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ABSTRACT

The variability of frequency spectra of waves is considered; for example, the dependencies of integral and
spectral parameters of waves on wave-development factors and the interrelationships of the parameters are
examined. Also studied is the transformation of the frequency spectrum shape in the course of its development,
as well as the transition from the spectrum of developing waves to the spectrum of fully developed waves. Data
were obtained in situ with common methods during a long-term program in the Black Sea.

The variability of the spectrum of developing waves, as a function of the stage of wave development, is
described on the basis of field data using estimates of parameters for the spectrum form of the JONSWAP type.
A novel approximation of the equilibrium interval level dependence on the dimensionless peak frequency isf̃ m

obtained, which includes periods of stable and changeable behavior of the spectrum level. Transformation of
the spectrum of wind-generated waves related to the development of the wave field in terms of the JONSWAP
spectrum form is obtained. Continuous transition to the Pierson–Moskowitz spectrum is described. An approx-
imation of the dependence of the enhancement coeffiecient g on wave development stage is suggested, whichf̃ m

describes continuous variation of the coefficient g for all wave ages. Self-similarity of the spectrum of developing
waves is not observed.

1. Introduction

The study of dependency of the main wind wave pa-
rameters (like mean height and mean period) on con-
ditions of their formation is based on traditional trend
in wave investigations. At present there is no theory of
wind wave spectral structure formation in the general
case (Zakharov and Zaslavskii 1982a,b, 1983a,b). There
are also substantial discrepancies not only between the-
oretical works of different authors but between results
of estimating and generalizing field data as well (Dav-
idan 1980). Thus, it is necessary to compare carefully
results of the limited number of special experiments
devoted to in situ wind wave research under controllable
conditions.

According to the hypothesis of Kitaigorodskii (1970),
the wind wave spectrum is fully determined by a limited
number of parameters: frequency, wind velocity outside
the boundary layer, duration of wind action, wave fetch,
and gravitational acceleration. Ordinarily, wind speed
at the standard height of 10 m is used for interpretation
of field results.

Usually, groups of field data, even for such well-
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known experiments as JONSWAP (Hasselmann et al.
1973) have a rather narrow range of parameter variation
that sets limits on the applicability of the obtained pa-
rameterizations. Sometimes, for construction of approx-
imations, authors, in addition to their own data, must
use data of other researchers obtained in other regions
under various conditions, sometimes in laboratories and
with different instrumentation. Such an approach may
not always be correct and leads to degradation in ac-
curacy of the resulting expressions.

The problem of using laboratory data for the analysis
of wave spectral structure is of principal importance in
wind wave experimental physics. The possibility of lab-
oratory wave modeling should rather simplify research
as far as it permits qualitative and quantitative studies
of subtle effects. However, many theoretical and ex-
perimental studies indicate that the comparison of lab-
oratory and field results needs extreme care. For ex-
ample, Zaslavskii (1974) concluded that laboratory ex-
periments are not representative of wave spectral struc-
ture because it is impossible to re-create the large-scale
turbulence of the wind that plays a large role in wind
wave growth. There are other important disadvantages
of laboratory measurements; such as limited directional
structure or involvement of capillary effects that restrict
the resemblance of natural and laboratory waves too.

Thus, for reliable determination of the wind wave
spectrum shape parameters (for example, on fetch), it
is necessary to obtain a field dataset referring to as wide
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FIG. 1. Locations of the research platforms in the Black Sea.

FIG. 2. Position of the nearshore research platform in Katsiveli.

a range of values of the parameters as possible and, if
possible, using similar instrumentation and common
methods. The broadest well-known field dataset ob-
tained within the scope of single research is a result of
the special wave experiment of JONSWAP. However,
the wide range of variation of dimensionless fetch X̃ 5
102–104 (see part 2) in this experiment is typical of the
open sea and does not describe early stages of wave
development. Among experiments devoted to the study
of integral and spectral parameter variability, the studies
of Kahma (1981), Donelan et al. (1985), Dobson et al.
(1989), Wen et al. (1989), and Evans and Kibblewhite
(1990) are distinguished by their comprehensive explo-
ration of wind wave spectrum behavior based on field
data obtained over a broad range of existing wave con-
ditions. The present results will be compared with theirs
as well as JONSWAP results.

For the study of integral and spectral wave parameter
variations, systematic observations were carried out by
the Department of Air–Sea Interaction, Marine Hydro-
physical Institute of the Ukrainian National Academy
of Sciences in 1981–89. Most data were acquired in the
Black Sea (mainly, in its northwestern part), which is
suitable for measuring developing seas and rather de-
veloped ones under controllable conditions of wave de-

velopment (Fig. 1). The availability of stationary in-
dustrial (oil) rigs in the region provides an opportunity
to perform long-term, in situ observations at a fixed
point without the effect of motion on wave measuring
instrumentation. The bottom relief is horizontally ho-
mogeneous and about 30 m deep, which satisfies deep
sea conditions for typical waves in this region.

Measurements at a single fixed point, while actual
conditions of wind and wave variations along the fetch
are unknown, allow only indirect estimations of mea-
surement conditions corresponding to ‘‘ideal’’ ones
when the wind is steady, homogeneous, and perpendic-
ular to the coastline. That is why only the following
situations were chosen for further analysis:

1) The speed and direction of the wind were steady at
least during the time interval from several to tens of
hours.

2) The wind was directed within the range of 3008–
1208 (clockwise). Cases of prior turning or weak-
ening of the wind were not considered.

An analysis of wind field maps for those cases shows
that, under stationary conditions at U . 5 m s21, the
horizontal scale of surface atmospheric structure essen-
tially exceeds the dimensions of the measurement
regions. Therefore, the wind field may be considered as
approximately homogeneous and the distance to the
coast in the direction of the wind is a good estimation
of the fetch. The range of fetch variations was from 60
to 150 km.

Because only rather developed waves occur for steady
wind that in the open sea regions, measurements from
a stationary platform in the Black Sea nearshore zone
(Katsiveli, Crimea’s South Coast) were acquired at the
initial stages of wave development (Fig. 2). The wave
fetches varied from 600 m to 1 km. The water depth at
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the platform is about 30 m, which implies deep water
conditions for all short-fetched wave situations.

For wave measurements, a wire resistance wave
gauge was mainly used, as described by Verkeev et al.
(1983). The diameter of the nichrome string was ;0.3
mm, and its length 10 m. The device had been calibrated
both in the laboratory and in situ. Laboratory tests dem-
onstrated that the greatest deviation from linear regres-
sion between readings and water level never exceeded
1%, temperature-dependent errors in the range from 108
up to 308C were less than 0.1%, and characteristics of
the regression line changed no greater than 0.1% during
a half-year. Field calibration (made by immersing the
wires to various depths) showed ;1 mm accuracy for
surface elevation. The platforms used to measure waves
had eight 0.4-m diameter legs and, to avoid disturbance
of the waves, the sensors were deployed on booms ex-
tended across the surface to a distance up to 15 m from
the nearest leg. During measurements, only incident
waves were recorded; that is, only waves unperturbed
by the platform.

In some cases, an accelerometer wave buoy, as de-
scribed by Babanin et al. (1993), was used. Its frequency
response was investigated by comparison with simul-
taneous measurements made by a nearby wire gauge.
Frequency spectra obtained with the buoy and the wire
gauge coincided in all detail within 95% confidence
interval up to 1.1 Hz.

To obtain directional characteristics of the wave field,
we used arrays of string gauges. Characteristics of the
arrays are described by Babanin and Soloviev (1987)
and, for the purposes of the present paper, the main wave
direction can be estimated with no greater than 108 ac-
curacy.

Wave frequency spectra were obtained by a Fourier
transform of a correlation function; frequency resolution
was normally about 0.02 Hz; and the number of degrees
of freedom was usually no less than 200. Directional
spectra estimates were obtained by the maximum like-
lihood method (Capon 1969).

Simultaneous with wave measurements, continuous
records of averaged wind speed and instantaneous di-
rection were acquired once per minute. To measure the
wind, a standard Russian M63-MP anemometer was
used, it has a threshold of 0.5 m s21, and an accuracy
of 0.05 V m s21 for speed and 58 for direction where V
is the measured wind speed. Anemometer data were
recorded on a paper autoregister. To avoid flow distor-
tions by the platform, anemometers were deployed on
towers at 42 m height on the oil rigs and at 20 m height
on the research platform at Katsiveli, far above the deck
buildings. Speed and direction of the surface current,
and water and air temperature were recorded once every
three hours.

In most cases, the measurements of frequency spectra
were coupled with directional spectra measurements by
means of wave gauge arrays; thus, it is possible to
choose ‘‘pure’’ situations with discrepancies between

wind and wave directions of no more than 108. This
fact is of principal value because, in some recent studies
(e.g., Donelan et al. 1985; Dobson et al. 1989), it has
been noticed that, if a discrepancy exists between wind
and wave directions at a measurement point, the proper
wind to use in scaling wave parameters is the component
of wind in the wave direction.

Though it is common practice to use in situ wind to
scale the wave variables (Hasselmann et al. 1973; Do-
nelan et al. 1985), some problems arise (Dobson et al.
1989). As the fetch profile of offshore wind changes
due to variations of roughness length, the first question
is what is the proper wind speed to use instead of that
measured at a point because waves measured at the point
are the product of the space and time history of the
changing wind conditions all along the fetch. As shown
by Dobson et al. (1989), corrections for scaling wind
speed for initial fetches and for those greater than 50
km are small. The present data just fit both determined
ranges; thus, the corrections described were not per-
formed.

The second question is what offshore wind speed may
be used for scaling at very short fetches, in sofar as the
wind is strongly affected by the upwind presence of
great roughness lengths. Here, there is no choice but
measured wind speed because there are no clear criteria
elaborated as to what properties should be considered
characteristic for the wind at short fetches. If those are
the properties of a wind suddenly started over a calm
water surface, they will definitely differ from those of
the offshore wind, but the former situation is much more
exotic than the latter. Thus, to scale the wave variables
at short fetches, the speed of the offshore wind was
chosen. In all cases, the wind speed at the 10-m height
used for scaling was not instantaneous but averaged over
a period of the wave record, normally more than 15
min, and the situations chosen for analysis were always
stationary.

2. Dependence of wave integral parameters on
wave generation conditions

To cover a broad band of empirical parameters, Has-
selmann et al. (1973), while constructing their depen-
dencies, used, along with the data of the JONSWAP
experiment, both field and laboratory data of other re-
searchers. While plotting dimensionless wave spectrum
peak frequency 5 Uf m/g, where U is wind velocityf̃ m

at the 10-m height, f m is dimensional spectrum peak
frequency, and g is gravitational acceleration, versus
dimensionless fetch X̃ 5 gX/U 2, where X is dimensional
fetch, that generalization led to

5 3.50X̃20.33.f̃ m (1)

If laboratory data are eliminated and approximation pa-
rameters are determined only from JONSWAP data
(Davidan 1980), another relation for and X̃ is ob-f̃ m

tained:
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FIG. 3. (a) Dependence (8) of dimensionless peak frequency onf̃ m

dimensionless fetch X̃; (b) comparison of the dimensionless peak
frequency on the dimensionless fetch X̃ dependency: the solid linef̃ m

numbered 1 is our dependence (8), dependencies numbered 2–8 are
2: JONSWAP’s (1), 3: Davidan’s (2), 4: Kahma’s (3), 5: Donelan et
al.’s (4), 6: Dobson et al.’s (5), 7: Wen’s et al.’s (6), and 8: Evans
and Kibblewhite’s (7). PM is the Pierson–Moskowitz frequency.

5 2.55X̃20.28.f̃ m (2)

The relation (2) differs essentially from the generalized
approximation (1) (Fig. 3b). Significant discrepancies
in the JONSWAP parameterization parameters obtained
with and without the laboratory data were noted by
Donelan et al. (1985), Dobson et al. (1989), and Donelan
et al. (1993). The dependencies of Kahma (1981), Do-
nelan et al. (1985), Dobson et al. (1989), Wen et al.
(1989), and Evans and Kibblewhite (1990) are, after
being expressed in a form similar to (1), respectively

20.33˜f̃ 5 3.18X , (3)m

20.23˜f̃ 5 1.85X , (4)m

20.24˜f̃ 5 1.7X , (5)m

20.23˜f̃ 5 1.66X , (6)m

20.30˜f̃ 5 2.98X . (7)m

During data processing, after the analysis of atmo-
spheric conditions, frequency spectra and directional
wave features had been completed, 43 cases were chosen
out of several hundreds of records to plot the peak fre-
quency as a function of fetch. The cases correspond to
steady wind waves with limited fetches (Table 1). The
data were obtained using similar instrumentation within
the framework of a common method of measurement
and data processing.

Results (Fig. 3a) cover a wide range of wave con-
ditions (from the earliest stages of wave development
to stages close to fully developed). The range of wind
speed variation covers velocities from 5 to 20 m s21.
The ranges of dimensionless values were from 3 3 101

to 2 3 104 for fetch, from 1025 to 1023 for variance,
from 0.84 to 0.18 for peak frequency. The main part of
the data corresponds to fetches of 50–70 km and relates
to developed and developing waves. The wave devel-
opment stage parameter corresponding to these data is
U/cm 5 2p 5 1.0–1.7, where cm is the phase speedf̃ m

of a wave with frequency f m. Field data related to young
waves were very sparse. For that small group of data
the parameter U/cm was 3–5.

The approximation of the dependence of the dimen-
sionless peak frequency on the dimensionless fetch is
as follows:

]X̃20.27560.16,10.19f̃ 5 [2.41m 20.18 (8)

which presents the 95% confidence interval of the em-
pirical coefficients. This approximation is in good agree-
ment (Fig. 3b) with the experimental dependencies of
other authors, especially for developed waves. But only
dependencies (2) and (3) fit the present dependency for
young waves within 5% accuracy; the others differ by
10% or more.

The applicable range of the Zakharov–Zaslavskii
spectrum (Zakharov and Zaslavskii 1982a,b, 1983a,b)
is referred to as developed waves, and its comparison
to experimental results can be carried out for the latest
wave development stages only. In the range of devel-
oped waves with dimensionless fetches X̃ ; 104, the
theoretical dependence of Zakharov and Zaslavskii
(1983b)

23/14˜ṽ 5 9.2Xm

or

20.21˜f̃ 5 1.46X , (9)m

which agrees well with the experimental dependencies.
It is particularly close to the results of Dobson et al.
(1989) and Wen et al. (1989).

As noted above, according to the Kitaigorodskii’s
(1970) hypothesis, the wind speed U0 on the outer side
of boundary layer or the friction velocity u* are among
the few variables determining the wave spectrum. As
measurements of the friction velocity u* or the speed
U0 are of great difficulty, the mean wind speed U at the
standard 10-m height is usually used for standardization
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TABLE 1. Wind and wave characteristics used for construction of the integral dependencies.

No.
U

(m s21)

u*
(m s21)

fm

(Hz) mf̃ 3f̃ * 3 10m

m
(m2) m̃ 3 104

2mg
m̃* 5

4u
*

X
(km) X̃ X̃* 3 1026

1 2 3 4 5 6 7 8 9 10 11 12

1
2
3
4
5
6

9.15
7.0

11.8
10.4
11.7
11.6

0.317
0.23
0.474
0.384
0.168
0.461

0.78
0.83
0.70
0.68
0.22
0.20

0.73
0.59
0.84
0.73
0.26
0.24

25.3
19.6
33.8
26.7
10.4
9.4

0.0009
0.0006
0.0023
0.0022
0.112
0.140

0.13
0.26
0.12
0.18
5.75
7.44

8.96
21.0
4.4
9.6

225
298

0.67
0.67
0.90
0.84

50.8
52.0

78.5
134.0
63.7
75.7

3640
3790

0.066
0.124
0.032
0.056
2.28
2.40

7
8
9

10
11

11.9
11.7
11.5
11.3
10.6

0.483
0.468
0.454
0.440
0.394

0.20
0.20
0.20
0.20
0.20

0.24
0.24
0.23
0.23
0.22

9.8
9.5
9.3
9.0
8.0

0.181
0.127
0.155
0.153
0.126

8.69
6.52
8.53
9.03
9.60

320
255
351
393
503

54.6
54.6
56.1
57.7
54.6

3780
3190
4160
4430
4770

2.30
2.45
2.67
2.92
3.45

12
13
14
15
16

10.6
10.6
12.4
12.4
10.6

0.394
0.394
0.521
0.521
0.394

0.20
0.22
0.18
0.19
0.19

0.22
0.23
0.23
0.24
0.21

8.0
8.7
9.7
1.0
7.7

0.120
0.120
0.235
0.210
0.145

9.14
9.15
9.57
8.55

11.05

479
479
307
274
579

54.6
54.6
54.6
54.6
50.0

4770
4770
3480
3480
4370

3.45
3.45
1.97
1.97
3.16

17
18
19
20
21

10.6
13.6
17.8
15.1
10.0

0.394
0.615
0.552
0.724
0.360

0.23
0.175
0.175
0.175
0.20

0.25
0.24
0.23
0.27
0.20

9.4
11.0
9.9

12.0
7.34

0.078
0.500
0.430
0.379
0.107

5.95
14.1
15.4
7.02

10.3

311
337
445
132
613

49.6
150
140
61.8

110

4330
7960
8380
2660

10 800

3.13
3.89
4.50
1.15
8.33

22
23
24
25
26

10.1
9.8
6.35
6.2

13.9

0.364
0.349
0.108
0.202
0.638

0.18
0.19
0.20
0.22
0.20

0.185
0.19
0.13
0.14
0.28

6.68
6.76
4.24
4.53

13.0

0.105
0.098
0.049
0.042
0.192

9.71
10.2
28.8
27.1
4.95

576
637

2500
2400
112

110
110
110
118
53.3

10 600
11 200
26 800
28 800

2710

8.14
8.86

24.9
28.4
1.28

27
28
29
30
31

9.3
11.4
13.0
15.6
10.1

0.324
0.447
0.568
0.757
0.365

0.22
0.20
0.19
0.20
0.18

0.21
0.23
0.25
0.32
0.185

7.27
9.11

11.0
15.4
6.70

0.089
0.169
0.164
0.215
0.121

11.4
9.63
5.53
3.49

11.2

776
407
151
63

656

59.8
110
67.5
61.1

110

6800
4830
3720
2410
6150

5.59
9.40
2.06
1.05
8.10

32
33
34
35
36

10.1
9.8

10.1
6.4
6.5

0.365
0.349
0.365
0.208
0.213

0.18
0.19
0.18
0.20
0.21

0.185
0.19
0.185
0.13
0.14

6.70
6.76
6.70
4.24
4.56

0.118
0.086
0.086
0.045
0.035

10.9
8.88
7.76

26.5
18.6

640
555
455

2310
1610

110
110
110
110
110

6150
11 200
10 600
26 800
25 500

8.10
8.86
8.10

24.9
23.8

37
38
39
40
41

9.3
9.3
9.2
9.0

11.4

0.324
0.324
0.317
0.309
0.447

0.24
0.24
0.27
0.23
0.20

0.23
0.23
0.25
0.21
0.23

7.93
7.93
8.7
7.2
9.1

0.050
0.072
0.0431
0.039
0.129

6.44
9.31
5.80
5.73
7.35

438
632
412
413
311

59.8
59.8
62.4
62.4

110

6780
6780
7230
7560
8300

5.59
5.59
6.09
6.41
5.40

42
43
44
45
46

8.7
15.9
5.2
6.7

11.1

0.298
0.777
0.169
0.220
0.424

0.24
0.56
0.42
0.28
0.20

0.21
0.91
0.22
0.19
0.23

7.3
44.4
7.24
6.28
8.64

0.046
0.0096
0.013
0.050
0.048

7.73
0.15

17.1
23.7
3.02

561
2.5

1530
2040
142

7.0
840

—
—
—

9080
32.6

—
—
—

7.73
0.014
—
—
—

47
48
49
50
51

10.1
10.2
11.1
7.9
4.9

0.363
0.368
0.424
0.266
0.158

0.17
0.15
0.15
0.17
0.22

0.175
0.16
0.17
0.14
0.11

6.29
5.63
6.48
4.61
3.54

0.163
0.094
0.142
0.083
0.013

15.1
8.33
9.00

20.4
21.9

903
492
423

1590
2020

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—

52
53
54
55
56

6.6
6.5
6.9
6.9
7.1

0.218
0.211
0.228
0.228
0.234

0.27
0.23
0.23
0.23
0.23

0.18
0.15
0.16
0.16
0.17

6.00
4.95
5.35
5.35
5.49

0.037
0.044
0.058
0.039
0.040

18.8
23.6
24.7
16.4
15.1

1580
2130
2070
1370
1280

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—

57
58
59
60
61

6.7
7.5
7.8
8.8
9.2

0.221
0.248
0.258
0.300
0.320

0.25
0.23
0.25
0.25
0.25

0.17
0.18
0.20
0.22
0.23

5.63
5.81
5.67
7.65
8.15

0.051
0.048
0.034
0.050
0.084

24.4
14.5
8.81
7.84

11.3

2060
1220
736
588
773

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—
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TABLE 1. (Continued)

No.
U

(m s21)

u*
(m s21)

fm

(Hz) mf̃ 3f̃ * 3 10m

m
(m2) m̃ 3 104

2mg
m̃* 5

4u
*

X
(km) X̃ X̃* 3 1026

1 2 3 4 5 6 7 8 9 10 11 12

62
63
64
65
66

10.8
12.2
6.8

12.4
13.3

0.410
0.502
0.224
0.521
0.590

0.27
0.20
0.16
0.12
0.12

0.30
0.25
0.11
0.15
0.16

11.3
10.2
3.65
6.36
7.22

0.110
0.056
0.065
0.154
0.196

7.78
2.42

29.1
6.27
6.03

375
85

2470
201
156

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—

67
68
69
70
71

6.8
13.9
6.6
4.8
5.0

0.224
0.639
0.217
0.157
0.163

0.18
0.20
0.35
0.33
0.35

0.125
0.281
0.231
0.161
0.180

4.12
13.0
7.74
.28
.82

0.081
0.192
0.006
0.007
0.007

36.5
4.5
3.09

12.4
10.1

3100
111
264

1090
896

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—

72
73
74

7.9
5.2
4.7

0.262
0.169
0.153

0.30
0.32
0.30

0.240
0.17
0.14

8.01
5.51
4.68

0.012
0.011
0.009

3.22
14.2
18.2

253
1280
1620

—
—
—

—
—
—

—
—
—

FIG. 4. (a) Dependence (10) of dimensionless wave variance m̃ on
dimensionless peak frequency (b) comparison of the dimension-f̃ ;m

less wave variance m̃ on the dimensionless peak frequency de-f̃ m

pendency: the solid line numbered 1 is our dependence (10), depen-
dencies numbered 2–8 are 2: Hasselmann et al.’s (11), 3: Davidan’s
(12), 4: Kahma’s (13), 5: Donelan et al.’s (14), 6: Dobson et al.’s
(15), 7: Wen et al.’s (16), and 8: Evans and Kibblewhite’s (17). PM
is the Pierson–Moskowitz frequency.

of dimensionless values. Many authors (Davidan 1980;
Efimov et al. 1986) considered such standardization to
be not sufficiently correct as the wind speed U relates
differently to the dynamic velocity u* at different stages
of wave development. On the other hand, in treating the
energy containing part of the wave spectrum, Donelan
et al. (1985) suppose that ‘‘since a significant proportion
of the stress (Reynolds) is supported by very short
waves, it would seem that the wind speed itself is more
useful than the friction velocity as a means of charac-
terizing the wind effects on the ‘energy containing’
gravity waves.’’

Thus, normalization based on the wind speed U at
the standard 10-m height will be used here.

The peak frequency f m is the most characteristic wave
spectrum variable. It is weakly subjected to sampling
variability, does not depend (unlike variance) on the
long period modulation of wind waves (Efimov and So-
loviev 1984), and varies slowly during the spectrum
development (8). For the self-similar JONSWAP spec-
trum (Hasselmann et al. 1973), the peak frequency f m,
in general, determines the spectrum shape. Moreover,
in field measurements, the peak frequency is the easiest
variable to measure, unlike, for example, the wave fetch,
which is usually unknown. Hence, assuming the de-
pendence of the peak frequency on the wave fetch and
the mean wind to be well described by the approxi-
mation (8), the relations between other parameters of
the frequency spectrum shape and wave generation con-
ditions will be considered in terms of their dependence
on To construct a dependence of the dimensionlessf̃ .m

variance

2mg
m̃ 5

4U

on the dimensionless peak frequency, 74 cases of sta-
tionary wave situations were chosen. The data are pre-
sented in Table 1. The resultant dependence is of the
following form (Fig. 4):
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m̃ 5 [ ] 3 1026 ,12.46 2(3.0160.17)˜8.30 f21.90 m (10)

where 95% confidence intervals for empirical coeffi-
cients are presented. Most of the variability in the di-
mensionless variance is caused by the variability of
wind speed that enters into the dimensionless variance
to the fourth power. Comparison of (10) with other ap-
proximations expressed in a form similar to ours are

Hasselmann et al. (1976):

26 210/3˜m̃ 5 5.1 3 10 f , (11)m

Davidan (1980):
20.34ṽ 5 0.11m̃ ,m

26 22.94˜m̃ 5 6.84 3 10 f , (12)m

Kahma (1981):

25 23.00˜m̃ 5 1.16 3 10 f , (13)m

Donelan et al. (1985):

26 23.3˜m̃ 5 5.737 3 10 f , (14)m

Dobson et al. (1989):

26 23.3˜m̃ 5 5.025 3 10 f , (15)m

Wen et al. (1989):

26 23.03˜m̃ 5 7.693 3 10 f , (16)m

Evans and Kibblewhite (1990):

26 22.91˜m̃ 5 6.22 3 10 f , (17)m

which demonstrates satisfactory coincidence (Fig. 4).
The theoretical dependence of Zakharov and Zaslav-

skii (1983b)

m̃ 5 1.5 3 1023 5 1.12 3 102528/3 22.67˜ṽ fm m (18)

also conforms satisfactory to empirical dependencies in
the range of existence of the Zakharov–Zaslavskii spec-
trum but is more weak.

The good agreement of our results with those of other
investigators suggests the universal character of the de-
pendency describing variability of the peak frequency
and the wave variance. Then the following questions
arise:

1) is the spectrum behavior of universal character?
2) is the spectrum self-similar, as determined from the

JONSWAP results (Hasselmann et al. 1973)?

3. Relation between spectrum shape parameters
and integral wave parameters

Experimental verification of Kitaigorodsii’s hypoth-
esis resulted in the discovery of the Pierson–Moskowitz
(PM) frequency spectrum (Pierson and Moskowitz
1964) for fully developed waves. The spectrum shape

in the energy-containing frequency band (and at the for-
ward face) was selected empirically, and as a result, the
following PM spectrum form was established:

5
2 24 25 24E ( f ) 5 ag (2p) f exp 2 ( f / f ) , (19)PM m1 24

where a 5 1.17 3 1022 determines the equilibrium
interval level, g is the gravitational acceleration, and f m

is a spectral peak frequency. The dimensionless peak
frequency and variance are constants:

PMU f mPMf̃ 5 ø 0.13m g
2 PMg m

PM 23m̃ 5 ø 2.7 3 10 . (20)
4U

Because the PM spectrum applies to fully developed
waves, the description of spectral characteristics for par-
tially developed waves still remained unsolved. This
problem was resolved as a result of the special inter-
national experiment, JONSWAP, conducted in 1968–69
in the North Sea (Hasselmann et al. 1973).

Among the results of the experiment, there was the
modeling spectrum of developing waves. The JON-
SWAP spectrum has five parameters that not only de-
pend on external conditions but are interdependent with
each other:

245 f
2 25 24E( f ) 5 ag f (2p) exp 2 1 2[ ]4 fm

2 2 2[( f 2 f ) /(2s f )]exp m m3 g ,

s 5 0.07 for f # f ,1 ms 5 (21)5s 5 0.09 for f . f ,r m

where sl and sr describe the spectrum’s (21) peak width
from the left and right, respectively; and g 5 3.3 is an
enhancement coefficient. The equilibrium interval level
(a), in the JONSWAP spectrum does not remain con-
stant [see (29)–(30)].

As one can see from (19) and (21), the JONSWAP
spectrum differs from the PM spectrum by the value

2 2 2[( f 2 f ) /(2s f )]exp m mg , (22)

which at f 5 f m is equal to the value of the enhance-
ment coefficient g 5 3.3 and, while f recedes from
f m in either direction, the difference tends to unity
rapidly. Thus, the spectrum (21) is very similar to the
spectrum (19), only being narrower around the spectral
peak. The main shortcoming resides in that the JON-
SWAP spectrum never transforms into the PM spec-
trum, that is, within the framework of this model, there
is no transfer from the developing wave spectrum to
the fully developed spectrum, although the JONSWAP
data approaches fully developed situations.

To explain the last fact, Hasselmann et al. (1980)
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supposed that a rapid change occurs when waves ap-
proach their fully developed state. Such a shocklike
spectrum change should be induced by corresponding
shocklike change of the source functions. However,
there is no evidence of similar jumps in the sources
and, besides, the behavior of the terms responsible for
the generation and nonlinear wave interactions is well
known (e.g., Makin and Chalikov 1986; Komen et al.
(1984)) and rather smooth. The empirical dependency
on integral parameters also show persistent conver-
gence the PM state (20) (Figs. 3 and 4), and an anal-
ogous dependency can be assumed for the spectral
shape parameters; consequently, a smooth transition of
a developing wave spectrum to the PM spectrum
should occur.

Generally speaking, in spite of some shortcomings,
especially those due to inclusion of laboratory data in
the parameterization (Davidan 1980; Donelan et al.
1985; Dobson et al. 1989; Donelan et al. 1993), the
JONSWAP spectrum is one of the most statistically
well-founded empirical wind wave spectrum approx-
imations known. Wind wave field spectra are well-
described by the JONSWAP shape within the frame-
work of statistical scattering, which is why the vari-
ability of the wind wave spectra are described here
using the JONSWAP spectrum. The spectral width a
and the enhancement coefficient g have the most scat-
ter, the latter by a factor of 6 according to the JON-
SWAP data. In spite of such a wide range of variation,
no evident tendency of their variability was found, so
their average values were chosen for description of s
and g in (21).

The JONSWAP spectrum shape was, to some degree,
based on computations of nonlinear transfer in the bal-
ance equation. Because inputs of wind and dissipation
in the energy-containing band of developed waves
could be considered to be small, the slow evolution of
the spectral peak must have been regulated by nonlin-
ear interactions of wave components. Direct calcula-
tions of the one-dimensional nonlinear term demon-
strated that the spectral shape (21) was optimal from
the stability point of view because nonlinear interac-
tions were a stabilizing mechanism that changed both
narrower and wider spectra, leading to the JONSWAP
shape. After a spectral shape had become stable, Eq.
(21), it did not vary further, and the spectrum evolved
slowly due to energy input of the wind in the short-
wave band and nonlinear interaction transfer to the
long-wave band, where the spectral peak moved to
lower frequency and, accordingly, its spectral density
grew. The scatter in field data for spectral shape pa-
rameters s and g was considered to be natural and is
explained by the small-scale nonhomogeneity of the
wind field.

Notwithstanding the convenience of the arguments,
the existence of stable wind wave field spectra much
wider than the JONSWAP spectrum is an experimental
fact. The PM spectrum is statistically well assured and

is obtained as the steady state spectrum for a wide
range of wind speeds from 10 to 40 m s21 . Komen et
al. (1984) investigated conditions of the balance equa-
tion for the PM equilibrium spectrum to exist. Ac-
counting for the two-dimensionality of wave spectra
allows one to explain the stability of the one-dimen-
sional (frequency) PM spectrum as the steady-state fre-
quency spectrum.

Thus, the transition from the narrow frequency spec-
trum of developing waves to the wide spectrum of fully
developed waves should be smooth. To describe this
parametrically, there is no need to abandon empirical
approximations (21) and (19); it is sufficient to assume
that the dependence of the enhancement coefficient g
on the wave development stage had been accounted
for in natural data scatter. If spectral enhancement is
assumed to decrease gradually during wave develop-
ment and that g 5 1 for the spectrum of fully developed
waves, the necessary transition between spectra (21)
and (19) will be achieved.

To investigate the dependence of the developing
wave spectrum on the wave development stage, esti-
mations of spectral shape parameters of the JONSWAP
type were conducted on the basis of field data obtained
in the Black Sea.

For analysis of spectral width, the following width
definition suggested by Belberov et al. (1983) was
used:

m
n 5 . (23)

v E(v )m m

The parameter n 5 Dv/vm may be interpreted as a
relative width of a rectangular spectrum having an area,
m and a central frequency vm . Soloviev (1989) dem-
onstrated that value of n is nPM 5 0.698 for the PM
spectrum and nJ 5 0.323 for the JONSWAP spectrum.

The dependence of spectral width n on dimension-
less frequency as a parameter of wave developmentf̃ m

stage was obtained by Krivinskii (1991):

 ˜(1.05 6 0.02) 2 (2.49 6 0.13)fm
˜n 5  for f # 0.29 (24a)m ˜0.323 for f . 0.29. (24b) m

As seen from (24), the spectral width n (23) remains
constant until a certain wave development stage (U/cm

5 2p 5 1.8, 5 0.13) has been reached; then the˜ ˜f fm m

spectrum starts to widen and reaches the PM value.
Special investigations of field spectra were carried

out to study the behavior of the equilibrium interval.
The level a, of the equilibrium interval was determined
in the same way as by other authors (Bandou et al.
1986); the data are listed in Table 2. In general, 58
spectra obtained at different wave development stages
were used. As seen in Fig. 5 the data are separable into
two groups. For developed waves (U/cm ø 0.8 2 2),
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TABLE 2. Wind and wave characteristics and JONSWAP-type spectrum shape parameters used to construct the spectrum
parameter dependencies.

U
(m s-1)

fm

(Hz) mf̃
m

(m2) a 3 103 l 3 104

1
2
3
4
5
6
7

15.1
4.6
6.0
6.6
8.0
8.0

10.6

0.175
0.52
0.40
0.35
0.29
0.29
0.23

0.269
0.242
0.245
0.236
0.236
0.236
0.251

0.379
0.005
0.012
0.020
0.030
0.048
0.078

14.40
16.39
14.58
11.35
13.09
14.42
15.14

2.57
2.26
7.19
2.75
1.66
2.39
1.58

8
9

10
11
12
13
14

11.7
11.6
11.9
11.3
10.6
10.6
10.6

0.22
0.20
0.20
0.20
0.20
0.20
0.22

0.259
0.237
0.244
0.231
0.216
0.234
0.234

0.122
0.140
0.155
0.153
0.126
0.120
0.120

11.98
10.64
16.62
15.07
12.58
10.71
15.49

2.36
2.19
1.55
1.69
1.65
1.86
1.78

15
16
17
18
19
20
21
22

12.4
10.6
8.9

11.5
10.1
10.1
10.5
11.0

0.18
0.19
0.22
0.20
0.39
0.35
0.33
0.33

0.231
0.207
0.197
0.234
0.398
0.364
0.357
0.374

0.235
0.145
0.066
0.155
0.0082
0.0111
0.0137
0.0179

16.91
12.31
10.42
10.76
8.95
8.46
8.14

10.21

1.62
1.66
1.46
2.39
2.09
2.14
2.15
2.24

23
24
25
26
27
28
29

11.0
8.6

11.4
8.8

10.0
10.0
10.0

0.33
0.24
0.20
0.24
0.20
0.18
0.20

0.374
0.208
0.229
0.215
0.202
0.183
0.204

0.0256
0.054
0.129
0.046
0.107
0.105
0.098

11.80
11.33
11.50
8.37

11.15
7.89
9.27

2.77
1.56
1.76
1.89
1.53
1.45
1.76

30
31
32
33
34
35
36

8.3
11.4
11.2
15.6
10.2
10.0
6.7

0.20
0.20
0.19
0.20
0.18
0.18
0.22

0.167
0.229
0.216
0.312
0.183
0.180
0.153

0.049
0.169
0.164
0.215
0.121
0.118
0.051

5.74
13.42
15.71
11.89
7.29
8.65
6.66

1.36
1.97
1.41
2.77
1.65
1.36
1.97

37
38
39
40
41
42
43

7.5
9.2

10.0
10.8
11.8
5.9

10.3

0.22
0.74
0.80
0.66
0.64
0.23
0.13

0.172
0.694
0.815
0.727
0.770
0.140
0.138

0.048
0.0009
0.0006
0.0023
0.0022
0.048
0.384

6.75
10.08
11.28
15.47
16.81
10.68
7.97

1.85
2.89
2.43
2.97
2.25
1.38
1.47

44
45
46
47
48
49

9.4
9.5
8.3
7.4

16.5
15.2

0.14
0.135
0.154
0.171
0.175
0.25

0.134
0.188
0.127
0.129
0.294
0.388

0.280
0.232
0.190
0.116
—
—

4.82
6.13
4.55
5.53

20.04
16.59

2.32
1.82
2.20
1.82
—
—

50
51
52
53
54

11.0
9.0
5.0
—
—

0.13
0.17
0.44
—
—

0.142
0.156
0.224
0.164
0.212

—
—
—
—
—

7.57
6.87

19.48
9.12
9.19

—
—
—
—
—

55
56
57
58

—
—
—
—

—
—
—
—

0.188
0.153
0.212
0.279

—
—
—
—

6.03
6.35
6.87

13.55

—
—
—
—

the strong dependence of level a on wave age param-
eter is observed. The spectral density level in thef̃ m

equilibrium interval, away from the fully developed
wave stage, essentially rises. However, this tendency

is not supported by spectra of young waves since for
U/cm . 3 the Phillips parameter a has the same values
as those for U/cm ; 2. Data in the intermediate region,
are not available. The approximation of the parameter
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FIG. 5. Dependencies of equilibrium interval spectral density level a on dimensionless peak
frequency the solid line numbered 1 is dependence (25), dependencies numbered 2–6 aref̃ :m

2: Donelan et al.’s (26), 3: Evans and Kibblewhite’s (27), 4: Bandou et al.’s (28), 5: JONSWAP’s
with the laboratory data (31), and 6: JONSWAP’s without the laboratory data (32). PM is the
Pierson–Moskowitz frequency.

a dependence on wave development stage has thef̃ m

following form:

 10.57 22 1.2460.23˜ ˜(8.03 )10 f for f # 0.23 (25a)20.54 m ma 5 
23 ˜13.2 3 10 for f . 0.23. (25b) m

For the empirical coefficients, the 95% confidence in-
tervals are presented. At a constant level for young
waves, the value close to the one assumed by Phillips
(1966) is chosen in (25b). In the range (25a), the equi-
librium level changes gradually from 7.07 3 1023 at

5 0.13, close to the PM constant aPM 5 8.1 3 1023,PMf̃ m

up to the (25b) level. The two ranges of (25) are in
good agreement with ranges of spectral width (n) vari-
ability in (24).

The function (25) is shown, in Fig. 5, together with
the empirical approximations of Hasselmann et al.
(1973), Bandou et al. (1986), Donelan et al. (1985), and
Evans and Kibblewhite (1990). Empirical points below
the PM frequency 5 0.13 were not used for ap-PMf̃ m

proximation (25) because there can be several possible
explanations of their appearance; for example, violation
of the wind field homogeneity along fetch under low
values of local wind speed, effects of atmospheric sta-
bility variability along the fetch, occurence of a variety
of wave-induced drag mechanisms at different fetches,
etc.

The functions of Donelan et al. (1985)

U
22 0.55˜a 5 0.006 0.55 5 1.65 3 10 f (26)m1 2cm

and Evans and Kibblewhite (1990)

a 5 2.4 3 1022 0.833f̃ m (27)

are attempts at construction of joint lines for all devel-
opment stages. Those lines would coincide well with
the function (25) if the present data had not been split
into two ranges and then fit with a joint approximation,
but a similar dependence would give significant errors
due to the quantitatively incorrect behavior in the middle
region of the wave development stages.

The approximation of Bandou et al. (1986) obtained
in a laboratory tank is the next form considered after
scaling by the wind speed adjusted to the 10-m height:

a 5 3.26 3 1022 .6/7f̃ m (28)

The problem with using laboratory data for the analysis
of wave spectral structure laws was already discussed
in section 1. The different conditions of wind wave
generation in the field and laboratory situations can lead
to weak similarity to laboratory data. The dependence
(28) has intermediate behavior compared (Fig. 5) with
the field dependencies (25), (26), and (27) in the main
range of wave development.

The importance of the problem of combined labo-
ratory and field data usage is well understood from the
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discussion of JONSWAP results. As already mentioned,
to study the spectral shape variability in as broad as
possible set of conditions Hasselmann et al. (1973) used,
together with the data of JONSWAP itself, results of
other researchers, including the laboratory data. Finally,
the following dependence of the parameter a on the
dimensionless fetch X̃ 5 Xg/U 2 was obtained:

a 5 0.076X̃20.22. (29)

The analogous connection of a and X̃ using only data
of the JONSWAP experiment differs essentially:

a ; X̃20.4. (30)

After recalculation of (29) and (30) for dimensionless
frequency using (8), the following are obtained:

22 0.80˜a 5 3.76 3 10 f (31)m

and

1.45˜a ; f . (32)m

The first approximation constructed using data at all
wave development stages agrees well with (28) by Ban-
dou et al. (1986), and the second approximation coin-
cides better in its slope with (25a) corresponding to the
range describing well-developed waves. Taking into ac-
count that data obtained at the early development stages
are not represented in the JONSWAP dataset, the gen-
eral agreement of (25a) and (32) indicates a good con-
firmation of the approximation (25a).

Another indirect but clear confirmation of (25) may
be found in Evans and Kibblewhite (1990), who noted
for the equilibrium range that ‘‘the spectrum level in-
creases up to wind speeds of 15 m s21 at which stage
the spectrum levels for higher wind speeds tend to
merge.’’ According to Fig. 3 of Evans and Kibblewhite
(1990), this wind speed corresponds to 5 0.23, whichf̃ m

is exactly our transition dimensionless frequency. A de-
sire to construct a continuous dependence using all wave
conditions together leads to the smoothed approxima-
tions (26), (27), and (31).

The described results demonstrate the existence of
two different phases of wind wave development. During
the first phase, for young waves, the level of equilibrium
interval a is described by a 5 1.32 3 1022, and the
spectrum width n (Krivinskii 1991) remains constant,
equal to the JONSWAP spectrum width. During the sec-
ond phase, for developed waves, the level a varies from
those values corresponding to the spectrum of devel-
oping waves down to values of the PM spectrum, and
the width n (according to Krivinskii 1991) varies in a
similar way too.

4. Transformation of wave frequency spectrum

In the previous part, the dependencies of wind wave
spectral shape parameters on wave generation condi-
tions have been considered. In the JONSWAP spectrum,

the parameters vary in such a way that their spectrum
is self-similar, its shape remains invariant, and the spec-
trum is determined by the peak frequency fm. Under
such a construction, it is necessary to include a discon-
tinuity of the self-similarity at a definite stage to describe
the transition from the JONSWAP developing wave
spectrum to the PM spectrum of fully developed waves.

Hasselmann et al. (1973) suggested a criterion for the
JONSWAP spectrum self-similarity. If the spectrum
shape (21) is maintained, the relation is fulfilled for the
dimensionless energy m̃ 5 mg2/U 4:

m̃ ; a .24f̃ m (33)

The dependencies of JONSWAP for the equilibrium in-
terval a and the dimensionless peak frequency 5f̃ m

Uf m/g on the dimensionless fetch X̃ 5 Xg/U 4 were al-
ready written in (29) and (1). The empirical approxi-
mation of JONSWAP for the connection of the variance
m̃ and the fetch X̃ has the following form:

m̃ 5 1.6 3 1027X̃. (34)

If the expression (29) is fulfilled, the parameter l will
be the criterion of self-similarity:

4˜m̃f ml 5 . (35)
a

This parameter should remain constant. As it follows
from (1), (29), (34) (see Hasselmann et al. 1973):

l ; X̃ 4(20.33)112(20.22) 5 X̃20.1. (36)

Within the JONSWAP data error bounds

l 5 1.62 3 1024. (37)

It has already been mentioned that the JONSWAP
spectrum shape was assumed to be self-similar, but pos-
sible departures from (36) would lead to alterations of
the JONSWAP spectral shape.

The dependence of l on the dimensionless peak fre-
quency was obtained for the field spectra in the Blackf̃ m

Sea (Fig. 6 and Table 2). The strong natural scatter of
experimental points does not allow construction of a
reliable approximate functional dependence between l
and though obvious trends indicate that the param-f̃ ,m

eter does not remain constant. The average l value in
the interval , 0.23 of developed waves isf̃ m

l 5 (1.60 6 0.55) 3 1024, (38)

which agrees well with the JONSWAP results (37). In
the interval . 0.23,f̃ m

l 5 (2.42 6 1.06) 3 1024, (39)

which is quite different from (37).
Thus, the behavior of l does not give clear evidence

to support the statement of self-similarity for the JON-
SWAP spectrum. Besides, as anticipated and will be
seen further, other JONSWAP spectrum parameters,
such as the enhancement coefficient g, are involved in



574 VOLUME 28J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

FIG. 6. Values of parameter l (37) versus
dimensionless peak frequency f̃ .m

differences so that l does not have a clear physical
sense, which was attributed to it by Hasselmann et al.
(1976). As can easily be shown, the JONSWAP en-
hancement coefficient g is connected with other JON-
SWAP spectral parameters and the spectral width n as
follows:

4˜m̃f m4 5/4g 5 (2p) e . (40)
an

The expression (40) allows computation of the g de-
pendence using dependency on the spectral width n and
the parameters m̃, , and a. The large natural scatterf̃ m

of the enhancement coefficient does not allow construc-
tion of the dependence of g on wave development stage

by means of the experimental data, though treatmentf̃ m

of g as a constant, as Hasselmann et al. (1973) did, is
clearly unsuitable.

For the convenience of estimating g, the dependence
of the width n on the dimensionless frequency wasf̃ m

recalculated as a power function, using the same ex-
perimental dataset used by Krivinskii (1991) to con-
struct the linear approximation (24):

 10.066 20.9160.30˜ ˜(0.118 )f , for f # 0.23, (41a)20.043 m mn 5  ˜0.449, for f . 0.23. (41b) m

Such dependence does not yield the linear relation
(24a) according to the statistical scatter minimum cri-
terion. As in the case of (25), the frequency 5 0.23f̃ m

was chosen as a transition though now it corresponds
to a somewhat wider spectrum than the JONSWAP spec-
trum (24b).

The variability of the enhancement coefficient’s de-
pendence on the wave development stage, is nowf̃ ,m

calculated. During the first period of wave growth, for
. 0.29, the calculated dependence for g has thef̃ m

following form:

g 5 [ ]12.38 0.9960.17˜ ˜7.62 f ø 7.6 f .21.75 m m (42)

The last approach was chosen, in the framework of con-
fidence intervals, for g to become unity if the depen-
dence continued to the frequency 5 5 0.13.PM˜ ˜f fm m

In the range of developed waves, 0.13 # # 0.23f̃ m

g 5 [ ]18.95 0.6660.70˜ ˜4.75 f ø 7.6 f .26.64 m m (43)

Here, the dependence is not statistically reliable, and
the approximating function was chosen inside the con-
fidence intervals to reach unity at 5 5 0.13,PM˜ ˜f fm m

and as a continuation of the dependence (42) obtained
reliably for the developing waves. Thus, the enhance-
ment, coefficient g does not remain constant, as assumed
in Hasselmann et al. (1973). The final dependence is
based on continuity from both above and below the
wave stage 5 0.23:f̃ m

g ø 7.6 .f̃ m (44)

Among the parameters of the JONSWAP spectrum
shape (21), the spectral peak width, s, does not remain
constant either. Its dependence on the wave development
stage is determined completely by the variability of the
width n (24) and the enhancement coefficient g (44) and
is not considered further here as it is not of independent
interest and cannot be directly obtained.

5. Discussion and conclusions

The calculation of the dependence of the enhancement
coefficient g of the JONSWAP-type spectrum (21) on
wave development stage demonstrates that coefficient
g decreases according to a definite law (44) as the waves
grow. The corresponding spectrum, having the JON-
SWAP shape (21), though with the varying coefficients
g and s, varies in such a way that for the dimensionless
frequency 5 0.13 determined by Pierson and Mos-f̃ m

kowitz (1964) as a limiting value for wind waves, it
merges into the PM spectrum of fully developed waves.
The coefficient g reaches the mean JONSWAP value gJ

5 3.3 for 5 0.43, which corresponds to an inter-f̃ m

mediate wave development stage.
Another description of the transition from the narrow,

fetch-limited spectrum to the broad fully developed
spectrum was presented by Donelan et al. (1985). Gen-
erally, they retained the JONSWAP spectrum shape but
introduced the 24 power law for the rear face of the
spectrum. Their well-established spectrum is in reason-
able agreement with the JONSWAP spectrum for young
waves and approaches the PM spectrum for fully de-
veloped waves. To move forward in this direction, the
problem of the behavior of the wave spectral equilib-
rium interval is probably of significant importance.

The dependence (44) is only statistically averaged,
there is a large scatter of individual g values relative to
the average dependence. As shown by Hasselmann et
al. (1973), such scatter may be recognized as natural
and connected with the local instability of the wind field,
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that is, with its gustiness. The great scatter of the pa-
rameters of the spectrum peak shape is considered a
disadvantage of the JONSWAP model (21) of the wind
wave spectrum, but here the aim was not to remove this
disadvantage and propose a different spectrum. Instead,
the lack of description of the spectrum development was
attempted in the framework of the well-established
JONSWAP form. Physical reasons for alterations of the
wave frequency spectra at temporal scales of tens of
minutes are still open to discussion.

As a result, the transformation of the frequency spec-
trum during its development is described by means of
the variations of the set of the parameters of the JON-
SWAP spectrum shape—the statistically well-estab-
lished approximation of the in situ field spectra. The
dependencies of the wave energy m̃, and the spectrum
peak shape parameter g on the dimensionless frequency

are universal and do not vary as the different wavef̃ m

development stages occur. During the first stage of wave
development the equilibrium interval level, a and the
relative spectrum width n remain constant. For devel-
oped waves, the level a decreases and the relative width
n increases.

Limitations of these conclusions have two major
sources: the lack of data at the intermediate wave fetches
and the great scatter of the parameters of the JONSWAP
spectrum shape. The former limitation, though may lead
to some improvements if the data are obtained, but it
is assumed to not cause sharp changes in the depen-
dencies because their behavior in the missed ranges
seems to be rather smooth. However, natural scatter im-
poses serious questions on the suppositions and expla-
nations made. Though achieved with high accuracy and
well-proven statistically, the measurements still dem-
onstrate that scatter of the spectral parameters, caused
apparently by natural geophysical variability, leads in-
dividual wave spectra sometimes far beyond average
assumed shapes.

The present dataset was measured with high accuracy,
thoroughly processed, and verified to meet both de-
mands to fit pure conditions of wave generation and to
cover a broad range of wave development stages. De-
pendency of integral wave parameters on wind wave
conditions demonstrate that the observed data fit final
expressions with high correlation. The scattering of
spectral shape parameters around average dependencies
that appears to be of large magnitude leads to the con-
jecture that further improvement of the description of
spectral development is related not to more accurate
measurements or more comprehensive datasets but to
an accounting for wind and wave variability properties
instead of average characteristics obtained accurately in
our experiments.

In such a way, the description of the wind wave spec-
trum transformation with the wave system development
is obtained in terms of the JONSWAP spectrum shape
parameters. The self-similarity of the developing wave
spectrum is not observed, and the permanent modifi-

cation of the spectrum shape, dependent on the wave
age, occurs. In the framework of the JONSWAP spec-
trum shape, a continuous transition from the narrow
spectrum for developing waves to the wide spectrum
for fully developed waves of Pierson–Moskowitz is ob-
tained.
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