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Abstract. An account is given of the interplay between the various mechanisms responsible 
for the generation of waves. When the phase speed c of the waves is much less than the wind 
speed U, the resonance mechanism associated with the atmospheric turbulence pressure fluctua- 
tions provides a trigger for the instability (or sheltering) mechanism, and the rate of growth of the. 
spectral density at a given frequency increases from a linear to an exponential function of time. 
The consequences of this transition from one mode to another are discussed in the light of the 
available experimental evidence, and some predictions are made about the directional distribution 
of the low-frequency components of the spectrum. For frequencies for which c = U, the energy 
is gained from the wind largely by the mechanism of resonance. The directional properties of 
these components are characteristically different: they display maxima at angles cos -• c/U to 
the wind direction. The predictions of the theory are compared with observations made in Britain 
and in the United States. If the wind continues to blow, the high-frequency components rapidly 
attain a state of saturation, determined by the stability of the air-water interface. The form of 
the spectra can be determined simply on dimensional grounds, and the predictions agree well 
with a number of observations under widely differing conditions. 

1. Introduction. The aim of this paper is 
to present some of the physical ideas that have 
emerged in the last few years concerning the 
problem of the generation of ocean waves. This 
problem is complex, and a number of different 
mechanisms are involved whose interplay is re- 
sponsible for the statistical properties observed 
in the random wave field of the oceans. We seek 

here to describe these mechanisms and their in- 

terrelations as far as they are known, using 
mainly a descriptive physical approach. Most 
of the detailed analyses have been published 
elsewhere, and references to them will be given, 
but this paper will have succeeded in its aim if 
the results of the analysis are made to seem 
plausible and relevant to some part of this in- 
tricate process. 

2. The mechanisms of wave generation. In 
generating a wave field on the surf•,ce of an 
ocean initially at rest, two simple mechanisms 
seem important. The first is the resonance be- 

• Based on a paper presented at the International 
Symposium on Fundamental Problems in Turbu- 
lence and Their Relation to Geophysics sponsored 
by the International Union of Geodesy and Geo- 
physics and the International Union of Theoretical 
and Applied Mechanics, held September 4-9, 1961, 
in Marseilles, France. 

tween the surface wave modes and the con- 

veered surface pressure fluctuations associated 
with the turbulent wind blowing over the water. 
The second is the gradual instability caused by 
the air flow over a surface already disturbed. 

The existence of the resonance mechanism as 

an important factor in the generation of ocean 
waves was advanced by Phillips [1957]. The 
wind is, in nature, invariably turbulent, and the 
atmospheric turbulence results in a random 
pressure distribution on the water surface that 
is convected by the mean flow and at the same 
time is continually evolving as the turbulent 
eddies above the water interact, grow, and de- 
cay. The response of the water surface depends 
on the magnitude of these pressure fluctuations 
and also on the time scale of the fluctuations of 

a given wave number, or, roughly, the time over 
which the pressure and wave components re- 
main coherent as they both move along. This 
time scale might be expected to be a maximum 
when the convection velocity U of the pressure 
field is just equal to the phase velocity c of free 
surface waves of the same wave number. Under 

these conditions, the forcing pressure disturb- 
ance remains 'in step' with the forced wave mo- 
tion for the longest time, until the interaction 
among the turbulent eddies modifies the surface 
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pressure distribution. For wave components 
traveling at an angle a to the wind, it is the 
component of the wind speed U in the direction 
of wave propagation that is relevant, so that 
the condition for resonance is 

c - U cos a (1) 

and, if this is satisfied, the energy transfer from 
wind to waves is operating by this mechanism 
under optimum conditions. If this were the only 
way that the waves gained energy, we might 
expect directional maxima for a particular fre- 
quency at angles •-cos-•(c/U) to the wind. 

Within a few months of the publication of 
this paper, an entirely different investigation 
by Miles [1957] showed that, if an air stream 
with a prescribed velocity profile blows over a 
water surface, any small disturbance is dynami- 
cally unstable but the amplification rate is very 
slow. This result is in some ways reminiscent of 
some early considerations of Jeffreys [1924], in 
which he suggested that the magnitude of the 
surface pressure variation induced by wind 
blowing over a wavy surface (or rather the 
component in phase with the normal velocity, 
which does work on the surface) could be ex- 
pressed in terms of a 'sheltering coefficient.' 
Although the details of the air-flow patterns 
visualized differ in the two cases (Miles' analysis 
is a small perturbation theory and does not 
envisage actual flow separation at the wave 
crests), the instability theory is equivalent to a 
calculation of the sheltering coefficient for small 
wave slopes. The amplification factor in Miles' 
theory depends on the shape of the velocity 
profile near the height at which the wind velocity 
is equal to the phase velocity c of the waves. 
At this height, Miles finds a critical layer where 
the energy is extracted from the wind and 
transferred downwards to the water. The rate 

of energy input to the waves is proportional to 
the wind profile curvature at this critical layer. 
For relatively slowly moving waves, this critical 
layer is close to the surface where the profile 
curvature is large, so that the rate of energy 
input to the waves is correspondingly large. 
However, when c • U, (where U is the wind 
speed as usually measured several meters above 
the surface, or about 9 times the friction velocity), 
the critical layer is now several meters above the 
surface where the curvature of the profile is 
small, so that the rate of energy transfer is 

correspondingly small. It seems then, that the 
instability is a very effective mechanism in the 
growth of the shorter wavelengths of the wave 
field but less so for the longer, faster waves. 

As in all linearized instability theories, the 
rate of growth is proportional to the magnitude 
of the disturbance already present, so that the 
wave height is an exponential function of time. 
In other words, if the initial wave field is very 
small, so is the rate of growth, but it increases 
more rapidly as time goes on. On the other 
hand, the resonance mechanism is independent 
of the waves already existing, and provides a 
linear rate of growth of wave energy. On a 
priori grounds, then, it seems likely that, if the 
wind begins to blow over an initially calm sea, 
then, for the components for which c (( U, the 
initial rate of growth will be linear (from reso- 
nance with the atmospheric pressure fluctuations) 
until the waves become large enough for the 
instability to take hold. After this the rate of 
growth will rapidly become larger, so that, in 
this sense, the resonance mechanism may provide 
a trigger for setting off the instability. 

However, when c • U, that is, for waves 
traveling at about the same speed as the wind, 
the instability is never very effective, since the 
amplification rate is so slow, whereas the reso- 
nance mechanism is operating at its best. Any 
wave components observed at these frequencies 
(co -- g/c • g/U) are therefore presumably the 
result of the latter mechanism. 

Recently, Miles [1960] has given the com- 
bined effect analytical form, and in a simple 
analysis incorporating both mechanisms has ver- 
ified the above expectations. The time history 
of a typical Fourier component of the wave 
spectrum, as given by this analysis, shows a 
linear rate of growth for small times followed 
by a more rapid growth at large t. An inter- 
esting result from the analysis is that, if the 
waves start from rest, then, for given frequency 
and wind properties, the time elapsed until the 

ß , ß 

transition between resonant and unstable growth 
is independent of the magnitude of the atmos- 
pheric pressure fluctuations. Of course the am- 
plitude of the wave motion is proportional to 
the pressure fluctuations, but the transition 
time is a function only of the shape of the ve- 
locity profile and U cos a/c. This result is per- 
haps a little surprising at first but can be viewed 
in the following light. If we increase the magni- 
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tude of the pressure fluctuations, keeping all else 
the same, the waves grow more rapidly by the 
resonance mechanism. However, this provides a 
better start for the instability, so that its effects 
are enhanced at the same time. It therefore does 
not seem implausible that the interval of time 
after the start of the motion until the instability 
catches up should be independent of the magni- 
tude of the pressure fluctuations, since varia- 
tions in these do not favor either mechanism 
over the other. 

The importance of this result is that it enables 
us to calculate the transition duration as a 

function of c/U for a -- 0 in terms of the prop- 
erties of the wind profile and without reference 
to the atmospheric pressure fluctuations, about 
which our information is slight. The calculations 
are given elsewhere [Phillips, 1961], but the 
results are shown in Figure 1. Suppose we choose 
a particular frequency of the wave field (a 
particular value of c/U). At first the wave 
growth is under the action of the resonance 
mechanism, but as time goes on the transition 
duration is reached and the growth becomes 
exponential. We will refer to the experimental 
points later. Two aspects of this curve are 
worth noting. The first is that the transition 

duration tt depends very sensitively on c/U; 
when c/U changes from 0.2 to 0.8, tt changes by 
several decades. When c • U, the transition 
duration is very large indeed, greater, in fact, 
than values usually found in the ocean. The 
second point is that the curve is calculated 
assuming initial conditions of rest. If the atmos- 
pheric pressure fluctuations are small, as present 
indications suggest [Longuet-Higgins, Cartwright, 
and Smith, 1961], the initial rate of growth is 
small, so that a wave disturbance already 
existing when the wind begins to blow may 
decrease the time required for transition, perhaps 
considerably. In practice, then, the transition 
duration would be expected to be not greater 
than as shown in Figure 1. 

This is approximately where this part of the 
theory stands at the moment. Clearly, there 
are a number of important questions outstand- 
ing. Miles' [1960] theory assumes that the pres- 
sures experienced by the surface are simply the 
sum of those associated with the atmospheric 
turbulence and the air flow over the wavy sur- 
face. How true is this? What interaction effect 

is there in the air stream? Is the velocity pro- 
file over water really logarithmic, as Miles 
assumes? (See recent comments by Stewart 

-I'0 

i0 • I0 • 10 4 
I I I ! II! I I . I,..I I IIII I I I I I I I! I 

Fig. 1. The transition curve for the change from resonant wave growth to unstable wave 
growth, in a fetch-limited situation (waves developing from a shore line). in the duration- 
limited case, with an infinite sea initially at rest, the abscissa represents (4•r) -x (o•, t,) or half 
the number of wave periods over which the wind has been blowing. The experimental points 
all refer to fetch-limited cases. Pierson's values are from an unpublished communication on 
wind-generated waves in a wind-tunnel tank. 
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[1961].) Another point is that, when the tran- 
sition duration is attained, the wave amplitudes 
may already be so large that the amplification 
factor calculated assuming infinitesimal ampli- 
tude disturbances may be in serious error. There 
may even be boundary-layer separation and an 
air flow rather closer to that envisaged by Jeff- 
reys. In spite of these questions, however, we 
will see in section 4 that a number of predictions 
of the theory as it has been developed so far 
are borne out experimentally, so that it is likely 
that the simplifying assumptions have not lost 
too much of the complex physical reality. 

3. The equilibrium range. The wave growth 
as described in the previous section clearly can- 
not proceed indefinitely. Sooner or later, if the 
wind continues to blow, the waves may attain 
a state of saturation over at least part of the 
spectrum. 

Now, what physical process limits the wave 
growth? Fairly evidently, it is the formation 
of whitecaps, or white horses. In more analytical 
terms, it is the gravitational stability of the sur- 
face: the particle accelerations cannot exceed g, 
the acceleration due to gravity. If there is a lo- 
cal excess of energy, the waves break forming 
whitecaps, and the energy is lost from the wave 
system to turbulence in the water. 
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This process is discussed by Phillips [1958]. 
In the limiting equilibrium (or saturated) state, 
the form of the wave spectrum must be deter- 
mined by the physical parameters involved in 
the gravitational stability of the free surface, 
that is, g and the frequency • or wave number 
k. Thus, on dimensional grounds the frequency 
spectrum 

ß (w) - 5(t)5(t-[- •-)e i• d•' (2) 
= /• g•'co -• 

where • is the surface displacement and fi is a 
dimensionless constant. Similarly, the two-di- 
mensional wave-number spectrum 

c• k -4 

+ 

ß exp (ik.r) dr (3) 

Over the last few years there has been good 
experimental support for the relations (2) and 
(3). Figure 2 shows some of the earliest results 
by Burling [1955] taken on Staines reservoir, 
Middlesex. The same relation, with the same 
value for •, has been found in the open ocean 
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Fig. 2. Spectra of wind-generated waves measured by Burling [1955]. The clu•er of lines 
on the left represents the spectra •t low frequencies, for which s•turafion h• not been at- 
tained. On the right the curves merge over the equilibrium range, •nd the broken lines indi- 
cate the extreme measured v•lues of •(•) •t e•ch frequency •. The cros• represent the mean 
observed v•lue •t e•ch •, and the heavy line the relation •(•) : •f•-• with •: 7.4 X 10 -•. 
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as a result of the Stereo-Wave Observation Proj- 
ect [1957] and by the National Institute of 
Oceanography group [Longuet-Higgins, Cart- 
wright, and Smith, 1961]. Other small-scale ex- 
periments are those of Cox [1958] and the ex- 
tensive observations of Hicks [1961]. 

In summary, then, it appears that the rela- 
tions (2) and (3) provide upper limit asymp- 
totes to the wave growth; that the amplitude 
increases with time as described in section 2 un- 

til this upper limit is approximately attained, 
when further growth is inhibited. More accur- 
ately, the energy input from the waves is bal- 
anced by losses through wave breaking, and 
also, to some extent, by the nonlinear energy 
transfer mechanism described by Hasselmann 
[1962]. 

4. Observational implications. Let us con- 
sider briefly the implications of these theories 
to the observation of ocean waves, to what ex- 
tent the predictions are borne out by present 
measurements, and what new observations might 
be made to provide further tests and further 
insight. 

We will return for a moment to the genera- 
tion process. It has frequently been noticed that 
a most striking property of the frequency spec- 
trum ß (o•) is the steep forward face as the spec- 
trum rises quite abruptly from a fairly low level 
almost to the saturation value. If we observe 

the wave spectrum at later and later times in 
the same wind field, the frequency of the steep 
forward face decreases. To put the same thing 
another way, if we look at a particular fre- 
quency in each of our records, then at a short 
wind duration, the energy content is quite low 
until suddenly it shoots up as the steep forward 
face moves past our observation frequency to 
lower values. Now this is just the behavior pre- 
dicted by the theory, with its initial slow rate 
of growth under the influence of the resonance 
mechanism until the instability is triggered off 
and the rate of growth increases rapidly. It 
makes almost inevitable an identification be- 

tween the frequency at which the steep for- 
ward face of the spectrum is found at a par- 
ticular duration and the frequency undergoing 
transition in the sense that we have described. 

As a first test of this conclusion, a number 
of observational spectra were examined by Phil- 
lips and Katz [1961], and the frequencies of 
the steep forward faces were compared with the 

transition frequencies, calculated theoretically. 
The results are shown in Figure 1, and it is 
striking that most of the experimental points 
lie on or to the left of the calculated curve, sup- 
porting our expectation that the transition oc- 
curs not later than the theoretical value. For 

very small values of c/U, the calculated curve 
is quite sensitive to small changes in the wind 
velocity profile, and the apparent agreement here 
between the theory and experiment is partly for- 
tuitous, since the velocity profile in Pierson's 
observations was not measured. 

This comparison is promising, but hardly 
convincing, since we are forced to attribute the 
premature transition to a more rapid rate of 
growth to the existence of an initial wave state 
of low energy, which, though undoubtedly pres- 
ent, was not measured. However, we can make 
a further prediction that should provide a more 
critical test of the interplay between the two 
mechanisms envisaged in the theory. This con- 
cerns the directional distribution of the wave 

components at frequencies near the frequencies 
of the spectral maximum, when c • U. Accord- 
ing to the theory, the transition occurs for a 
given frequency first for the components travel- 
ing in the direction of the wind, so that the ob- 
served frequency of the steep forward face of 
the spectrum •(•) is strictly the transition 
frequency for components traveling in the wind 
direction. Components with the same frequency 
b•t traveling at an angle to the wind will not 
yet have undergone transition, so that the di- 
rectional distribution of frequency components 
near the spectral peak should be strongly ori- 
ented toward the wind direction. At a slightly 
higher frequency, transition will have occurred 
over a range of angles, and the directional dis- 
tribution should be much broader. Some of the 

results of Lo•guet-Higgins, Cartwright, and 
Smith [1961] suggest that this is so, as do 
casual observations at very short fetch and 
duration, but definitive measurements have yet 
to be made. 

If the fetch and duration are large, an ap- 
preciable part of the wave energy may be 
contained by components traveling at about the 
same speed as the wind, i.e., for which c • U. 
As we have seen, the instability mechanism is 
ineffective under these conditions, so that these 
wave components have presumably acquired 
their energy by the resonance mechanism an• 
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should therefore show directional maxima at 

angles -q-cos-•(c/U) to the wind. Figure 3 shows 
;some results from the Stereo-Wave Observation 

Project [1957] that are relevant here. Each 
histogram gives the directional distribution of 
wave energy for a given frequency, and the 
black arrows show where maxima are expected 
theoretically. A disadvantage of these observa- 
tions is that the meteorological conditions were 
not well defined and there are some uncertainties 

in the wind field in the generating area. However, 
the bimodal distribution is quite striking and is 
in accord with our theoretical expectations. 
Further evidence for the existence of directional 

maxima when c • U is afforded again by 
Longuet-Higgins, Cartwright, and Smith [1961] in 
their experiments on a pitch-and-roll buoy. 

Finally, the existence of the steep forward 
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face at frequency •0m, say, and the equilibrium 
range over frequencies •o • •0m, suggest that we 
can reasonably approximate the spectrum by 

ß = o 

so that the mean square surface displacement 

= 

f••-d• = 2•g • • 

_ 1 2 -4 
- •g•., 

where •, the frequency of the steep forward 
face, is very nearly equal to the frequency of 
the spectral peak, or the dominant frequency 
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Fig. 3. Sections of the wave spectra i(k) -- i(k, a) (in polar coordinates) for iixed wave 

numbers k, observed in the Stereo-Wave Observation Project. The wavelengths, in meters, 
associated with each section are: (a) X -- 118, (b) X - 100, (c) X -- 73, (d) X -- 64, (e) X -- 56, 
(f) X = 49, (g) X -- 44. 
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of the wave field. A relation of this kind was 

discovered empirically by Hicks [1961] in his 
observations of wind waves on a pond. 
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