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1 Introduction

The most striking feature of the frequency spectrum of ocean
waves is the occurrence of a high-frequency (HF) tail showing
power decays in frequency over various ranges above the main
spectral peak. Spectral behavior of this form, also known from
stochastic turbulence theory, is usually attributed to some basic
physical mechanism and is explained by dimensional and scal-
ing arguments.

In the present paper we briefly review the theory of the high-
frequency tail, discuss aspects of its measurement, and present
analysis of several data sets from deep to rather shallow water.
The analysis confirms a tail generally close to f ~*, but with
slightly different slopes below and above three times the peak
frequency. This is partly explained as an effect of the water
depth. For very high sea states, the data suggest a self-similar
spectral shape.

2 The High-Frequency Range

The high frequency range of the frequency spectrum of ocean
waves shows characteristic power decays with frequency. The
saturation range consists of frequencies for which the spectral
energy has reached its maximum, assumed to be due to wave
breaking. An overall maximum saturation level implies a lower
bound on the wave period for a given wave height correspond-
ing to a completely saturated spectrum for all frequencies above
the peak. The equilibrium range concept is adapted from sto-
chastic turbulence theory where it signifies a range where the
energy travels between wavenumbers in a stationary fashion.

Phillips (1958) was the first to try to explain the observed
behavior of the high-frequency tail. His arguments were based
on dimensional analysis, in which he claimed that the saturation
range wavenumber spectrum W in deep water is characterized
by the water density, p, the acceleration due to gravity, g, the
wavenumber, &, and its direction 8. As p and g are eliminated
for dimensional reasons, the expression for ¥ has to be of the
form W(k, ) = ak™*D(8), where « is a constant and the
directional distribution D is independent of wavenumber. Mak-
ing the transformation to the directional spectrum, we obtain
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of ERS-1 SAR imagery. The influence and calibration of wave-measuring instrumenta-
tion and the use of wavenumber spectra when comparing spectra from shallow water

the well-known form S(f) « g2f ~° in deep water and S(f) «
ghf ~° in shallow water. Kitaigorodskii has in several publica-
tions (e.g., Kitaigorodskii, 1986) refined Phillips’s dimensional
arguments. Based on a stationary singular solution to Hassel-
mann’s equation, he arrives at ¥ « k~>° above the spectral
peak; implying S(f) « f ~* in deep water. This is an equilibrium
range where the actual level of the range depends on the energy
input. The energy moves through the equilibrium range and is
dissipated by wave breaking and turbulence in the saturation
range at frequencies about three times above that of the main
spectral peak. In an extensive paper, Phillips (1985) revises his
original theory and argues that both wave-wave interactions,
wind input, and various dissipation mechanisms are active si-
multaneously in the equilibrium range. In this way, Phillips
arrives at the same functional dependence on the wavenumber
as the Kitaigorodskii theory; but contrary to Kitaigorodskii,
Phillips claims that the equilibrium range extends all the way
into the capillary range.

Numerous studies on theory and observations of the high-
frequency tail have appeared in the literature, most dealing with
rather low seas (Battjes et al., 1987; Resio et al., 1989; Banner,
1990; Hansen et al., 1990). Few studies support Phillips’s origi-
nal f ~>-behavior. The observed spectra seem closer to an f ~*-
tail, but definite support for either the Phillips’s modified theory
or Kitaigorodskii’s theory still seems to be lacking.

When it comes to actually measuring the high-frequency
range, a comprehensive review of various techniques has been
published by Clayson (1989). The survey examines virtually
all contact and remote sensing techniques for observing high-
frequency waves both in time and spatial domains. There are
several effects that may disturb the measurement of the high-
frequency range. Frequently, instrumentation applies electronic
anti-aliasing filters which affects the high frequencies. Buoys
tend to follow the wave orbital motion instead of measuring at
a fixed point, and larger buoys measure an average of the surface
elevation over their hull area. Buoys may also have a heave
resonance within the HF-range. Apart from instrument effects,
the Doppler shift due to a uniform current will affect a fixed
instrument measurement. Moreover, identical wavenumber
spectra correspond to different frequency spectra in deep and
shallow water due to the depth-dependent dispersion relation.

In the present paper, which is basically empirical, we analyze
the tail of the spectrum from a variety of instruments. The tail
is assumed to be of the form S(f ) = A " with A and n estimated
either by linear regression from the log-transformed spectra,
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Fig. 1 Deepwater inverted SAR spectra from the December 4, 1993
scene (dashed), Hs = 2.8 m (upper) 3.2 m {lower). Data from a waverider
at 72 m water depth about 80 km south of the site shown with a solid
line (Hs = 3.3 m)

or by a direct maximum likelihood estimation, assuming the
appropriate  >-distribution for the spectral estimates. The differ-
ence between these two approaches is small.

In the following, the significant wave height, Hs, and the
mean period, 7z, are computed from the spectral moments, and
Tp is the inverse peak frequency fp.

3 Analysis of the Data Sets

3.1 Data From the Portuguese Coast. During the
MAST-II program WAVEMOD, an area of the exposed west
coast of Portugal, just north of the town Figueira da Foz, was
instrumented by OCEANOR A/S with three wave buoys in a
line perpendicular to the coast (Barstow et al., 1994). Direc-
tional waveriders were placed in 20 and 72-m water depths and
a nondirectional waverider at 50 m. The Portuguese Hydro-
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Fig. 2 Thirteen inverted SAR spectra from the outer part of the SAR
scene December 4, 1993 illustrating " decay -
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graphic Institute’s directional waverider was also located in the
same area in close to 100-m water depth. Measurements in
WAVEMOD were carried out from October 1993 to May 1994.
The wave climate is swell-dominated as a result of frequent
storms further to the north in mid-Atlantic. Significant wave
height varied from below 1 m to over 8 m, which occurred
during three major storms on January 6 and 10, and February
4; all of which were a result of a combination of high swell
and wind sea associated with slow-moving depressions centered
close to the British Isles. Currents are relatively weak in this
area. For the directional waveriders, directional wave spectra
were computed from 1.28 Hz time series for about 1 h each 3
h. Analysis of the buoy data is given in Section 3.3.

During the field experiment, several ERS-1 SAR (original
data: © ESA 1994) images were also acquired. The SAR data,
showing a clear wave modulation, were subjected to an ocean-
SAR spectral inversion algorithm producing directional wave
spectra (Krogstad et al., 1994). The corresponding frequency
spectra reach up to about 0.21 Hz. Examples of inverted SAR
spectra from December 4, 1993, superimposed on buoy spectra
are shown in Fig. 1.

Note that the inverted SAR spectra are extrapolated by an
HF tail with n = 4.5 above 0.2 Hz, a decay which is closely
matched by the buoy data. Although the SAR can never be
expected to be a high-frequency wave recorder, it is nevertheless
interesting to observe that the inverted SAR spectra also have
a characteristic power decay in frequency between the spectral
peak and the start of the extrapolation at 0.2 Hz, as shown in
Fig. 2. However, since the wave conditions were actually swell-
dominated at the time of the recording, the buoy spectra in Fig.
1 indicating a rather sharp peak are probably closer to reality.

The WAVEMOD field campaign was relatively short. How-
ever, the Portuguese Hydrographic Institute has carried out
wave measurements near the same location since 1981, and
these data were also available to the project team.

In order to increase the statistical precision, averaged spectra
rather than individual spectra were studied. When determining
the average spectra, care was taken in order to guarantee that
only similar types of spectra were included. Using the database
from 1981 to 1990, all spectra which were identified as having
more than one peak were discarded. The criteria adopted to
identify multi-peaked spectra are discussed in Guedes Soares
and Nolasco (1992). About 28 percent of the spectra were
removed for this reason. The fraction is similar to other loca-
tions in the North Atlantic (Guedes Soares, 1991). The re-
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Fig.3 Examples of averaged spectra from the long-term measurements
at Figueira da Foz
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Table 1 Exponent of the HF tail obtained by a regression involving all
frequencies above the spectral peak (Figueira da Foz long-term data set,
12106 spectra) ’

10- 11

Tp(s)| 6.5- 7- 7.5- 8 85 9 95 12- 13- 14
m) | 7 75 8 85 9 95 10 11 12 13 14 15
00536 - 42 36 32 32 - 24 - - -
05-1134 3.7 32 31 3.0 29 40 37 31 26 26 25
1.1.5| 3.8 3.7 37 35 34 33 33 30 29 36 33 29
152139 39 38 37 36 35 35 34 32 39 4.0 36
225|141 40 39 39 38 37 36 35 34 34 32 38
253143 42 41 40 39 38 37 37 36 35 34 33
335044 44 43 41 40 39 39 38 38 36 36 3.5
3541 - - 41 43 41 41 40 39 37 37 36 36
44.5 - - 50 - 41 41 40 39 38 3.7 37
4.5-5 - 47 42 42 43 42 40 39 3.7 37
5-5.5 - - 41 43 44 41 39 38 38
5.5-6 - 43 41 39 41 40 38
6-6.5 - - 42 41 40 40
6.5-7 - - 43 40
7-1.5 4.4 4.1 4.1
7.5-8 - - 28

maining spectra were then pooled into relatively narrow classes
defined by wave height and period (0.5 m for Hs and 0.5 s for
Tp). The averaged spectra were formed after being normalized
by the maximum value and the peak frequency. This was found
to be the most appropriate; but similar results were also obtained
by normalizing the spectrum using the total spectral energy
instead of the maximum.

Apart from a few cases in which the number of spectra in
the class was very small, the average spectra had a very pro-
nounced linear tail in a log-log scale, as shown for a few exam-
ples in Fig. 3.

A regression of the logarithm of the average spectra over the
whole range above the spectral peak shows exponents ranging
from n = 3 to 4.5, with a majority between 3.3 and 4.0. How-
ever, the tail between fp and 2-3 fp is less steep than for fre-
quencies above 3 fp. Moreover, for a given wave height, spectra
with a short peak period are steeper than spectra with longer
periods. The tail also gets more steep when the wave height
increases for a given peak period. The variation pattern of the
exponent is clearly depicted in Table 1, which shows the expo-
nent of the tail obtained by including all frequencies above the
peak frequency. Similar trends were also obtained when the
slope of the tail was calculated only for frequencies larger than
2fp and 3 fp, although the numerical values were somewhat
different (Guedes Soares and Coetho, 1995). In order to express
the trends as the one observed in Table 1, a bilinear regression
of the form

n=a+ f-Hs[m] + v-Tp[s]

has been fitted to the exponents in the Hs-Tp table. The final
result is given in Table 2.

3.2 Data From Crete. The measurement site was on the
northwestern coast of the island of Crete in a small bay, exposed
to the north and situated on the western side of the town of
Rethymnon. It is exposed to relatively long fetches in the Ae-
gean sea (~200 km) and has a simple topography (slope ~ 2.5
percent) (Barstow et al., 1994). Although summer and winter
climatology are quite different, severe sea conditions (Hs > 4
m) near shore may occur at any season. Wave directions at the
site are predominantly northwest to northeast. Tides are not
significant in this area and local currents are essentially wind-

Table 2 Exponents and regression coefficients fitted to the result in
Table 1 )

Regression a B y  |Comelation | Average |

coefficient n__j

-2/ 436 | 0015 | 0067 | 051 36 |

215 — fon 418 | 0324 | 013 | 073 37|
fo-3fp 402 | o111 | 0070 | 063 3.6
3/0 ~ fmax 6.62 0.170 -0.255 028 4.2
10 = Fruax 415 | 018 | -0.091 | 081 37
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Table 3 Results for the high-frequency exponent for Tp > 8.5 s and Hs
> 2.5 m (WAVEMOD data from Crete)

[ Range: [1/7z,37p] (3/7.0-6Hz].
[ Instrument Mean [St. dev.[# spec.| Mean [St. dev.[# spec.]
389 | 038 | 110 | 442 | 036 | 110
380 | 037 | 119 | 524 | 045 [ 118
4.88 | 0.52 | 119
3.59 | 031 79 471 | 056 | 95
389 1038 ! 110 [ 399 | 032 | 110
340 | 0.26 77 4.02 | 0.32 84

generated. The general water circulation amounts to a few centi-
meters per second.

Three wave buoys were deployed during a 10-mo period
along a line approximately perpendicular to the coast. Two
directional waveriders were located at 10 and 100 m depth and
one nondirectional waverider buoy was located at 20 m depth.
In this study, we show results for the subset 7p > 8.5 s and Hs
> 2.5 m consisting of about 100 20-min time series for each
buoy sampled at 1.28 Hz (2.56 Hz for the nondirectional buoy).

The power 7 has been estimated by an ML method for the
frequency ranges [1/Tz, 3fp] and [3 fp, 0.6 Hz]. The second
frequency range is very short (sometimes equal to zero) for
small peak periods. From a simulation study, the sampling vari-
ability for » was found to be about 6 percent for the first range
and 9 percent for the second.

The waverider applies an anti-aliasing filter consisting of a
Sth-order Butterworth filter with a cut-off frequency (3 db) at
0.6 Hz. This filter has some effect on the slope near the cut-off
frequency (see Table 3).

The measurement of the vertical displacement of the free
surface is also modified by the heave transfer function of the
buoy which depends on its radius (here 0.7 m for the nondirec-
tional, and 0.9 m for the two others) and the mooring force
(Prevosto, 1995). The heave resonance will give a less steep
slope in the uppermost frequency band, most pronounced for
the 0.9-m radius buoys. This and different moorings may ex-
plain the differences we see between the three buoys in the
upper frequency band.

The buoys do not follow the elevation of the free surface
without horizontal displacement. The magnitude of this dis-
placement depends on the type of the buoy and the stiffness of
the mooring. In the instrumentation which has been deployed,
the motions of the buoys have been measured to be very close
to the orbital motion of the surface particles (Prevosto, 1995),
so that the tail of the spectrum can be influenced by such a
behavior compared to what is seen by a fixed point probe. Such
perturbation has already been observed in Allender et al. (1989)
and analyzed by Rademakers (1993). In the present case, we
have processed the directional buoy data so as to predict obser-
vations from a fixed location. Details are given in Prevosto
(1995). The hypothesis is that the buoy follows exactly the
vertical displacement of a particle with equilibrium coordinates
defining the fixed point and that the orbital motion is elliptical
(correct to second order). The results are summarized in Table
3. In deep water, there is no influence in the first frequency
band, but a 10-percent decrease of the slope in the high-fre-
quency band. This conclusion agrees with the results of mea-
surement given in Allender et al. (1989, Fig. 10). In shallow
water, we observe a slight 6-percent decrease of the slope in
the first frequency band and, as in deep water, a more important
decrease of 17 percent of the slope in the upper frequency
band. From the table, we also notice that the observed sampling
variability is of the same order as the results from the simula-
tions, indicating very similar spectra.

In the lowest band, the spectrum is close to f ~* in deep water,
but reduces to f ~** at 10 m depth with a correction made for
the effect of buoy displacement. In the higher frequency band
(above 3 times the peak frequency), the effect of the filter and
heave transfer function are difficult to compensate accurately;
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Fig. 4 Average HF-exponent (—n) for the range fp-3fp for different wa-
ter depths assuming n = 4 in deep water

but when corrected for the buoy displacement effects, the slope
seems much closer to f ™ than to £, and with no definite
depth dependence.

As briefly mentioned in Section 2, due to the depth-dependent
dispersion relation, identical wavenumber spectra give rise to
different frequency spectra in deep and shallow water by the
transformation

S() = 60k 55 (2nf)? = gk tanh (40
where 4 is the depth. It is therefore interesting to check whether
the results in Table 3 may simply be explained by changes in
water depth assuming that we have identical wavenumber spec-
tra in deep and shallow water. For a wavenumber spectrum of
the Phillips (1985) form, ¢(k) = k~>°, the average exponent
from fp-3 fp has been computed in Fig. 4 for four different
water depths. Figure 5 gives the water depth as a function of
the highest depth-affected frequency. The data in Table 3 have
peak frequencies around 0.10-0.12 Hz. This implies, reading
off the graphs, that the 100-m results should not be much af-
fected by the depth, whereas the 10-m measurements should be
only slightly affected for f > 3 fp, but strongly affected in the
band fp-3 fp. For this latter band, Fig. 4 indicates a drop in n
from 4 to 3.1; and since the average in Table 3 is not taken
from fp, but from the slightly larger 1/7%, the observed varia-
tion from 4 to 3.4 seems basically to be explained by the differ-
ence in water depth.

3.3 North Sea and Norwegian Sea Data. In this section,
we present analysis of several offshore data sets from the Nor-
wegian and North Seas. Details about the data acquisition have
been given elsewhere (Barstow, 1992; Torsethaugen, 1990).
The coastal WAVEMOD data from the directional waveriders
at Figueira da Foz (Section 3.1) have been subjected to the
same analysis. Table 4 summarizes the data sets. The larger
directional buoys WAVESCAN and NORWAVE have diame-
ters about 3 m. The hull-averaging should therefore be more
pronounced for these buoys compared to the waveriders. No
attempt to compensate for horizontal motion as discussed in
Section 3.2 has been carried out.

Depth (m)

—~——

0 0.2 04 0.6
Maximum depth-affected frequency (Hz)

Fig.5 Approximate maximum spectral frequency affected by the water
depth
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Table 4 The data set from the North Sea/Norwegian Sea and
WAVEMOD

Data set m) Instrument Period | # spec.
Haltenbanken ~150 NORWAVE/ 1980-87 12921
WAVESCAN
Vgringplatiet ~1600 WAVESCAN 1987-89 5828
WADIC, reference data set 70 EMI lasers 1985 920
WADIC large buoy 70 WAVESCAN 1985 528
WAVEMOD, Figueira da Foz, 72m 72 Dir. Waverider 199394 1389
WAVEMOD, Figueira da Foz, 20m 20 Dir. Waverider 1993-94 1170

The offshore sites have numerous records in excess of 10 m
significant wave height. In order to exclude multi-modal spectra
from the analysis, the so-called unidirectivity index UI has been
applied; see Allender et al. (1989) for a discussion of this
parameter. Only spectra having Ul > 0.985 have been included.
For these data, the frequency range is limited to 0.03-0.47 Hz.
The range 3-5fp is thus sometimes truncated by the upper
frequency limit.

The data sets range from 20 to 1600 m in water depth. Judging
from the conclusion of the previous section, it appears to be
reasonable to consider the slope of (nondirectional ) wavenum-
ber spectra rather than frequency spectra. The frequency ranges
for the fits are similar to the previous analysis. This implies
that the relative wavenumber ranges change with water depth
and peak frequency. When computing average exponents for
various combinations of Hs and Tp, as in Section 3.1, we ob-
serve that dimensional analysis that gives the slope exponent n
may be written n = n(s, . . .), where s is the average wave
steepness, s = Hs/\,, and where ), is the wavelength corre-
sponding to Tp (taking the full dispersion relation into account).
Here the dots signify other possible dimensionless combinations
of sea state parameters and water depth. On the basis of the
observed variations, also evident in Table 1, a simple hypothesis
is therefore to assume that n is mainly a function of s. The
power n is displayed versus s in Fig. 6. The horizontal line is
n = 3.5 corresponding to f ~* in deep water. In this case, the
data were grouped into 1 m X 1 s classes and the average s-
parameter and the exponent n were computed for each class with
more than five observations. This results in a varying sampling
variability, smallest for the large data sets. In most cases, five
n increases when s increases. The EMI spectra show an irregular
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Table 5 Average exponents for wavenumber spectra

Data set Depth  [Wavenumber exponent for the ranges

Hs=3-6m, Tp = 10-12s (m) 1-3fp 3-5fp 1-5fp
Veringplatiet ~1600 331 3.53 3.48
Haltenbanken ~150 3.35 3.55 345
WADIC large buoy 70 341 3.30 347
WADIC EMI lasers 70 3.39 3.06 3.40
WAVEMOD, Fig. da Foz 1 (Tp =14-16s) 72 347 3.36 3.39
WAVEMOD, Fig. da Foz 2 (Tp =14-16s) 20 3.84 347 3.59

behavior for the highest range, probably due to noisy data. Data
from the two directional waveriders from Figueira da Foz are
obviously more swell-dominated than the other sets, and thus
cover a smaller s-range. All North Sea/Norwegian Sea data
appear to be rather similar. In fact, all sets are similar in the
upper band. There is, however, a striking difference between
the waveriders in the lowest frequency band, indicating that
depth cannot only enter through the dispersion relation.

For a more quantitative analysis, let the dimensionless wave-
number spectrum ¢, (x) be defined as

16k2
HmO
(2*;rf,,)2 = gk, tanh (hk,)

Po(x) = P(xk,)

where h is the depth and ¢(k) was defined in Section 3.2.
Exponents for the tail of the average spectra from a central
section of the 7p and Hs joint occurrence table (Hs = 3—6 m,
Tp = 10-12 s) are shown in Table 5. (Because of the swell
dominance in the data from Portugal, the data selection was
moved to somewhat longer periods.) Apart from laser data from
WADIC, which are noisy for high frequencies, the behavior is
strikingly close to n = 3.5 in all cases. The waveriders from
Figueira da Foz and the WAVESCAN buoy from WADIC show
spectra that are slightly steeper in the first range, whereas the
opposite is true for the deep-water buoy measurements. This
difference is well illustrated for average spectra from Vgringpla-
tdet (depth ~1600 m) and the inner Figueira da Foz directional
waverider (depth 20 m) in Fig. 7.

Although we do not find a complete depth-independent be-
havior for the wavenumber spectra, it is nevertheless obvious
that the differences in the slope are much smaller for wavenum-
ber spectra than for frequency spectra. It therefore appears to
be reasonable to use wavenumber spectra instead of frequency
spectra when comparing data from several water depths in order
to eliminate the effect of the depth-dependent dispersion rela-
tion.

Returning to the more familiar frequency spectrum, the North
Sea/Norwegian Sea data contain several records with very high
significant wave height. Exponents for the HF-tail of the fre-

' Voringplataet 102 Fig. da Foz, 20m
pHig phi i
10°}- 10°
102}.. 10%}...
104} 10%...
oL i L : “‘"‘P
10° 10 10 10 10° 10° 10 10

Fig. 7 Average nondimensional wavenumber spectra from Veringpla-
tiet (1600 m) and Figueira da Foz (20 m) illustrating slightly different
spectral behavior
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Table 6 Exponents of the high-frequency tail for very high sea states

Data set 1-3fp 3-5fp 1-5fp | #spec.
Haltenbanken, Hs > 9 m 392 4.38 4.09 42
Veringplatdet, Hs>9 m 3.85 4.32 4.01 25
WADIC, EMI laser, Hs >9m 4.01 4.43 4.04 10
WAVESCAN, WADIC Hs > 9m 424 4.60 4.29 4

quency spectrum for data with Hs > 9 m are given in Table 6.
The exponents show a similar behavior to the previous analyses,
but the WAVESCAN buoy in the WADIC experiment indicates
a somewhat steeper tail. This is probably partly due to the effect
of the hull-averaging and may also be due to the horizontal
motion, as discussed in Section 3.2.

As the wave height increases, the occurrence of multi-modal
spectra decreases and the wave spectra tend to become similar
in shape. If we use Hs and fp as our characterizing parameters,
we may thus assume that the spectrum S(f) can be expressed
in terms of a dimensionless spectrum S,(x) with integral 1 as

Hs?
16 fp

A scatter plot showing all dimensionless spectra with Hs > 9
m from Haltenbanken is given in Fig. 8. To the right is shown
the observed variability in the spectral values as a function of
frequency compared to the intrinsic spectral variability (2/v)?,
where v is the degrees of freedom in the spectral estimate (16
in the present case). The observed variability above the spectral
peak is only slightly larger than this lower bound. Below the
spectral peak, the spectra are strongly varying and the variability
is larger. See also Guedes Soares (1990) for similar observa-
tions. This clearly suggests a self-similar spectral form.

Dimensionless average spectra from Haltenbanken and the
EMI lasers and the WAVESCAN buoy from WADIC are given
in Fig. 9. The average EMI spectrum is compared to the average
buoy spectrum from Haltenbanken to the left and to the
WAVESCAN spectrum from WADIC to the right. The similari-
ties are striking, even if the Haltenbanken and Ekofisk areas
have quite different wave climates. It is easy to fit simple power
functions to the average spectra. Since the integral of the dimen-
sionless spectrum is 1, such spectra are defined only by the
exponents in the various ranges and a requirement of continuity;
e.g., a simple fit to the plot in Fig. 9 gave the expression

S(f)= So(f1fp)

2.3x%, x<1
So(x) = §2.3x73°, 1<x<3,
3.609x %3, 3 < x

Obviously, other parametrizations based, e.g., on the JON-
SWAP form could equally well have been used.

4 Conclusions

In the present paper, we have discussed and analyzed data
on the high-frequency tail of the wave spectrum from a variety
of data sources. All data suggest a power decay near f~* in deep
water and none of the data support the original Phillips theory
of an f ~>-high-frequency tail.

When measuring the high-frequency tail, care should be exer-
cized in order to avoid interpreting instrument deficiencies such
as finite extension averaging and horizontal motion of the buoys
as features of the tail. Most of the data in the present study
indicate that the frequency spectrum is somewhat steeper above
3fp as compared to the range between fp and 3 fp; but the
differences may in many cases basically be explained by assum-
ing a depth invariant wavenumber spectrum and applying the
depth-dependent dispersion relation. When comparing data
from various water depths, it is therefore preferable to use wave-
number spectra instead of frequency spectra.
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St0 S(x)
1 1
R R
i
-01_ e .01
x=f/fp o xwot/f
0.1 1 10 .04 1 10

Fig.9 Average dimensionless spectra for Hs > 9 m. Buoy spectra from
Haltenbanken (solid) and EMI-laser ( dashed) to the left. Wavescan from
WADIC (solid) and EM! laser (dashed) to the right.

The exponents for the tails of the wavenumber spectra show
less variation in the exponents than the frequency spectra, and
a simple model spectrum with a tail = k™% may be applicable
both in deep and shallow water.

The steepness of the tail of average spectra vary for different
combinations of Hs and Tp. In general, one finds steeper tails
for steeper sea states where the wave steepness is defined s =
Hs/\,.

The deep-water high sea state spectra in the present study
have a definite self-similar form. This suggests, at least in deeper
water, that one single spectral form could be used for high sea
states.
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