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ABSTRACT

High frequency spectra of wind generated waves corresponding to mean wind speeds from 3.5 to 13.5 m
s~' were measured at the research tower in the Caspian Sea. The techniques used made it possible to evaluate

spectra S(w) in the frequency range extending to 10 Hz.

The data obtained clearly show that there is no equilibrium range in the high frequency part of the wind
wave spectrum. The measured spectra within the frequency range from 2.4 to 7.2 Hz fit a power law, S{(w)
= a+w™", with the values of # changing from 3.2 to 4.8, and the values of the spectral density at the fixed
frequency S, within this range were shown to increase with wind speed. The dependence of the shapes of the
measured spectra on wind speed and the parameters of the long wave components is discussed.

A new expression for the wind-wave frequency spectrum S(w) within the range w > w,, (w,, is the frequency
of the spectral peak) is proposed based on the experimental data: it is expressed in terms of the difference
between a particular frequency and the frequency of the spectral peak.

1. Introduction

In 1958 Phillips assumed the existence of a universal
equilibrium range in the spectra of wind-generated
gravity waves and suggested that the spectral density
within this range is governed only by the parameters
which characterize the wave breaking. According to
Phillips (1958, 1977) for gravity waves the acceleration
of gravity g is the only such parameter. Then on di-
mensional grounds one obtains the following expres-
sions

Sw) = g*w>, 1
W(K) = Bk™0(9), ()

where S(w) and Y(K) are, respectively, the frequency
and wavenumber spectra, w the frequency, k the mod-
ulus of the wavenumber vector K = (k cosf, k sinf),
0 the angle characterizing the direction of wave prop-
agation, § and B are universal nondimensional con-
stants and ©(0) is an angular spreading factor.

The relation (1) described rather well all the data
on the frequency spectra S{w) which were available at
that time. According to these data (Phillips, 1977) the
constant 8 proved to be equal to 1.2 X 1072 It is
important to stress that the frequency spectra S(w)
which were taken by Phillips to test the expression (1)
included no high-frequency range (w/27 2 2 Hz).

For many years the relation (1) known as Phillips’
spectrum was a widely used description of the high-
frequency wave spectra and it is still widely used for
description of wave spectra even though new data have
revealed significant differences between observed spec-
tra S{w) and Eq. (1).

It has been shown that the value of the so-called
“universal constant” 8 may change within the range
of several orders. For example the data reported by
Hasselmann et al. (1973) implied that the value of 8
decreases monotonically with nondimensional fetch
X = gX/U? (where U is the wind mean speed).

On the other hand, the approximation of observed
spectra S(w) by the function S{w) = aw™ showed
that the value of the shape parameter # may be sig-
pificantly different from 5. According to Grose et al.
(1972), who investigated the shape of the equilibrium
range for 69 wind-wave spectra in the frequency range
from 0.25 to 0.61 Hz, the values of n ranged between
2.5 and 4.3 with an average value of 3.6.

Analogous results were obtained by Yefimov and
Kushnir (1974), who used the data of 24 spectra S{w)
measured in the coastal zone. The value of # in the
frequency range from 1.2w,, 10 w,; (Where w,, is the
frequency of the spectral peak, and w is the value of
the highest frequency of the range under consideration,
changing from 2w, to 8w,, for different spectra) was
found to lie between 3.8 and 5.3 with an average value
of 4.36.

Other deviations from the law (1) were found as a
result of measurements in the high-frequency spectral
range (w/27 =~ 1-10 Hz), where the equilibrium range
is more likely to be found. The pioneer measurements
were undertaken by Leykin and Rozenberg (1970) in
the coastal zone and showed no saturation range in
the high-frequency range of the spectra S(w) at least
for wind speeds up to 10-12 m s~'. The magnitude
of spectral density at the fixed frequency S, was found
to increase with wind speed and the spectral shapes
fitted satisfactory an w™* power law.
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These features of the high-frequency part of the
spectra S(w) were confirmed by further measurements
(Mitsuyasu, 1977; Kondo et al., 1973). However, the
small number of high-frequency spectra reported by
Mitsuyasu (1977) and Kondo et al. (1973) does not
permit one to clarify the relation between spectrum
S(w) parameters and the wave generation conditions.
Laboratory measurements have also shown an increase
of the spectral density S, with the wind speed and the
“w™*’ power law for high-frequency spectra (Mitsuyasu
and Honda, 1974; Toba, 1973). But these cannot be
directly compared with the observations on larger bod-
ies of water because under laboratory conditions there
are no long wave components in wave spectra.

The long wave components corresponding to energy-
containing components of wind waves or swell have
a rather significant effect on the high-frequency part
of the spectra S(w) (Sinitsyn et al., 1973; Zaslavskii
and Kitaigorodskii, 1972; Phillips and Banner, 1974).

Taking into account the great importance of the
high-frequency part of the wind wave spectra for our
understanding of the remote sensing of the ocean sur-
face, we have studied wind wave spectra S(w) within
the frequency range up to 10 Hz in the open sea. The
primary purpose of these studies was to investigate the
influence of long waves on the high-frequency part of
the spectra S(w). '

2. Experimental facility and equipment

Wind waves were measured at a research sea tower
located 10 miles northeast of Apsheron Peninsula in
the open part of the Caspian Sea. The water depth at
the tower is 40 m and the bottom around the tower
is approximately flat with a gentle increase of depth
in the north, east and south directions. The research
tower is a rectangular platform (20 X 60 m) which is
composed essentially of four vertical piles driven into
the sea bottom. The tower has been designed mainly
for wind and wave measurements in north winds. In
order to minimize the distortions produced by the
tower most of the equipment was located on the south-
ern side of the platform while the wind and wave probes
were concentrated at the northern (up-wind) side. A
simplified sketch of the tower is shown in Fig. 1; a
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F1G. 1. A simplified sketch of the tower
with the observational equipment.
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FI1G. 2. Block-diagram of the measuring system: (1) probe, (2) digital
voltmeter (type V-2-22), (3) code converter, (4) recorder.

more detailed description of this tower was given earlier
by Zubkovsky et al. (1974).

The wave gauge was supported by a horizontal bar
extending from the up-wind side of the platform and
was located 15 m away from the nearest pile (Fig. 1).
We have done no theoretical estimation of the possible
effect on the wave measurement of reflections from
piles and other supports of the platform. However our
visual observations clearly showed the absence of any
disturbances at the probe point, and there was no dif-
ference in the fine structure of the sea surface at the
probe and at a distance from it. So we believe the
distortions of the wave field at the probe produced by
the platform to be negligibly small.

Waves were measured by a resistance-type wave
gauge which is composed of a resistance probe of a
single 0.3 mm diameter nichrome wire and an elec-
tronic circuit as shown in Fig. 2. The probe is inserted
into a series direct current circuit (J =~ 38 ma). Such
a scheme for resistance wire gauge was offered earlier
by Konyaev (1969) and its suitability for wind waves
measurements has been confirmed in our previous ex-
periments (Leykin and Rozenberg, 1970).

The frequency response of the wire probe has proved
to be approximately constant for wave frequencies up
to 30 Hz (Mitsuyasu and Honda, 1974). It is important
to note that measurements of the high-frequency part
of the wind-wave spectra S(w) are mainly limited not
by the probe response but by the restricted dynamical
range of the recording system, which usually amounts
to not more than 30-40 dB.

In our previous measurements of high-frequency
wind wave spectra (Leykin and Rozenberg, 1970) we
used an amplifier with a special frequency response as
a prewhitening device. The recorded signal spectra were
then converted to wave spectra taking into account
this frequency response. As a matter of fact, the same
method was used by Mitsuyasu (1977).

In the present experiments we used a digital tape
recorder system with large dynamical range. The sim-
plified block diagram of this system is shown in Fig.
2. The probe signal passes to the electronic digital volt-
meter 2 (type V-2-22) and is converted into parallel
decimal code with a sampling frequency of 50 Hz.
Then the parallel code is converted to sequential code
by converter 3 and is recorded on tape recorder 4.
This method of recording provided a dynamical range
of about 83 dB. As the level of voltmeter self-noise is
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less than 10~° V, and the probe transfer coefficient is
5.3 X 1073 V ¢cm™!, the wave gauge made it possible
to measure with amplitude resolution 2.0 X 1074 m
in the presence of sea waves with height (from trough
to crest) up to 4 m.

3. Wave observations and data analysis

Wave measurements were made in June-July 1978
for different wind and wave conditions. Cases studied
in this paper represent situations with steady north
winds, because under these conditions the fetch from
the upwind shore to the measuring station was about
500 km. We have investigated only “classical” wind
wave cases with no swell on the sea surface.

Wind mean speed U and its direction (for 5-min.
intervals) were measured by a standard cup anemom-
eter located at 14 m above the sea surface. These values
of U are used below in the data analysis.

During the measurements the wave signal {{) was
recorded on a magnetic tape for 4-10 min. For spectral
analysis we have used the samples of 3 min length
consisting of 9000 data points with time interval 0.02
s. These data were used for estimating the autocor-
relation function R(r) and spectral density function

S(w). The statistical computations were made on a.

computer following the standard method (Jenkins and
Watts, 1969) with a Bartlett function as a lag window.

The calculated spectral density function S(w) satisfies
the normalization condition,

[ stwido = o = 5 3

where o7 is the variance of surface displacements.
In order to evaluate the spectrum S(w) for signals
of large dynamical range we calculate separately the
spectra for low-frequency (0-1 Hz), intermediate (1-
2.5 Hz) and high-frequency (2-10 Hz) ranges of the
spectrum S(w) with preliminary elimination of the en-
ergy-containing components with help of the digital
high-pass filter. We used a filter with the kernel

1 1 1 T . .
hi= +1[2+Ecos(q+ll)]’ 4)

wherei=—¢q,—q+1,...,0,1, + g, ¢ a parameter
of the filter. The value of frequency resolution changed
from 0.1 Hz in the low-frequency range to 0.4 Hz in
the high-frequency range so the computed spectra had
from 70 to 270 degrees of freedom respectively. Thus
limits of the 95% confidence band of the mea-
sured spectrum S(w) are approximately 0.735(w) and
1.405(w) for the low-frequency range and 0.805(w) and
1.355(w) for the high-frequency range.

It is important to take into account that the statistics
of the short waves are related mainly to long wave
components (see Section 5 of this paper), so it is nec-
essary to evaluate high-frequency spectra S(w) only for
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samples long enough with respect to the typical long
wave period T,, = 27/w,,, or else the estimated spec-
trum may not be reliable in spite of the large value of
degrees of freedom. In the present measurements the
wave record usually contained from 35 to 70 long
wave periods T,,, so one can consider the evaluated
high-frequency spectra S(w) to be statistically reliable.

Typical examples of the wind wave spectra S{w)
obtained for different wind speeds are shown in Fig.
3. The method of measurements and data analysis
made it possible to evaluate spectra S(w) in the fre-
quency range up to 10 Hz. Note that the values of
spectral density vary over a range of 9 orders approx-
imately.

4. Results

For the present analysis 20 spectra S{w) were chosen,
all of them corresponding to developing wind waves
with mean wind speeds from 3.5 to 13.5 m s~'. For
every spectrum S{w) the values of the frequency of the
spectral peak w,,, surface-displacement variance ¢4’
[Eq. (3)] and orbital velocity variance

a2 = J; " S(w)w?dw ©)

were determined. The values of the parameter c,,/U
(where ¢,, = g/w. is the phase speed of the energy

S(w)
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FIG. 3. Wind-wave frequency spectra S(w) for different wind speeds:
MHU=135ms'(1.07.78 N 14), Q) U =6 m s (1.07.78 N 2),
(3) U=35ms"'(30.06.78 N 17).
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containing components) characterizing the stage of the
development of waves were also determined. The val-
ues of w,,, 05, 0, and c,,/U are summarized in Ta-
ble 1.

For most of the cases under consideration the values
of ¢,,/U vary from 0.7 to 1 which correspond to nearly
fully developed wind waves. For that case the values
of o;? and ¢,2 grow and the values of w,, decrease with
increasing wind speed. As an example the dependence
of ¢y and w,, on the wind speed U is shown in
Fig. 4.

To determine the dependence of the spectral pa-
rameters on the stage of wave development all the
spectra were divided into three groups with respect to
the value of ¢,,,/U (c,,/U > 0.8-9 spectra; 0.7 < ¢,/ U
< 0.8-6 spectra; ¢,,/U < 0.7-5 spectra). These groups
of data are shown in Fig. 4, Figs. 6 and 7 by solid
circles, crosses and open circles, respectively.

In order to investigate in detail the high-frequency
range of the spectra S(w) all the measured spectra have
been normalized to the non-dimensional form

$() = S)'’s ™ ©)

In Fig. 5 our spectra S(w) considered above (see Fig.
3) are shown in the form (6). Such a normalization
displays the deviations of the measured spectra from
Phillips’ spectrum (1) which is also shown in Fig. §
(horizontal line). .

The data plotted in Fig. 5 indicate that there is a
significant discrepancy between the observed spectra
S(w) and Phillips’ spectrum Eq. (1)

1) The absolute values of spectral density system-
atically exceed the values calculated according to
Eq. (1),
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FI1G. 4. (a) The change of the spectral-peak frequency w,, and (b)
rms value of the orbital velocity &, with the wind speed U: ¢,,/U

> 0.8 (solid circles); 0.7 < ¢,,/U < 0.8 (crosses) and ¢,,/U < 0.7
(open circles). Solid lines indicate the mean trend -of the data.

2) Observational data display the growth of the
spectral density at a fixed frequency S,, with mean
wind speed,

3) The shapes of measured spectra differ from the

TABLE 1. Wind wave parameters.

U Wf2T ot 0y’

Number Date (ms™h) (Hz) U (cm?) (cm?s™?) o n
1 25 June 1 12.0 0.18 0.72 2.41 X 10° 5.30 X 10° 3.54 X 107 3.39
2 3 12.5 0.18 0.69 3.63 X 10° 8.96 X 10° 1.93 X 102 3.21
3 27 June |1 5.0 0.45 0.69 4.10 X 10? 6.00 X 10? 2.00 X 10° 424
4 2 4.0 0.40 0.98 5.90 X 10? 7.34 X 10? 8.73 X 10° 4.78
5 28 June 3 5.0 0.45 0.69 2.38 X 10} 3.81 X 10? 1.22 X 10? 3.37
6 29 June 1 5.0 0.38 0.82 4.10 X 10! 5.50 X 10? 6.92 X 10° 4.62
7 2 4.5 0.38 0.91 7.30 X 10} 8.62 X 10? 8.40 X 102 3.97
8 3 6.5 0.32 0.75 1.05 X 10? 8.15 X 10? 8.60 X 10? 4.05
9 5 6.0 0.35 0.74 9.15 X 10! 8.72 X 10? 7.90 X 10? 3.95

10 9 53 0.40 0.74 4,05 X 10! 493 X 10? 1.52 X 10° 4.26
11 30 June 10 5.0 0.38 0.82 8.92 X 10 8.65 X 10? 1.01 X 10° 4.10
12. 15 4.5 0.40 0.87 6.04 X 10! 6.40 X 10? 1.26 X 10* 4.82
13 .17 35 0.42 1.06 3.72 X 10 5.02 X 10? 423 X 10° 4.59
14 1 July 2 6.0 0.24 1.08 4.83 X 10? 2.10 X 10° 6.10 X 10° 4.44
15 4 9.0 0.21 0.82 1.02 X 10° 333 X 10° 4,90 X 10? 3.46
16 7 10.0 0.19 0.82 1.01 X 10? 3.30 X 10° 295 X 10° 4.19
17 8 11.0 0.19 0.75 1.73 X 10° 4.61 X 10° 2.20 X 10° 3.91
18 10 13.5 0.19 0.61 1.22 X 10° 3.03 X 10° 6.19 X 10? 3.67
19 13 13.3 0.18 0.65 3.85 X 10° 7.68 X 10° 1.10 X 10® 3.55
20 14 13.5 0.16 0.72 5.48 X 10° 9.20 X 10° 2.16 X 10° 3.69
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FIG. 5. Nondimensional spectra S(w) = S(w)w’g 2. Arrows indicate
the position of the spectral-peak frequency w,. For legend see
Fig. 3.

w™> power law and are a more satisfactory fit to the
w4 law.

These qualitative conclusions are in good agreement
with the results of our previous measurements (Leykin
and Rozenberg, 1970). The significant irregularity of
spectra S(w) in the frequency range w/2w = 3 Hz re-
ported by Leykin and Rozenberg is possibly related to
the measurement site (coastal zone) and has not been
observed in the present investigation.

To investigate the high-frequency range of the mea-
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FiG. 6. Growth of the spectral density at a fixed frequency Sw;
with wind speed for the spectral components (a) 3 Hz, (b) 4 Hz and
(c) 6.4 Hz. Solid lines indicate fit functions S,, = yU™ (Table 2).
For symbols see Fig. 4.
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FI1G. 7. The change of the shape parameter » with the wind speed.
For symbols see Fig. 4.

sured spectra S(w) more quantitatively the dependence
of the values of the spectral density at a fixed frequency
S, on the wind speed U has been examined first. Typ-
ical values of S,, for several spectral components (w;/
27 = 3, 4 and 6.4 Hz) are plotted in Fig. 6.

The consideration of these and other spectral com-
ponents clearly shows that within the frequency range
2-8.8 Hz all the spectral components grow in ampli-
tude with the wind speed. It can be seen from Fig. 6
that the relation between S,; and U can be approxi-
mately expressed by a power law S, = yU™. Note that
the scatter of the data in Fig. 6 increases for the less
developed waves (c,,/U < 0.7).

The mean values of vy, m and also the 95% confi-
dence limits of m were determined by the least squares
method. The results are listed in Table 2. The values
of m systematically increase from 0.85 to 1.70 as the
frequency increases from 2 to 8.8 Hz: that is, the high-
frequency components of wind waves have the highest
growth rate.

In order to investigate the shape of the high-fre-
quency range of the wind-wave spectrum we expressed
all the measured spectra S(w) by a power law S(w)
= aw™" within the frequency range from 2.4 to 7.2
Hz. The values of o and n were determined by the
method of least squares and are listed in Table 1. In

TABLE 2. Mean values of ¥ and m including 95% confidence
limits as determined by least squares method.

w;[2n

(Hz) ¥ m

2.0 0.13 x 10! 0.85 +0.34
3.0 0.13 X 1072 1.09 £ 0.36
4.0 0.25 X 1073 . 1.32+0.38
5.2 0.68 X 107 1.46 £ 0.34
6.4 0.21 X 1074 1.71 + 0.40
7.6 0.13 X 1074 1.62 + 0.46
8.8 0.77 X 107° 1.70 £ 0.50
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Fig. 7 the relation of shape parameter » to mean wind
speed U is plotted. The data of Fig. 7 show that with
the increase of wind speed the values of 7 systematically
fall from 4.8 to 3.3. This result is consistent with the
dependence of the rate of growth of spectral compo-
nents with wind found for particular frequencies w;
mentioned above. Note, that although this feature of
wave spectra would not be expected to depend on the
stage of development of waves, yet the scatter of values
of n and also the limits of the 95% confidence band
for n are somewhat greater for the less developed waves
than for the rest of the data.

A scatter diagram showing the relation between the
parameters n and « is plotted in Fig. 8. The data of
Fig. 8 clearly show the linear relation between » and
loga. The correlation coefficient between n and loga
was found to be 0.91 which exceeds the 95% signifi-
cance level. A similar relationship between the shape
parameter n and a was mentioned earlier by Grose et
al. (1972).

It is necessary to take into account that the shape
of the spectrum at high frequency can depend not only
on wind speed but also on the parameters of energy-
containing long-wave components. As was mentioned
above (see Fig. 4), in the present measurements the
parameters of energy-containing components system-
atically change with wind so that one cannot separate
the influence of long waves and of wind on features
of the high-frequency range of the spectrum. .

A consideration of nondimensional spectra S(w)
= S(w)w>g 2 shows (see Fig. 5) that as the frequency

do

2

10 N PR P
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FIG. 8. Scatter diagram of the parameters « and 7 from fit function

S(w) = a - w™". Solid line indicates fit function loga = —0.92 + 1.01n.
For symbols see Fig. 4.
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FIG. 9. The mean nondimensional spectrum § = S(w)w’g™? in
relation to nondimensional frequency & = w/w,,. Solid lines are fit
functions (7); dotted lines indicate rms deviation. [—the range near
the spectral peak; Il—equilibrium range; Ill—high-frequency range.

increases from the spectral-peak value w,, the values
of S(w) first increase, then in a certain frequency range
w; < w < w; level off and afterwards (for w > w,) begin
to increase again. One may assume that the shape of
the spectrum S(w) at high frequency depends on the
difference in frequency from the spectral-peak
value w,,. .

In order to verify this assumption all the nondi-
mensional spectra S(w) have been plotted against the
nondimensional frequency & = w/w,, and averaged.
The mean spectrum based on 20 individual spectra is
exhibited in Fig. 9. The data of Fig. 9 clearly show
that the use of the nondimensional frequency @ pro-
vides an effective grouping of initial spectra. The values
of rms deviation are shown by dotted line: they do
not exceed 25% of the mean value in frequency range
@ = 1.2 to 30.

There still remains a weak dependence of the spectral
density at a fixed frequency S;, on the wind speed, but
the values of S; change at most by a factor of 2 as
the wind speed increases from 3.5 to 13.5 m s™!. Note
that this is a small change relative to the change of
spectral density S,, at the fixed absolute frequency w;
(see Fig. 6 and Table 2). _

In the mean spectrum () shown in Fig. 9 one can
conditionally distinguish three ranges

1) the frequency range near the spectral peak (1.2
< & < 3.2) where S(@) ~ &',
_ 2) the equilibrium range (3.2 € & < 10.5) where
S(w) =~ constant,
_ 3) the high-frequency range (¢ > 10.5) where
S(@) ~ &',
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If one neglects the weak dependence of the values
of $(&) on the wind speed one may suggest the follow-
ing empirical approximation for the nondimensional
spectrum S(@)

4.0 X 1073 &', 12<€&<32
S@) = { 14X 1072 =constant, 3.2<& <105
4.5 X107 &' 10.5 €& < 30.
@)

In Fig. 9 the approximative relations (7) are shown by
solid lines. Note that the approximation (7) is expressed
in terms of the difference of frequency from the spec-
tral-peak frequency.

5. Discussion

The data obtained here as well as the results of pre-
vious investigations strongly confirm that there is no
equilibrium range in the high-frequency part of the
wind wayve spectrum. Nevertheless there are some dif-
ficulties in interpreting these results.

First, one can note that such main features of the
measured spectra as the dependence of spectral density
at fixed frequency on the wind speed and the difference
between the measured shapes of the spectra and Phil-
lips® spectrum [Eq. (1)] are in good agreement with
the universal relation obtained by Zakharov and Fi-
lonenko (1966) within the framework of the theory of
weak turbulence. These authors assumed that the shape
of the spectrum in the high-frequency range is governed
by energy flux P from the range of input to the range
of dissipation, and for the frequency spectrum of gravity
waves they have obtained (Zakharov and Filonenko,

1966).
S(w) = P4, ®)

According to Barenblatt and Leykin (1981), spectrum
(8) may be represented in a form

S(w) = v18usew™, (8a)
(where v, is a universal constant and u, is air friction
velocity) which discloses the dependence of the spectral
density S(w) on wind speed.

However the comparison of experimental data with
the relation (8a) must be done with care. If one assumes
that the dispersion relation for linear free gravity waves

= gk is valid for wind waves, then the expressions
for frequency and wavenumber spectra obtained by
Phillips (1958, 1977) and by Zakharov and Filonenko
(1966) [for example, Eq. (1), (2)] are equally valid. Yet
even within the framework of a standard potential
model of weakly nonlinear surface waves the dispersion
relation for the short wave components may be sig-

nificantly distorted as a result of Doppler shift of the -

frequency by the orbital motion of long wave com-
ponents (Sinitsyn et al., 1973). Since the data available
are frequency spectra S(w), it may be that the observed
deviations from Phillips’ spectrum [Eq. (1)] can be
related, at least partially, to the influence of long wave
components.
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A simplified model of this effect has been considered
by Sinitsyn et al. (1973) within the framework of the
“adiabatic” approximation which only accounts for
the influence of the long waves on the short waves.
They assumed that the short wave wavenumber spec-
trum ¢(K) is described by Phillips’ spectrum [Eq. (2)]
and that its intensity does not depend on the location
along the long wave. Calculations made by Sinitsyn
et al. have shown that this model provides .a spectral
shape corresponding to the w™* power law, and that
the absolute values of the spectral density at a fixed
frequency grow with increase of the long wave orbital
velocity. This result is in good agreement with the
observational data in spite of the fact that the model
does not take into account the variance of the intensity -
of short waves along the long wave due to different
wave generation conditions. These “intermittent ef-
fects” (see Phillips, 1977) have been observed both in
laboratory (Reece, 1978; Lee, 1977) and in field mea-
surements (Plant et al, 1978; Evans and Shemdin,
1980).

In an analogous way the spectra S{w) can be distorted
by the permanent current (Kitaigorodskii ef al., 1975),
particularly by the wind-induced drift current. As the
value of drift velocity near the surface, v =~ 3 X 1072
U, is comparable to the phase speed of the short wave
components and linearly related to wind speed U, this
effect also can result in an increase of spectral density
at a fixed frequency with an increase of wind speed.

What is more, the presence of a thin wind drift layer
with high vorticity near the surface leads to breaking
of short wave components (Banner and Phillips, 1974).
As a result the high-frequency part of the spectrum
S(w) becomes dependent on wind speed, and in the
general case Eq. (1) takes the form (Phillips, 1977)

S(w) = g2 fi(wuy/g), &)

where f; is an unknown function. For the frequency
range w < 2g/u, the surface drift influence on the
intensification of breaking of short wave components
happens to be negligibly small (Phillips, 1977), and
Eq. (9) reduces to Phillips’ equilibrium spectrum Eq.
(1). However the presence of long waves leads to a
nonlinear increase of the surface drift near the long
wave crests which is shown (Phillips and Banner, 1974)
to reduce the maximum amplitude that the short waves
can attain before breaking. This effect makes it rather
difficult to evaluate the high-frequency spectrum pa-
rameters for real conditions (see discussion by Phillips,
1977).

Therefore the available data do not allow a definite
conclusion on the cause of the observed relation be-
tween the high-frequency part of the spectrum S(w)
and the wind speed. In particular it is impossible to
distinguish the real increase of ripple intensity, related,
for example, to the direct transfer of energy from wind
or to nonlinear wave—wave interactions, from the ap-
parent increase of the values of S(w) due to the Doppler
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shift of the frequency of short waves, which is induced
by the large-scale motions in the sub-surface layer.

Note that the understanding of microwave remote
sensing of the sea surface needs information about the
short-wave wavenumber spectrum y(K) because in
first-order scattering theory the microwave backscat-
tering cross section per unit area o, and spectral den-
sity Y(K) are proportional (Bass et al., 1968). As there
is no definite relation between the frequency spectrum
S(w) and the wavenumber spectrum (K) the use of
the frequency spectra S(w) for these purposes must be
done with particular care.

Pierson and Stacy (1973) proposed a wavenumber
spectrum S(k)! for fully developed ocean waves which
ranges from the spectral-peak frequency to capillary
ripples and consists of five regions. Particularly for the
spectral range k, =0.359 cm™! < k< k3 =0.942 cm™!
which corresponds to the frequency range w/27 = 3.0
to 5.0 Hz they proposed

S3(k) = 4.05 X 107 D(ug)ksPk™*?,  (10)

where
D(uy) = (1.247 + 0.0268u, + 6.03 X 107%u2)%, (11)

D = 10g[D(u4)/(tx [uxm))/logks [Ky),  (12)
and u,,, = 12 cm s™!. Spectrum (10), which they call
the “Leykin-Rozenberg spectral range” was based on
the high-frequency spectra of wind waves reported in
our earlier paper (Leykin and Rozenberg, 1970). The
measured frequency spectra S(w) were transformed into
the wavenumber spectra S(k) by using the relation

S(kydk = S(w)dw (13)
and by assuming the dispersion relationship
w = w(k) = (gk + Ty/p,- k*)'?, (14)

where T is surface tension and p, is the density of
water.

The approximate formulas of Pierson and Stacy
(1973), particularly Eq. (10), are now widely used for
interpretation of the microwave backscattering data.
Yet the above consideration clearly shows that the use
of such simple relations [Eq. (13), (14)] for the high-
frequency part of the wind-wave spectrum cannot be
regarded as well established.

In order to describe satisfactorily the wind-wave fre-
quency spectrum S(w) within the range w > w,, one
must take into account both the effect on the short-
wave wavenumber spectrum ¥(K) of long waves and
the modification of the short-wave dispersion relation
by the large-scale motions in the sub-surface layer.
These effects are not yet well understood. Under the

! Spectrum S(k) represents the distribution of o2 over wavenumber
regardless of direction and is related to the spectrum Y(K) as follows

2%
Stk) = A Y(K)db.
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assumption of incomplete self-similarity of the fre-
quency spectrum of the wind waves on the dimen-
sionless parameter wU/g, a self-similar spectrum has
been obtained by Barenblatt and Leykin (1981) in the
form

S(w) = g0 (wU/g)™ F\, (15)

where «; and F, are functions of the dimensionless
parameter g\,,/U? characterizing the stage of devel-
opment of the waves (A, is the wavelength of the en-
ergy-containing components of the spectrum).

At the same time the existence of the universal spec-
trum S(&) [Eq. (7)] which describes rather satisfactorily
all the observational spectra within the broad range of
the nondimensional frequencies (¢ = 1.2-30) leads us
to assume that, in order to understand the equilibrium
range in the wind wave spectra S(w), one must consider
not the absolute frequency as is usual but the distance
of a particular frequency from the spectral-peak fre-
quency. Following this assumption we propose a new
model for the frequency spectrum S(w) for w > w,,
based on the observational data. It is possible to dis-
tinguish in the spectrum S(w) three characteristic ranges

1) The range located near the spectrum maximum
(1.2 € & < 3.2) where S(w) ~ w™*. One may assume
an active growth of the spectral components within
this range.

2) The equilibrium range (3.2 € & < 10.5) where
the spectrum S(w) can be satisfactorily described by
Phillips’ spectrum Eq. (1) with 8 = 1.4 X 1072,

3) The high-frequency range (@ > 10.5) where S(w)
~ w33, The shape of the spectrum in this range is
governed mainly by the orbital motion of the long
wave components.

The physical meaning of the proposed model is the
following: the equilibrium range, where the values of
the spectral density S(w) do not depend on the external
parameters, migrates into the low-frequency part of
the spectrum with the development of wind waves. If
this is really so, one can explain the relation of the
shape of the high-frequency range of the spectrum to
the wind speed as observed in our measurements—
the value of the spectral-peak frequency w,, falls with
increase in wind speed, and the fixed frequency range
24 < w/2w < 7.2, which has been chosen for ap-
proximation by the power law, shifts along the uni-
versal curve (Fig. 9) into the region with smaller values
of n. In an analogous way one can apparently explain
the scatter of the values of n obtained by Yefimov and
Kushnir (1974) who chose different ranges for the ap-
proximation of the spectrum S(w).

Recently Zakharov and Zaslavskii (1983) showed
that for sufficiently well developed wind waves the
shape of the spectrum in the energy-containing range
is defined by dimensional considerations of the transfer
equation for wind waves where Kolmogorov’s spec-
trum with respect to wave-action flux g is realised.
They obtained
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S(w) = aq'Pg*Pw™ P w/wm), (16)

where a is a non-dimensional coefficient depending
on the angular energy distribution for w > w,,, 0 is a
distributed Heaviside function cutting the spectrum at
the spectral-peak frequency w,,. The energy-containing
range of the spectrum is not within the scope of this
paper, but note that the shape of the spectrum, w™*,
observed in our measurements for this range (w
~ 1.2-3.2) is very close to the shape w™''/? that is
predicted by Eq. (16).

6. Conclusions

1) High-frequency spectra of wind generated waves
were measured at a research tower in the Caspian Sea.
A digital tape recorder system with dynamical range
of about 83 dB made it possible to record spectra S(w)
within the frequency range up to 10 Hz.

2) The data obtained for nearly fully developed
waves, corresponding to wind speeds from 3.5 to 13.5
m s™! at 14-m elevation, clearly show that there is no
equilibrium range in the high-frequency part of the
wind-wave spectrum. The shapes of the measured
spectra within the frequency range from 2.4 to 7.2 Hz
differ from that predicted by Phillips’ > power law
and fit a law of the form, S(w) ~ ™", with the values
of n varying from 3.2 to 4.8. The values of the spectral
density at the fixed frequency S, where shown to grow
significantly with the wind speed.

3) The observational data do not allow us to make
a definite conclusion concerning the origin of the ob-
served relation between the high-frequency part of the
spectrum S(w) and the wind speed. In particular, it is
impossible to distinguish the real increase of ripple
intensity from the apparent increase due to the Doppler
shift of the frequency of short waves induced by the
large-scale motions in the sub-surface layer. .

4) Consideration of non-dimensional spectra S
= S(w)w’g~? plotted versus nondimensional frequency
@ = w/w, leads us to assume that the equilibrium
range in the wind-wave spectra does not exist in a fixed
frequency range but migrates into the low-frequency
part of the spectrum with the development of wind
waves. A new model is proposed for the frequency

spectrum S(w) for w > w,, based on the observational

data in terms of the frequency difference between the
range under consideration and the spectral-peak fre-
quency. :
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