddies, while at  higher frequencies the energy distribution is nearly 
the same with or without grid. Consistently with the well-known concept of per- 
sistence of large eddies, the energy density associated with the low-frequency 
regime of the case with inlet grid does not change much with height. The variation 
in energy distribution with height is mainly the result of decreases with elevation 
in energy density in the smaller scale motion. It is interesting that, in the case 
with the inlet grid, the higher level of turbulence in the free stream was accom- 
panied by much smaller decrease with height in energy over all frequencies in 
contrast to other cases. 

Apparent rates of energy dissipation were calculated based on the assumption 
of isotropy in the small scales of turbulent motion. For this assumption, the dissi- 
pation rate E per unit mass becomes (Hinze 1959): 

We have evaluated ( from the one-dimensional energy spectrum through 
the relation 

Here n is the frequency in Hz, and F(n) in sec is the spectral density of turbulent 
energy associated with u', and divided by pT2, in the frequency domain. 

The spectral technique for calculating dissipation rates has also been em- 
ployed by Pond, Stewart & Burling (1963) for turbulent winds over ocean waves. 
Since it is of interest to compare our data with theirs, the dissipation rates have 
to  be defined on the same basis. However, the validity of the assumption of local 
isotropy in turbulent shearing layers is open to question. Klebanoff (1954), for 
example, has found that direct evaluation of dissipation rates in the boundary 
layer along a flat plate near the wall yielded about twice the rates estimated on 
the basis of the assumption of isotropy. Typical values of dissipation rates 
calculated from (3) and (4) are listed in table 2 along with values of the microscale 
A, calculated from 

2n 2 
~ 9 - 2  = (z) I0 n2F(n)dn. ( 5 )  

Distributions of E as function of height and fetch for the case of high wind speed 
are shown in figure 6. Here data of Hess (1968) are also given for comparison. Both 
sets of data are seen to be in agreement. A strong increase in the apparent dissi- 
pation rate with fetch is observed in these results. The dissipation rate increases 
faster than production. If, as a first approximation, production is set equal to 
dissipation rate then one should obtain in the constant stress layer with M u," 
that S K Y / U ~ ,  M 1, where v' is the fluctuation of the vertical component of velocity. 
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2 

(em) 

(without 
grid) 

350 

35 0 
(with grid) 

- 35.3 
(6 = 4.8 cm) 

244 
(a % 0.3 em) 

850 
(a c 0-9cm) 

Y 
(em) 
1.27 
2-54 
7.62 

12.7 

1.27 
2.54 
7.62 

0.5 1 
1.14 
2.42 
3.69 
6.22 

1.27 
1.91 
2.54 
3.82 
5.08 

4.42 
5.69 
6.96 
8.86 

14.0 

- 

U* (U+ 6 x 10-4 A, 
(em see-l) (em sec-l) (cmz (em) "yi4 

17 11 
7.9 
2.6 
1.0 

15.8 7.0 
4.0 
1.5 

45 114 
75 
56 
33 
10.2 

62-4 127 
118 
111 
92 
75 

82.4 161 
150 
134 
120 
69 

1-20 
0-75 
0-16 
0.07 

1-42 
0.42 
0.20 

17.0 
4.6 
1.8 
0.76 
0.033 

16.8 
14.4 
11.1 
5.5 
3.0 

29.8 
25.0 
16.5 
11.0 
2.7 

0.43 
0-54 
0.66 
0.66 

0.37 
0.51 
0.5 8 

0.48 
0.58 
0.71 
0.64 
0.94 

0.5 1 
0.52 
0-55 
0.66 
0.73 

0.48 
0.50 
0-55 
0.60 
0.70 

TABLE 2. Turbulence characteristics of the air motion. 

0.38 
0.23 
0.19 
0.12 
0.09 

0.36 
0.45 
0.46 
0.34 
0.24 

0.98 
1.01 
0.81 
0.69 
0.29 

If this number is larger than 1, then dissipation exceeds production. If it is smaller 
than 1, production exceeds dissipation and the turbulent intensity increases 
with distance. Calculated values of E K Y / U ~  are listed in table 2. Although the 
dissipation rate increases with fetch more rapidly than the production, the abso- 
lute magnitude of production is found to be larger at  all fetches, except for the 
largest, where balance of dissipation and production is found near the surface. 

The turbulent energy spectra calculated for flow over the waves could be 
represented non-dimensionally over most of the high wave-number ranges by a 
similarity profile. The scaling parameters were those required by Kolmogoroff’s 
- $ law for the inertial subrange. The dimensionless spectrum is given by 

where (7) 

k = 27rnlS is the wave-number and IC, = ( e v 3 4  is the reference wave-number. 
Spectra for several fetches are recalculated in this framework using E from (3) and 
are shown in figure 7. 

All spectra shown have a well-defined viscous dissipation range at the high 
wave-numbers. In  this range, the spectra fall on the same curve, which agrees 
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with the universal form found, for example, in thicker turbulent layers by Sand- 
born & Marshall (1965). Adjacent to the low wave-number extreme of the dissi- 
pation range, there may exist an inertial subrange. Pond et al. (1963) found that 
for spectra over ocean waves the k-8 decrease holds over many decades of wave- 
numbers. Their average curve has been plotted with the experimental spectra of 
figure 7 .  With the exception of spectra corresponding to very thick boundary 

E (cm2/sec3) x 10-5 
FIQURE 6. Distribution with height of the apparent rate of dissipation for 

air flow over small waves. 

layers, such as those measured by Sandborn & Marshall (1965), laboratory 
boundary layers do not usually show a well-defined -Q power law. This is also 
found over waves when the free-stream turbulence level is low. However, for 
grid-induced high free-stream turbulence levels, the spectra contain a small in- 
ertial subrange, which furthermore agrees with that of Pond et al. (1963). This is 
illustrated in figure 7(c), where the spectra corresponding to critical wind speed 
at  a fetch x = 3.50 m with grid turbulence are reproduced. 

For the conditions of low free-stream velocity, or for conditions near the outer 
zone of the air flow responding to changing surface roughness, the Kolmogoroff 
constant K ,  as defined by +-(k/r%,) = ~ ( k / i c , ) - % ,  
deviates from the value of 0-46 reported by Pond et al. The value of 0.46 probably 
corresponds to a turbulent medium which is in local equilibrium when the dissi- 
pation rate B equals the production rate. 

(8 )  



Experiments on  the generation of small water waves by wind 637 

3.2. Wind-induced water motion 
The measurements of the turbulent shearing flow in air over the water character- 
ize the conditions for energy transfer to the water. Under the influence of the air 
motion, waves are raised, and a drift current develops. 

The wind waves. As the steady wind is gradually increased in speed from zero, 
the water surface at  any given point undergoes gradual changes from glassy 
smooth to fully developed waves. This is illustrated by the sequence of photo- 

104 

103 

102 

101 

x 

100 
ii 

lo-' 

10-2 

10-3 
10-3 10-2 10-1 1 10-2 lo-' 1 

k/k* 
' 10-2 lo-' 1c 

FIGURE 7. Non-dimensional spectra of turbulence in longitudinal component of air flow. 
(a )  u* = 45 cm see-1 for typical heights and fetches. ( b )  u* = 17 cm see-l (without grid) 
at z = 350 cm. (c) u* = 15.8 cm sec-1 (with grid), z = 350 cm. 

graphs shown in figure 8, plate 2. The first waves, near critical wind speeds, are 
smooth undulations, two-dimensional in appearance, which are oriented with 
crests nearly perpendicular to the direction of flow (figure 8 (a) and ( b ) ) .  As the 
wind speed increases, the water surface becomes somewhat more ruffled (figure 
8 (c) ,  ( e )  and (f) ). Short crested capillary ripples are superimposed over the first 
undulations (figure 8 (c) and ( e ) )  and arhombic wavepatterndevelops. Withfurther 
increase invelocity the rhombic pattern evident in figure 8 (c), ( e )  and (f) re-orders 
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itself into a more two-dimensional wave pattern where the waves are slightly 
skewed with longer and smoother backs than fronts (figure 8 (d),  (9) and (h ) ) .  The 
capillary ripples which were originally distributed rather uniformly over the 
surface become concentrated on the wave-fronts and align to form more or less: 

u, = 1.67 mjsec - -__^_ 

2,03m/sec - - -  - 
cm 2.87 mjsec :- 

3.14m/sec b 

0.030 

0.0 15 

0.005 
354m/sec 

3.60m/sec 

3.69 m/sec 

3.79 m/sec - -  _ _ ~  
0 1 2 3 4 

(a) 

Time in sec 

6.----- -- 
( b )  0 1 2 3 4 

Time in sec 
FIGURE 10. Typical recordings of capacitance gauge response near critical wind speed 
(with grid). Data shown are for different wind speeds at  z = 3.50 metres. (a) Records 
taken at  high sensitivity of the wave gauge below critical wind speed. ( b )  Records similar 
to those in (a),  but taken at  much lower sensitivity, wind speed higher than critical. 

uninterrupted ridges in front of the wave crest. They have a maximum amplitude 
near the crest of the wave, on which they are superimposed, and diminish in size 
towards the valley of the large wave, where they disappear altogether. Theripples 
have a wavelength which lies between 0-5 and 1 cm, and they appear to stay 
with the larger wave on whose front they ride. The general appearance of the 
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water surface is then as shown in figure 8 ( f )  and (h) . In  figure 8 ( f ) ,  the ordering 
process of the ripples has just begun, and in figure 8 (h) it is essentially completed. 
The pattern is thus seen to be similar to the development described qualitatively 
by Phillips (1966). 

If the wind speed u, is increased beyond 10 m sec-1 the early evolution of 
ripples pictured in figure 8 (a ) ,  (b )  and (h) is not so easily observed. Instead, it 
is compressed into a short distance very near the inlet plate. This can be seen in 
figure 9, plate 3. At longer fetches and high wind speeds, the capillary ripples 
are observed to emerge both on the windward and leeward sides of the two- 
‘dimensional, dominant waves, as observed earlier by Hidy & Plate (1966). 

The records of water surface displacement taken at  one point under conditions 
aimilar to those for the photographs in figure 8 are shown in figure 10. They were 
taken at  x = 3.5 m for different wind speeds around the critical value. They give 
further information about the nature of the onset of visible waves on the water 
surface. Two striking features are revealed in the traces of figure 10. First, the 
recordings show quite clearly that microscopic undulations exist at  velocities 
well below the critical wind speed even though they are not readily visible. Even 
at the lowest wind velocities occasional bursts of tiny wavelets were observed 
whose amplitudes exceeded the sensitivity threshold of the capacitance gauge 
at practically all wind velocities. However, in order to become clearly visible, 
they must have been exposed to the wind for some time; that is, they must have 
travelled downwind. They become recognizable at wind speeds slightly below 
critical. At critical conditions, these first undulations appear visually to be on the 
verge of breaking up into the rhombic pattern. 

Secondly, it is observed that the process of wave growth takes place in the 
following manner. At the lowest wind speeds, the apparently calm surface is 
occasionally interrupted by the passage of a small group of waves which are just 
of sufficient height to penetrate the sensitivity threshold of the capacitance gauge. 
With increase in wind speed, the wave groups accumulate more waves, but grow 
only very little in amplitude until the groups join and form irregular inter- 
ference patterns near their joints. Further increase in wind velocity leads to a 
growth in amplitude of individual waves which is again followed by adjustment 
in height ofthe adjacent waves. This process appears to repeat itself with increas- 
ing wind speeds, so that it is always possible to distinguish well-separated groups 
of waves, displaced with respect to each other by random phase shifts, but well 
defined and quite regular in themselves. 

In addition to the records in figure 10, a series of wave-gauge traces were taken 
upstream and downstream of the ‘critical fetch’ at constant wind speed. A 
typical set of spectra #(n), where #(n) is the density of the potential energy of the 
Fourier component associated with frequency n, calculated from such data is 
drawn in figure 11. At fetches smaller than critical, the wave spectra are diffuse 
in the low-frequency range, falling off at  high frequencies. The broadness of the 
spectra in this range may be an indication of the noise level and averaging or 
sampling error inherent in the digital analysis rather than of the presence of many 
Fourier components of nearly equal energy in the agitated surface. Just beyond 
the critical fetch, the spectrum begins to sharpen up as energy is transferred at  
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a maximum rate to a narrow band of waves whose frequency is centred around 
8-5 Hz. With increasing fetch, the spectrum remains nearly constant in shape 
and has its maximum at 8.5 Hz until the peak reaches a curve which denotes an 
equilibrium limit. The equilibrium range is a curve denoted by (Phillips 1966) 

$(n> = pg2n-a, (9) 

where g is the acceleration of gravity, n is given in Hz, and p is the constant of 
proportionality, approximately equal to 7-5  x This equilibrium range has 
been found to exist for waves varying from those observed on laboratory scales 
to ocean waves (Hess 1968). Growth of frequency components far beyond the 
equilibrium limit denoted by (9) does not appear possible. Instead, a continued 
increase in energy of a wave train at  this stage tends to be associated with a shift 
of the spectral peak to lower and lower frequencies. 

There may be a significance in (9) which goes beyond the intention of Phillips 
to  describe the high-frequency end of the spectrum. In  fact, the spectral curves 
do not really follow very well the dependency expressed by (9). Near the peak, the 
decreaseinenergy is muchsteeper, morelike an n-9 drop-off untila secondary peak, 
at twice the frequency of the primary peak, is reached. At still higher frequencies, 
the drop-off continues at  a higher rate than n-5. This was also found by Suther- 
land (1967). A well-defined n-5 subrange cannot be found for the laboratory data 
except by drawing a somewhat arbitrary curve through all parts of the high- 
frequency end of the spectrum. However, if all spectra are considered together, 
then (9) is found to denote an average curve through the high-frequency ends of 
all spectra, which is overshot somewhat by the spectral peaks. By a small ad- 
justment of the constantp it is possible to make (9) the envelope to the peaks of all 
spectra, rather than to the high-frequency end. In  this form, (9) can be interpreted 
as a limit to the growth rate of all spectral peaks, quite independent of the high- 
frequency end of the spectra, or the spectral shape. In  an appendix, we offer an 
alternative derivation of (9) which is based on the assumption that the peak 
corresponds to a dominant wave whose amplitude is limited by gravity. 

While for peak spectral densities below equilibrium the frequency remains 
constant at  constant shear velocities, it was observed that an increase in wind 
velocity has a tendency to shift the peak of the unsaturated wave spectrum to 
lower frequencies. In  a set of experiments ranging from u* = 17 cmlsec to 
u* = 35 cm/sec the peak was seen to move from 7 to 11 Hz. The results are tabu- 
lated in table 3. The experiments also led to a decrease in fetch length at which 
critical wind speeds for wave appearance were observed. 

An illustration of the spectra found under conditions of higher wind speeds 
is shown in figure 12. These data correspond to the evaluation of the agitated 
surface at  u, M 10 m sec-I. Close to the plate at  x < 5 cm, the spectra display a 
peak at n = 16 Hz which is attributed to the tunnel vibrations. The natural 
vibrations of the tunnel were examined and found to be nearly sinusoidal with a 
frequency of about 18 Hz, governed by the rotational speed of the fan, which was 
constant for all wind velocities. The 16 Hz peak is quite pronounced at  x = 1 cm. 
By x = 5 cm, this component has become secondary in importance to a wind- 
induced component at  a frequency of about 11 Hz. This shows that the dominant 
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wave is not associated with tunnel vibrations. At  fetches up to 50 cm, the 11 Hz 
component is predominant in the spectra. In  this case, therefore, it appears that 
this component represents the wave of maximum growth over a fetch of from 
0 to 50 cm. For this fetch a constant shearing stress of u8 = 35 cm sec-l was de- 
termined as previously reported by Plate & Hidy (1967). A t  a fetch of about 
40 cm, the 11 Hz component reaches the equilibrium curve, and from then on 
the frequency associated with the dominant peak decreases with increase in 
fetch, as has been observed in the case of flow a t  low velocities. 

u* 
(cm sec-l) 

15.8 
16.2 
17.0 
19.0 
19.8 
35.0 

Frequency of 
spectral peak 

7.0 
7.0 
7.5 
8.5 
9.0 

11.0 

m,,, (Hz) 

Predicted frequency of 
spectral peak based on 

Miles' theory with 
wave-number corrected 

for drift current 
(Hz) 
9.2 

9.2 
9.3 

12.8 

- 

- 

TABLE 3. Increase in frequency of spectral peak with wind speed in the 
second stage of growth. 

Series of spectra taken at  increasing fetches such as those shown in figures 11 
and 12 enable the tracing of the growth of a particular Fourier component. Two 
results of this kind are shown in figure 13, in. which the development of the 
spectral peaks before saturation is illustrated. These curves indicate that the 
11 Hz component of the high wind spectra follows an exponential growth law up 
to about 40 cm fetch where equilibrium is attained. The growth rates for the 
spectra taken for conditions of low wind speed generally were not nearly as well 
defined. The case for u* = 19 cm sec-l, in figure 13, displays a region upstream 
of the critical fetch, x 2 200 cm, where the growth rate is small. However, from 
about x = 100 cm to conditions where equilibrium is attained for the 8-5 Hz 
component at  x NN 300 cm, the spectral density increase is best fitted by a straight 
line of slope 6.5 m-l, suggesting an exponential growth up to the equilibrium 
limit. 

The drift velocity ut the water surface. The velocity us of the water surface was 
measured by means of the technique described earlier in $ 2 .  Results are shown in 
figure 14for two different friction velocities based on the air motion. It is observed 
that over short fetches the drift velocity increases roughly according to a power 
law, while, at  fetches exceeding about 1 m, the ratio of the drift velocity to the 
free-stream velocity, uJu,, attains a constant ratio of 0.026. If a cross-sectional 
average wind speed is defined as O-Su,, these results agree with data obtained by 
Keulegan (1951) for large Reynolds numbers based on fetch. 

41 Fluid Meoh. 35 
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FIGURE 11. Amplitude spectra for wavelets being generated at  low wind speeds. These 
records indicate the evolution of the spectra with fetch for u* = 19 cm sec-l. 
FIGURE 12. Amplitude spectra for the waves developing downstream of the plate. 
u* = 35 cmsec-1. 
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4. Discussion 
When air flows from a smooth solid surface on to water, the turbulent boundary 

layer evolves in essentially the same manner as it would have over a solid bound- 
ary. As long as the surface standard deviations do not exceed CT z 0.10 cm, the 
structure of turbulence remains characteristic of shearing layers over smooth 
boundaries (see also Plate & Hidy 1967). For waves of larger amplitude, the 
wind profile responds in its lower parts to the increasing roughness in a manner 
as expected for boundary layers along solid, rough surfaces. For our present data, 
examination of the mean flow, turbulent intensities and energy spectra of the 
longitudinal component, and apparent turbulent energy dissipation rates suggest 
no marked anomalies attributable to wave action on the air even over wavy sur- 
faces whose standard deviation exceeds 0.1 cm, except possibly for the dissipa- 
tion rates. Consequently, we conclude that the wind field is at  most weakly 
affected by the water waves, and, since a region of constant shear with fetch can 
be realized, it should be possible to  compare the data taken in the tunnel with 
predictions based on theoretical models such as Miles’ (1962 a). In  the following 
sections we shall discuss the experimental results principally in the light of such 
theoretical concepts. 

4.1. Stages of development of the small waves 
The experimental observations showed that there are three distinguishable 
regimes in the evolution of surface waves. The first is a condition wherein essenti- 
ally two-dimensional microscopic disturbances form on a nearly glassy surface. 
These tiny oscillations have a regular shape with crests oriented nearly normal 
to the wind direction, and with a well-defined frequency (figures 8 (a ) ,  ( c )  and 
lo), which depends on the magnitude of the shearing stress exerted on the water 
surface by the wind. This behaviour of the invisible waves is inferred from the 
appearance of the first visible waves. If the wave crests of the nearly microscopic 
disturbances were not oriented perpendicularly to the wind, a marked change in 
dominant frequency in the records of figure 10 would appear after waves became 
visible. In the latter case, the visible dominant waves were quite distinctively 
oriented with crests normal to the wind direction as shown in figure 8 (a)  and (b) .  
The regularity in appearance of the first waves at  frequencies lower than 13 Hz 
suggests that the resonance mechanism of Phillips (1957) may be relatively un- 
important in setting up the initial disturbances. This conclusion is strengthened 
by the observation that in none of the data could a linear growth rate be un- 
ambiguously identified as predicted by Phillips’ model. Other results of supple- 
mental experiments discussed below also bear on this conclusion. 

In  the second r6gime of development, the wave pattern evolves spontaneously 
into a cross-hatched pattern of three-dimensional configuration (figure 8 (c )  and 
(e)). This change in pattern, however, cannot be detected directly in wave traces 
taken at  only one point, because the three-dimensional nature appears to be 
related to the occurrence of shorter, capillary waves which superimpose over the 
regular wave pattern which existed earlier. The appearance initially of two growth 
stages characterized by two-dimensional oscillations supplanted by more three- 
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dimensional wavelets also was recognized by Cohen & Hanratty (1965) for wind 
ripples on thin layers of liquid. 

The third regime is associated visually with a return to a pattern of more or 
less two-dimensional gravity waves on which are superimposed small capillary 
ripples (figure 8 ( d ) ,  (9) and (h)) .  This regime is characterized by amplitude spectra 
which coincide with a ‘universal’ equilibrium range in the high frequencies 
(figures 11 and 12). The third regime of wave development appears to be the one 
best studied in previous investigations, and it seems to be the one of principal 
significance in relation to ocean waves or lake waves. 

Present theoretical knowledge seems to be able to explain qualitatively the 
broad aspects of wind action on a water surface in the first stages of growth 
after the onset of microscopic disturbances until the attainment of equilibrium, 
but the origins of the first two-dimensional ripples on a microscopic scale cannot 
be considered explained at  present. In  an attempt to obtain further insight into 
the nature of the onset of the first disturbances in the water, two supplemental 
experiments were performed. 

4.2. Experiments on the role of pressure Jluctuations in wave initiation 
Two tests were performed on the effect of changes in the turbulence structure in 
the air on the process of wave generation. In the first, the turbulence level of the 
air was significantly changed (figure 4 (b )  and table 2) by inserting a grid into the 
air flow a short distance upwind of the inlet plate. At the same time the ambient 
wind velocity with the grid was decreased to 3.2 m sec-l as compared with 
u, = 3-7 m sec-l for the same case without the grid, maintaining a critical fetch 
at 4-88 m, where waves first became visible in the sense of the criterion described 
in Q 2. The mean velocity distributions and turbulence intensities from these 
tests were compared with equivalent results obtained for the same critical fetch 
but without grid. 

The experimental data on the mean velocity distributions shown in figure 3 do 
not indicate any differences in shape of the velocity profile or any significant 
changes in the nature of the shearing flow. Rather the profiles correspond in both 
cases to that for flow over a smooth solid boundary. The observed change in 
shearing velocity u*, or shear stress, ro, is however, significant. The shear stress 
for the case without grid is approximately 20 yo larger than that for the case with 
grid. Yet the turbulent intensity profiles shown in figure 4 (b)  coincide in the lower 
portions (the ‘inner layer’) for both cases if non-dimensionalized by means of 
scaling based on the shear velocity. Hence, within the inner layer, the turbulent 
intensity at a given elevation above the water surface is actually lower for the 
case with grid. The increase of the free-stream turbulence due to the grid is felt 
mainly in the outer part of the boundary layer, where the intensity was larger. A 
set of spectra of the turbulent energy for the same elevation above the water 
surface, shown in figure 5 ,  indicates that the difference in the ‘inner layer’ be- 
tween the two cases is found in the low-frequency end of the spectra. The high- 
frequency ends of the spectra are identical. At the low-frequency end of the 
spectrum where the energy associated with water waves should be found, the 
spectral energy of the case with grid is much lower. 
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The results of this experiment suggest that, for a given wind speed, a higher 

turbulent intensity in the ambient air outside the boundary layer leads to an 
earlier triggering of the disturbances of the water surface. From this observa- 
tion, one might conclude that an analogy with transition to turbulence in a 
boundary layer exists, which also can be triggered by increasing the level of the 
turbulent intensity in the free stream. In our experiments, however, the air 
flow is already turbulent even at  the shortest fetches. Tollmien-Schlichting 
waves in the air must therefore be ruled out as initiators of the first water surface 
waves. Thus, if the initial waves are a result of a transition from laminar to  
turbulent motion, it can only be a transition in the water. In  the first metre or so 
the flow in the water appears to be laminar in nature, but farther downstream a 
transition to turbulent flow takes place. This was ascertained from observations 
of hydrogen bubble traces released in the water near the surface at  conditions 
near critical wind speed at  a fetch of 3.5 m. At low air velocities, the bubble 
pattern passed through a stage where small low-frequency oscillations apparently 
associated with secondary circulation are the only observed disturbances of the 
water current near the surface. With increasing wind speed occasional large 
eddies are shed from the thin layer of accelerated fluid near the surface into the 
interior of the water. At still higher wind speeds when the first waves become 
visible at the surface, the flow near the surface exhibits the eddying characteris- 
tics of fully turbulent motion. Thus, it appears that visible waves and turbulence 
in the water occur under identical conditions. An attractive speculation leads 
thus to a model of wind wave generation from perturbations induced by the air 
turbulence of the shear flow in the water. Against this stands the requirement that 
the disturbance for which the water boundary layer becomes unstable travels 
with a progression speed which is lower than the surface velocity, so that the 
critical layer at which the current velocity equals the phase speed of waves would 
be found in the water. This is contrary to observation which shows that all waves 
travel with phase speeds exceeding the water surface velocity. 

An alternative interpretation of the experimental results might be given by 
postulating an initiation mechanism which produces comparatively well- 
ordered large-scale and low-frequency pressure oscillations associated with the 
air turbulence in the outer portion of the boundary layer. Such oscillations might 
develop a resonance with free modes of the water surface, equivalent to the 
mechanism of resonant interactions predicted by Phillips (1957). 

To verify this latter model, pressure fluctuations should be measured at  the 
surface. This is not possible with our present techniques. However, the pressure 
fluctuation pattern can be inferred from the pattern of the longitudinal velocity 
components T2 by the following reasoning. 

Willmarth & Wooldridge (1962) have shown a large degree of correlation 
between pressure fluctuations and fluctuations in the longitudinal component of 
the air velocity. They found that the propagation velocity of the pressure disturb- 
ances in a shearing flow was equal to  that of the velocity fluctuations. Further- 
more, the space-time correlation functions between pressure and velocity were 
quite similar in shape and scale to those of the component of turbulent velocity, 
u'. These conclusions have been placed on a more theoretical foundation recently 
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by Bradshaw (1967). Relying on arguments that the large eddies of the turbulence __ 

are axisymmetric, Bradshaw deduced that the pressure spectrum and the (u')2 

spectrum in the outer portion of the boundary layer should be identical at  low 
frequencies. Consequently, a study of the low-frequency end of the u' intensity 
spectrum should yield information on the pressure fluctuation at corresponding 
frequencies. Since most of the energy of the spectrum is associated with low 
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frequencies, the average progression velocity of the spectrum is governed by the 
average progression velocity of the low-frequency components. Thus, measure- 
ments of the average progression velocity of the turbulence intensity pattern can 
be interpreted in terms of the mean progression velocity of the low-frequency 
fluctuation in pressure. 

We therefore, designed an additional experiment to  check indirectly for the 
possibility of finding low-frequency pressure waves moving at  the phase velocity 
of observed modes of the surface waves. It consisted of measuring the progres- 
sion velocity of the u' intensity pattern from space-time correlations such as the 
example shown in figure 15. To obtain these curves, a hot-wire probe was em- 
bedded into the aluminium plate 12.7 em upstream of the beginning of the water 
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surface and was elevated to 2.5 cm in the approaching air stream and thus ex- 
tended well into the outer portion of the boundary layer. At the same elevation, 
but downward from this fixed probe, a movable probegwas located at  various 
distances such that the distance (x) between the two probes was varied from 2 to 
30 em. At a given probe spacing, the two hot-wire signals were recorded simul- 
taneously on the PM tape recorder. The space-time correlations were calculated 
by analogue techniques using the relation 

Ro(T ,  x) = - u'(t, xo) u'(t + 7, xo + X ) d t ,  
uY2T S' o 

where xo is the location of the fixed probe, r is the delay time of one signal with 
regard to the other, and T is the averaging (sampling) time. 

From the space-time correlations a curve of the progression velocity up is 
found by plotting the delay time rP corresponding to the peak correlation vs. 
distance x, and determining up locally by the definition up = dx/dtp. The pro- 
gression velocity was found to be constant and about equal to @8u, (8.5 m sec-I), 
which is well above the phase velocity of any observed waves. 

From the data in figure 15, we note that the turbulent flow pattern is quite 
persistent. At a distance x of 30 em, the maximum correlation coefficient had only 
dropped to 0.4, which should give the pressure pattern sufficient coherence to  
raise waves, but, because of its high progression velocity, the oscillatory pressure 
pattern could feed energy only to waves which travel obliquely to the direction 
of mean air flow, with resonance occurring when the angle between the direction 
of propagation of the waves and the wind direction is given by cosa = c/up 
(Phillips 1957). This requires angles between wave crest and wind direction in 
this study of between 0 and 10') which were not observed. Even the smallest 
capillary ripples of wavelength about 0.5 em have a phase velocity of only 
30 cm sec-1 and thus, for the lowest air velocity at  which waves were observed 
(critical fetch at  x = 4-88 m), one should have found the smallest value a = 78". 

Our experiments have thus yielded no evidence which can be used for support 
of existing theories on the inception of the very first ripples. They have, however, 
brought out some facts which were not observed before, such as the dependency of 
the frequency of the first waves on the surface shear stress, which will have to be 
explained by future models of generation of water surface waves on smooth water. 

4.3. Xhearing flow instability 

Once the initial disturbances exist, regardless of their origins, energy can be 
transferred to them by the viscous mechanism described by Benjamin (1959) and 
Miles (1962a). Assuming that this mechanism controls further growth of the 
first wavelets, it will be active at  all fetches in the first two stages of growth as 
we have defined them, and to some extent also in the third stage. 

The analytical solution of Miles (1962a) applies to conditions of a logarithmic 
distribution of air velocity that does not change with fetch. Furthermore, no 
mean velocity gradient is accounted for in the water. The waves of wave-number 
k are assumed infinitesimal in amplitude a (ak < 1 ) )  and the critical layer, where 
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u ( y )  = c,  is presumed to lie within the viscous sublayer of the air flow. The model 
of Miles is valid if 

c, < 2.3(u*/vak)fu*, 

where the phase speed c, is given by 

Here y is the surface tension between air and water. These restrictions, with the 
exception of zero velocity in the water, were fulfilled within the first 50 cm 
downstream of the plate, in our experiments involving the high wind speed and 
over some distance upstream and downstream of the critical fetch in the case of 
the low wind speeds. 

The linearized stability theory of Benjamin and Miles traces the development 
of small disturbances of the type 

7 = a, exp [ilc(x - ct ) ] ,  ( 1 3 )  

where 7 is the water surface displacement, a, is the amplitude of the initial 
disturbance of wave-number k, and c is its complex phase speed given as 

c = C , + i C , .  (14) 

Disturbances will grow if the imaginary part ci is positive. The net amplification 
factor m = kc, consists of a sum of two terms: a growth rate ma due to the Miles- 
Benjamin mechanism, and a damping rate m, resulting from viscous dissipation 
of wave energy in the water. From the theory of small-amplitude waves 

m, = - 2k2vW - ( 2k3vW co)4 exp ( - ~ k d ) ,  ( 1 5 )  

where d is the depth and vw is the kinematic viscosity of the water. The phase 
speed co of the infinitesimal waves is assumed unaffected by the process of energy 
transfer from the air to the water. The growth factor is determined from a solu- 
tion of the viscous Orr-Sommerfeld equation as (Miles 1962a) 

where F and H are complex functions of the variable 

z = c / u p  (17) 

and w is a complex function discussed by Miles (1962 b).  

U; of the mean wind proflle at the surface is given by 
Since it is assumed that the velocity profile nearest the water is linear, the slope 

The parameter S* is given by (v,/U;k)). In  Miles’ ( 1 9 6 2 ~ )  approximations, 
wi = 0 so that 

I F - w ~ ~  = (F,-~,)~+Firq. 
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In our calculations for ma, q, Ft and Hi were determined from curves given in 
figure 3 of Miles (1962a) paper. The w function was estimated from Miles 
( 1962 b) ,  where 

The velocity u1 a t  the edge y = y1 of the viscous sublayer is found from the con- 
dition that the logarithmic law in the form given by Miles (1962 a)  

must asymptotically approach (2) for large values of y. With the term 

o[Y l /Y l  M 0 
in Miles’ equations, it follows that 

3 ~ 6 . 9 .  
u* 

This value is within the range of 5-6 to 8 used in Miles’ calculations. 
From the above equations, the theoretical amplification factors ma and m, 

were calculated for the experimental conditions of this study. We note that the 
only wave component to which the Miles’ model applies without ambiguity is 
that corresponding to the peak of the spectrum; i.e. to the dominant wave. On 
this we shall therefore concentrate. To extend the results to the whole spectrum 
requires superposition of solutions, which is possible in principle because of the 
linearity of the model. Other wave components than the peak, however, are 
more likely to be affected by disturbances in the velocity profiles due to the 
dominant component. The results for spatial growth of the dominant waves have 
already been introduced in figure 13. The theory of Miles’ yields growth rates in 
time, which have to be converted to spatial rates by means of the transforma- 
tion (Gaster 1962) 

where m = ma +mw from (15) and (16), and cg is the group velocity: 

where pw is the water density. 
The theoretical slope S,  then can be compared with the slope S, obtained from 

experimental data. AS, was determined as the slope of the best-fitting straight 
line passing through a plot of log $(n) vs. x. This slope is equal to twice the growth 
rate of the wave amplitude, since the spectrum corresponds to the wave amplitude 
squared. A comparison of data based on theory and experiment is given in 
table 4. These results indicate fractional differences of 61 yo or less between theory 
and experiment for growth of the dominant waves in the second stage of de- 
velopment. In  two of the four cases listed the difference is outside the estimated 
uncertainty in evaluating the slope S,. 
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All of the data listed in table 4 coincided with Miles’ ( 1 9 6 2 ~ )  additional re- 
striction that the ratio [(p,/p,)u$/vak] < c,,. When these two velocity scales 
become of the same order, the growth rates of small waves may be modified by 
the Kelvin-Helmholtz class of instability. 

Because of the sharpness of the spectral peaks, caution has to be used in in- 
terpreting the growth of Fourier components on either side of the spectral peak. 
However, it is useful for a qualitative comparison to examine the experimental 
slope along with the theoretical values over a range of wave-numbers. As an 

l o t  8 

Miles’ theory 

0 I I I 
0 1 2 3 4 5 

k (om-l) 
FIGURE 16. Comparison between experimental results and Miles’ (1962a, b )  theory, with 
Drake’s (1967) theory correcting for the drift current. The wave-number for the experi- 
mental data has been modified for water surface speed by (23). 0, experiment; a. 
Drake’s theory. 

illustration of the distribution of the amplification factor in terms of the slope S, 
theoretical and experimental results for u* = 19 em see-l are plotted together 
in figure 16. 

T h e  inJEuence of the surface current. One potentially serious limitation of Miles’ 
theory is the disregard for the shearing current that develops in the water. Taking 
this motion into account might improve the predictions of the two-dimensional 
theory for shearing flow instability. 

Since our measurements are taken at  a fixed location, two possible effects of 
the current may enter into the comparison between theory and experiment. The 
first involves accounting for a shift resulting from the finite surface velocity, us, 
on the transformation between wave-number and frequency. The second influence 
may stem from the fact that the gradients in the drift current in the thin viscous 
layer at  the water surface may modify the growth rates as well as the dissipa- 
tion rates. An increase in amplitude may be expected by increased energy transfer 
to the water associated with the surface current, as has been illustrated by 
Tominaga (1964) for the case of waves on a current of uniform velocity. This is 
partially compensated for by an increase of the dissipation rate. 
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To examine the importance of the drift current on our wave measurements, 
we looked at instability theories that attempted to incorporate such an effect. 
Miles’ mechanism has been applied to superimposed liquids with linear velocity 
profiles by Feldman (1957) and Miles (1960). However, Miles’ and Feldman’s 
models differ from our laboratory condition by the assumption that the critical 
layer was supposed to exist in the lower, heavier fluid. 

puu”* 
u,* %m* k CO P W V &  

(cm sec-l) (Hz) (em-l) (cmsec-l) (cmsec-l) z 

15.8 7.0 1-64 26.7 0.84 0.451 
17.0 7.5 1.82 25.9 0.87 0.417 
19.0 8.5 2.16 24.7 0.91 0.362 
35.0 11.0 2.96 23.4 2.54 0.167 

% diff. 
ma - mw 2mx ST s, (8, -S,) lOO __ 

(see-l) (see-l) Cg (m-l) (m-l) 8, 
0.241 0.054 13.4 2.1 1.3 f 0.4 + 61 
0.354 0.066 15.4 3.1 3.7 * 0.8 - 16 
0.497 0.0933 21 4.3 6.5 f 0.6 - 34 
2.57 0.175 2.18 24 25 + 1  - 4.0 

TABLE 4. Comparison between experimental growth of dominant wave with fetch 
and Miles’ theoretical predictions assuming u1 = 6.9u,. 

A model in which the critical layer lies in the air and in which velocity gradients 
exist in both fluids has been considered for gas flow over thin liquid layer by 
Cohen & Hanratty (1965). A newer theory for deeper liquid layers has been 
reported by Drake (1967)’ and by Drake & Plate (1968). This model is adopted 
here to predict the behaviour of waves in the second stage of growth. The applica- 
tion of this model requires that the water surface velocity be known in addition 
to the parameters of Miles’ model. We used the experimental results for the 
water surface velocity reproduced in figure 14. 

Drake’s model assumes a mean velocity distribution which is identical in the 
air with that of Miles (19624 with the exception of accounting for translation due 
to the surface velocity. To specify the water current, a linear profile in the thin 
layer near the water surface is assumed which abruptly changes with depth into 
alogarithmic profile fixed at the bottom of the channel. For deep water waves, the 
contribution from the logarithmic portion of the current profde to energy transfer 
becomes unimportant. Thus the linear profile, which originally was developed 
for instabilities of small disturbances on a moving stream, can be applied readily 
to wave growth in the case of a shear-induced current in water standing in the 
channel. To a first approximation, the following equation for the phase speed, 
c, - us, relative to the surface velocity is found (Drake 1967) : 

(c, - us)2 + U2*Pa (c, - 7.4,) - c; M 0, 
P w  k 

where ,uw is the viscosity of water. 
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To higher approximations, the right side of (23) is equal to the complex function 
u$ Q, where Q is given by 

(24) - Q  = G w  + G a  
1 +Fw+Fa* 

In  this equation, the functions with subscript w stem from the water solutions 
of the Orr-Sommerfield problem, while G, and Fa result from the air motion. 

These functions are given by Drake & Plate (1968) in terms of c,., uI and us. A 
solution for (23) and (24) is obtained iteratively by assuming first Q = 0, calculat- 
ing c, from (24) and inserting this value into the terms for the functions G and B 
in (24), from which a new estimate for Q is found. The new approximation for Q 

u* u* %ax Wcom.) s, s, (8, -8,) 100 
(cm sec-1) (cm sec-l) (Hz) (cm-l) (m-l) 8, 

15.8 8.90 7.0 1.36 2.0 1.3 2 0.4 + 54 
17.0 9-75 7.5 1.59 3.1 3.7 f 0.8 - 16 
19.0 10.7 8.5 1-91 5.1 6.5 2 0.6 - 22 

TABLE 5 .  Comparison between experimental growth of dominant wave with fetch and 
Drake’s theory accounting for the effect of the drift current u1 = 6*9u,. 

results in a revised complex phase velocity c -us. The iteration is repeated until 
a constant value of c is attained whose imaginary part is converted into the 
spatial growth rate by means of (21) from the time growth rates m = hi, with 
c given by (23). 

For the spectral wave peaks observed at low shearing velocities, calculations 
of the growth rates in terms of 8, from Drake’s model are compared with experi- 
mental results in table 5. For these calculations, us was taken as us = 0.026 u,. The 
incorporation of the influence of the drift current evidently slightly improved the 
agreement between theory and experiment, particularly in the u1 = 19 em see-l 
case, for the dominant waves in stage two of growth. 

To illustrate differences and similarities of Drake’s and Miles’ models, the 
case of u* = 19 em see-1 was used again as is shown in figure 16. At low wave- 
numbers, k < 1 em-1, both models give essentially the same results for s,. For 
larger wave-numbers, however, Miles’ theory predicts lower growth rates than 
Drake’s model with a maximum a t  k M 2.3 em-l. On the other hand, Drake’s 
model shows a nearly constant rate of growth with fetch beyond a wave-number 
of about 3 cm-l. 

A comparison of the shape of the growth rate function shows that the ex- 
perimental curve obtained from all spectral components of the spectrum €or 
u* = 19 cm/sec agrees more closely with that obtained from Miles’ theory than 
that from Drake’s theory. It is not clear whether this result is of any significance, 
since frequency components [of the spectrum] other than the dominant are per- 
haps not really growing as indicated in the spectrum. The spectral peaks ob- 
served at  a given u* are actually systematically higher than those predicted by 
Miles’ theory as indicated in table 3, even though it predicts correctly the 
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decrease with decrease in wind speed of the frequency associated with the peak. 
In  contrast to those results, it is found that Drake’s model slightly improves the 
estimate of the growth rate, but it fails to yield any frequency component which 
grows faster than all others. The conclusion to be derived from these observa- 
tions is that presently existing models fail to predict growth rates which are in 
perfect agreement with experiments. We believe that our experiments are 
sufficiently accurate, and that the discrepancies between experiments and theory 
must be attributed to the latter itself, or to its interpretation. 

We are indebted to C. L. Liu, K. S. Su, J. R. Lai and R. Biro for the assistance 
in data processing. The helpful comments of J. W. Deardorff in revising the 
original manuscript are greatly appreciated. This work was sponsored by the 
National Science Foundation in connexion with its contract with the National 
Center for Atmospheric Research, and its grant no. GK 188 to Colorado State 
University. 

Appendix 
The equation for the equilibrium range of water wave spectra had been de- 

rived by Phillips (1958) with the notion of defining the high-frequency end of the 
spectrum. The resulting law (9) is, however, found to be in much better agree- 
ment with the envelope to the high-frequency end of all existing water surface 
spectra than with the high-frequency end of individual spectra. We think that 
this indicates that only the dominant wave of the spectrum, rather than all high- 
frequency wave components, has reached a limiting amplitude which is bounded 
by (9). In fact, the law (9) can be derived for the spectral peaks without any 
assumption on the shape of the spectrum except that it is universal-an assump- 
tion that was made by Hidy & Plate (1965), who proposed a universal spectral 
shape presented by plotting 

versus nln,,,, where S is the dimensionless spectral function and g2 is the variance 
of the water surface elevation. 

Let the water surface perturbation have a peaked spectrum, i.e. consist of 
a dominant wave with frequency nmex whose amplitude is modulated by a 
random function. Then it can be assumed that the amplitude of the dominant 
wave is limited by gravity. To be specific, we assume that the maximum accelera- 
tion amax of the average of the highest third of the waves is proportional to g. If 
the average wave height is denoted by H(*), then this assumption yields 

where ct is a factor of proportionality which presumably should lie around 0.5, the 
limiting value corresponding to the Stokes finite-amplitude wave, 
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According to  Longuet-Higgins (1952), the wave heights of such a record have a 
Rayleigh probability distribution, for which one obtains for a Gaussian surface 

a2 = +z[H(S)]2, 

and consequently, with (A 2), 

as = &x2g2(2m,ax)-4. (A 4) 

From the results of Hidy & Plate (1965) it is found that for the similarity 
spectrum 

(A 5)  
nmax 
a2 

S(  1) = $(nmax)- M 0.5. 

Consequently one obtains from (A 4) and (A 5) 

A comparison of (9) and (A 6) shows that 

p = ~ ~ / 8 ( 2 n ) ~ .  

If this value is compared with the value p = 7.5 x found by Phillips (1966) 
from many different spectra, then it is seen that a = 0.29, which is of the expected 
order of magnitude. 
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FIGURE 2. Photographs of reflexions of the capacitance gauge wire on the water surfhce. 
Scale is shown in inches. 

(Facing p .  656) PLATE, CHANG AND HIDY 
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FIGURE 8. Photographs of the onset of visible surface waves at the critical wind speed with 
inlet grid for fetch I(: = 3.5 m. The ruler measur2s ditita.ncc z in inches. Three-quarter 
vicws down tunnel: (a)  just below critical speed, u, = 2.9 m Bec-l; (b )  just. above critical 
speed, u, = 3.1 m see-l; (c) at  higher wind speed, u, = 3.4 m sec-l; ( d )  still higher wind 
speed, u, = 4.2 m 8ec-l. Views from side of tunnel: (e) urn = 3.8 ni sec-I; ( f )  zc, = 4.3 m 
see-l; ( 9 )  us = 5.3 m sec-I; (h)  u, = 7 . 5  m see-l. 
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FIGURE 9. Photograph of waves on the water taken ncar the trailing edge of the aluminium 
plate for u* = 35 cm sec-'. 




