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AT THE SPECTRUM TAIL OF WIND-GENERATED WAVES,  

TRANSITION FROM f–4 TO f–5 BEHAVIOUR 

Behaviour of the equilibrium interval of the wave frequency spectrum is 
investigated. It is argued that spectra of Phillips, Toba and Zakharov-Filonenko are 

consistent with each other, and transition between f–4 and f–5 subintervals is parameterised 

by means of field data including those obtained at short fetches from Katsiveli research 

tower. Role of the wave breaking, wind input and nonlinear interactions in formation of 

the spectrum tail is discussed. 
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Katsiveli research platform has been a site for long-term observations and 

dedicated field experiments over a period of 30 years, across a variety of 

oceanographic, meteorological and engineering applications. As far as the topic 
of wind-generated waves is concerned, value of the data obtained in Katsiveli are 

hard to overestimate. 

In order to investigate evolution of wind waves, measurements along a large 

range of wave fetches are necessary. Surprising it may be, but it is the short 
fetches which are often missing in large-scale field experiments, and it is this gap 

which is covered by the observations from Katsiveli research tower in the Black 

Sea wind-wave data sets. 
Because of the air-water density difference, waves develop slowly in response 

to the wind forcing. Depending on the wind, it takes tens or even hundreds of 

kilometres for the waves to grow mature and ultimately fully developed. 

Deployment of instrumentation all along such extended distances is not feasible, 
and even in field experiments now regarded classical the measurements were 

conducted either over only short fetches [1] or over only long fetches [2].  

In order to achieve a desired variability of wave-development conditions in 
such circumstances, non-dimensional features of wave growth were employed 

following approach suggested by Kitaigorodskii in [3]. In short, within such 

approach the wave spectrum is presumed to remain self-similar in the course of 
its evolution, with the scaling property being an external parameter – wind speed. 

Thus, even for a constant dimensional fetch, non-dimensional fetches and other 

integral and spectral properties of the waves, scaled non-dimensional by means of 

the wind speed, can vary significantly depending on the wind. 
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There are, however, multiple issues with such wind-based scaling and 
respective dependences and parameterisations. First of all, since all the wave-

growth properties are made dimensionless through the wind, the wind speed 

enters both sides of the dependences which fact leads to self-correlations [e.g. 4]. 
Second, strictly speaking, such normalisation is only applicable to so-called ideal 

conditions of wave development, i.e. waves forced by a constant offshore wind 

perpendicular to an infinitely-long coast. If these conditions are not satisfied, e.g. 

in case of slanting fetches, essential adjustments are needed to the wind speeds 
used for the scaling [e.g. 5]. 

What is the actual wind speed to be used for scaling is a big question in its 

own right. In the boundary layer near any interface, whether this is land or the 
ocean, the vertical profile of wind speeds is characterised by rapid velocity 

gradients. Customarily, it is the wind speed at 10m height above the surface 

which is employed because of convenience of the measurements. The 
measurements, however, are rarely done at the 10m precisely, and then they have 

to be converted into the U10 wind speeds by means of some boundary-layer 

models [see e.g. 6 – 9, among many others]. Such models are usually semi-

empirical, with a great number of uncertainties [see e.g. 10 – 12 for a discussion 
and review]. Besides, the waves can be actually higher than 10m [e.g. 13, 14], 

and then the very concept of U10 becomes meaningless.  

Also, lower parts of the boundary layer are affected by the wave-induced 
pressure/velocity fluctuations in the air which fact renders the wall-layer models 

unsuitable [e.g. 10, 15, 16]. Height of this lower sublayer depends on the length λ 

of surface waves and therefore, if it is to be avoided, there is no practical 

dimensional height for the characteristic wind in principle. Such height will 

depend on the scale of dominant waves, and argument has been made to use U/2 
wind speed rather than U10 [17 – 20]. As a result, multiple corrections, 

conversions and adjustments of the scaling parameter, which usually comes at 

some (often high) power, lead to many uncertainties and scatter in the respective 
non-dimensional analyses and their outcomes. 

Moreover, and importantly, it is not the wind speed as such which drives the 

wave growth, it is the momentum flux τ from the wind to the waves which 

happens to have dimension of the wind speed squared: 

2
10

2
* UCu daa   . (1) 

Here, a is air density, and u* is so-called friction velocity, i.e. some fictitious velocity 
which signifies the flux. In order to obtain u* directly, either the momentum flux 

or the logarithmic boundary-layer wind profile have to be measured [e.g. 9, 11]. 

In absence of such measurements which is usually the case, it can be obtained 

from the wind speed U10 by applying drag coefficient Cd as depicted in (1). 
Thus, as far as the wind scaling of wave growth is concerned, it is u* rather 

than anything else which should be used as a characteristic velocity. Here, 

however, Cd is another problem. The drag coefficient is a purely empirical 
quantity and is effectively intended as a proxy for the structure of the boundary 

layer, i.e. it is meant as a means to convert wind measurements at some height 

into the momentum flux at the ocean surface. Such proxy cannot be anything but 
a poor surrogate as the boundary layer physics, even to a non-specialist in this 
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particular area, clearly cannot be replaced by a single number or even by a 
dependence of this number on one, two or a few relevant parameters. In [11], 

fifteen properties and phenomena which can influence the drag coefficient are 

listed, plus the entire suit of additional characteristics at hurricane-like winds, and 
here we can also add the sea surface temperature to this set, following [21]. 

Among these properties, effects due to temperature stratification [22, 23], 

presence of swell [24, 25], gustiness and unsteadiness of the wind [11, 26], 

directional spread in the wave system [27], can change the drag coefficient by a 
factor of two or more. As a result, empirical parameterisations of the drag 

coefficient are characterised by an enormous scatter which has not improved over 

some 30 – 40 years in spite of all the recent technological, computing, and data 
logging and collection advances. This scatter then feeds back into the scaling 

problem for non-dimensional wave-growth approach. 

For the offshore winds, which are the element of ideal-development conditions 
as mentioned above, many more problems arise. Structure of the boundary layer is 

transitional when the air flow crosses from land to the sea. That is, in a way, the 

wind for some time ‘remembers’ roughness over the land while already moving 

over the sea, and even though the near-interface wind immediately adjusts itself to 
the new surface, U10 may still indicate the roughness values of land upstream for 

some time. This fact is bound to have a major impact on models of wave 

development at short fetches as no characteristic U10 wind speed can be specified in 
such case [e.g. 28]. Even at steady meteorological circumstances, mean wind speed 

at a reference height changes as the wind propagates away from the coast [29].  

Thus, non-dimensional dependences of the wave growth in terms of the wind 

speed are prone to self-correlations, large scatter and a variety of inconsistencies. 
In [30], twenty three such dependences, accumulated over some 50 years of field 

experiments and campaigns, were scrutinised, and only four of them were 

selected as plausible in physical terms. The Black Sea data set, obtained from 
observational platforms at sea including the Katsiveli research tower, was 

recognised the best among the four. 

Before describing this data set, another issue has to be outlined, which 
delivered a major blow to the 50-year old tradition of studying the wave evolution 

by means of the dimensional scaling in terms of an external property, i.e. the 

wind speed. In [30], it was argued that the non-dimensional features of self-

similar wave growth have to be scaled by internal wave-field properties, that is 
fluxes of energy, momentum or wave action.  

In [31], this idea was further elaborated. It was shown that at different stages 

of the wave development, the wave spectrum is shaped due to qualitatively 
different balances between the energy source terms in the wind-wave system. At 

the initial stage, the self-similar wave-spectrum evolution is driven in conditions 

of constant momentum flux. Such kind of development is described by 
Hasselmann law [32] of  

3/5~ TH , (2) 

where H is characteristic wave height and T is characteristic wave period. The 

growing sea is described by the Toba law [33] 

2/3~ TH , (3) 
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the best-known because such conditions occur most frequently. Mature waves are 
characterised by Zakharov-Zaslavskii law [34] 

3/4~ TH . (4) 

These differences imply different dynamics and physics in the course of wave 
growth and yet, if comprehensively proved, are impossible to see by means of the 

traditional wind-scaling approach.  

The Black Sea data set. Such long Introduction was necessary in order to 
explain the importance and uniqueness of the Black Sea data set of the wind-
wave growth and evolution which includes measurements and observation 

obtained at the Katsiveli platform. Measurements at a single location, which then 
rely on the non-dimensional scaling, suffer from shortcoming at the very least, 
and potentially from major disadvantages as discussed above.  

Of these, wind-wave observational field campaign at the research tower in 

Lake Ontario [5] is recognised as one of the best because, apart from many other 
merits, while measurements were conducted at a single point in this experiment in 
the large enclosed lake, different dimensional fetches were actually available 
depending on direction of wave propagation. What is of principal significance, 

both waves at short fetches (the shortest onshore distance was 1km) and long 
fetches (~300 km) were recorded. Wave-growth dependences for the short and 
long fetches are essentially different, and wind-based scaling cannot pick these 

differences up. Therefore, even results of such famous field experiment as 
JONSWAP [2] had to be corrected by adding laboratory points to the data pool, 
and the laboratory substantially corrupted the outcomes [see e.g. 8, 30, 35]. 
Similarly, observations in Hakata Bay [1] which set standards in this field for 

many years to come, but were conducted at a short-fetch site, were clearly 
inapplicable to the open-sea waves. As a result, in [30] both these classical 
experiments were placed in the worst-performing group (no.4) when their 
dependences were subjected to strict physical tests. The Lake Ontario 

parameterisations, although allowing for varying fetches, but still carried out in a 
single point and relied on wind scaling, were ranked into group 2 in [30]. 

In this regard, the Black Sea data were regarded the best in group 1. The 
experimental approach was different at the Air-Sea Interaction Department of the 

Marine Hydrophysical Institute (MHI) where the wind-wave field observations in 
the 80 s and early 90 s were conducted from different platforms which allowed 
for multiple choices of dimensional and non-dimensional wave fetches. Locations 

of the platforms are shown in Fig.1.  
The open-sea observational site was at an oil rig at the North-Western shelf 

of the Black Sea, with the deep-water wave fetches ranging from some 30 km for 
the easterly winds through 50 – 70 km from the north and up to 150 km for the 

westerlies. In the southern direction the fetch was infinite, limited by the size of 
meteorological formations rather than by the distance to the shore. 

Open-sea long-fetch observations are quite common and there are many, as 
summarised in [30]. What made the Black Sea data set collected by MHI unique 

and high-quality was the data obtained at short fetches from the Katsiveli research 
tower. Location of this platform is indicated in Fig.1 and detailed in Fig.2.  

In geographical terms, Fig.2 is reversed, i.e. North is approximately facing 
down and East is to the left (see Fig.1 for the geographically correct position of the 
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F i g . 1 . Location of research towers in the 

Black Sea (pluses). Figure is reproduced 

from [8], copyright of the American 

Meteorological Society. 

F i g . 2 . Position of the near-shore 

research tower in Katsiveli. Figure is 

reproduced from [8], copyright of the 

American Meteorological Society. 
 

coastline). Deep-water initial-stage wave fetches at this site, depending on the wind 

direction, varied from 600 m to 1 km. It is these short-fetch data points which made 
the Black Sea data set distinctly unique, and highlighted features that proved difficult 

to reveal in many other field experiments as will be further described below. 

Over the years, these Black Sea data, with the crucially important Katsiveli 
subset, were used to study integral [10, 30, 36, 37], spectral [10, 37] and 

directional properties [37 – 39] of the wave growth, wind-wave-current 

interactions [40], non-linear effects in the wave field [37, 41, 42], wave-group 

and bandwidth properties [10, 36, 37, 43], wave breaking and dissipation [12, 44 
– 48]. Thus, the impact of the Black Sea field campaign on the wind-wave studies 

is essential across the entire spectrum of relevant topics and applications. In this 

article, we will concentrate on a new issue, which will be attended with use of the 
Katsiveli data, that is the physics at the small-scale end of the wave system. 

Role of the input and redistribution energy fluxes, and wave breaking in 

maintaining the level of the spectrum tail. Formulations for the high-frequency 
tail of the wave spectrum which describes the small-scale end of the wave system 

does not explicitly depend on a formulation for the spectral peak. Here, we will 

refer to the JONSWAP spectral shape as a matter of convenience, since it the most 

broadly employed parameterisation – in order to have a reference to define what is 
meant as the level of this tail. The JONSWAP spectrum, which is a result of 

averaging frequency-spectrum shape F(f) observed in ideal fetch-limited conditions, 

was suggested as an outcome of the field campaign conducted in the North Sea [2]: 
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Here, f is frequency, fp is peak frequency, g is gravitational acceleration, γ and σ 

are parameters of the spectral-peak shape. The exponent in this parameterisation 
was introduced much earlier by Pierson and Moscowitz for the fully developed 

spectrum in [6] as a means to allow the front face of the spectrum to curve down, 

i.e. to have the peak as such, and the actual contribution of JONSWAP is the  
γ-expression which defined enhancement and shape of the peak of the waves that 

are still developing. These details are not relevant here and we refer the reader to 

[2, 5, 8] for them if necessary.  
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F i g . 3 . Dependence of spectrum-

tail level α from (5) on dimen- 

sionless frequency mf
~

 (6). Data 

points and the solid line 1 (7) 

signify the Black Sea measure- 

ments and dependence. Other lines 

are parameterisations from [5] 

(line 2), [49] (line 3), [50] (line 4), 

[2] with laboratory data (line 5) and 

without (line 6). PM at the bottom 

axis indicate the full development 

stage according to [6]. Figure is 

reproduced from [8],  American 

Meteorological Society. 
 

What is relevant for us, is the first part of expression (5). Here, f
–5

 is the 
asymptotic behaviour of the JONSWAP spectrum, and α determines the level of 

the entire spectrum including of course the level of the asymptotic tail. 

Dependence of α on dimensionless frequency mf
~

 is shown in Fig.3, reproduced 

from [8]. In terms of notation of the present paper, the dimensionless frequency is 

p

p
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c
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where cp is phase speed of waves at the spectral peak, i.e. those with frequency fp. 

Ratio U10/cp signifies strength of the wind forcing: for young and slow waves  
U10 >> cp and the forcing is strong. As the waves develop, downshifting progresses 

and peak waves move faster, the forcing goes down until it disappears at U10  cp.  
In Fig.3, the data points and the segmented solid line indicate the Black Sea 

measurements and parameterisation. A number of other parameterisations, also 

based on field data, are shown as specified in the Figure’s caption. All the 
dependences, other than that of the Black Sea, are based on large-fetch data and, 

if extrapolated to higher values of mf
~

 they predict unlimited growth of the 

equilibrium level α. According to [8], this is not the case. 

The difference is due to the Katsiveli data points on the right, i.e. those for 

young waves with high values of wind forcing and dimensionless peak frequency. 
Clearly these points indicate that, if one has measurements at short fetches, one 

cannot keep extrapolating the growth observed at longer fetches. For younger 

waves (which in case of the ideal fetch-limited development means short fetches) 

the equilibrium level stays approximately constant, and it is only at some mature 
wave ages that it starts to respond to the weakening wind forcing and to decrease 

towards the Pierson-Moscowitz magnitude (note that wave development 

progresses from right to left). Similar two-phase behaviour is also consistent with 
behaviour of the spectral bandwidth, and in [8] it was parameterised as  
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Thus, the equilibrium level of the wave frequency spectrum, even though 
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with some variations, remains remarkably stable given the very large magnitudes 
of differences in wind forcing. These differences occur both in absolute values, 

that is in terms of the wind speed which in the Black Sea measurements varied 

from near-zero to some 30 m/s, and in relative terms across the wind-wave scales, 
that is if U10/cp = 1 for waves with fp = 0,1 Hz, then at the 2 Hz tail end it will be 

U10/cp  40 (neglecting the surface-tension contribution for clarity). 
The first analytical justification for the equilibrium range of the spectrum, 

based on dimensional argument, was proposed by Phillips in [51]. The idea of the 

equilibrium spectrum tail was already in the air, and a number of experimentalists 
had suggested their dependences for such spectral interval. The first 

parameterisation was by [52] for a ‘fully-developed spectrum’, 













 




22

2
6 2

exp)(
U

g
CF


 , (8) 

where ω = 2πf is radian frequency, C = 1,410
3
 cm/s

3
 is a dimensional constant 

and U is some estimate of the wind speed. Parameterisation of [53] was measured 

in the range of wave fetches X = 400 – 1350 m and wind speeds U10 = 5 – 8 m/s 
and stated the fact that, even though the spectra themselves were clearly 

developing, with the spectrum peak and the total energy evolving, the tails 

“obtained in different conditions very nearly coincide and become apparently 

independent of the fetch and of the strength of the wind”:  

53
100,7)(
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 F . (9) 

[54] produced a parameterisation which is already remarkably familiar (see (5)): 
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where T is “a ‘mean wave period’ which depends upon wind speed and the state 

of development of the sea”. [54] found that constant  = 7,410
–3

, obtained from 
observations in [53], was consistent with his spectra. 

In [51], it was rightly argued that for the spectrum parameterisation to be 

physically sound, its dimension has to be correct. Phillips produced a rather long 

list of physical dimensions to be considered, i.e. air and water densities a and w, 
friction velocity u*, surface roughness length z0, acceleration g, water surface 

tension σ (not to be confused with the σ from (5)) and viscosity ν, together with 

the relevant spectral scales k (wavenumber) and ω. 
In different parts of the spectrum, different combinations of the dimensional 

properties may be valid and/or significant, but when it comes to the gravitational 

range of surface waves, it was u* which represented the wind stress in (1) and 

gravitational acceleration g that remained. If talking about the spectrum tail, 
which clearly exhibited some level of saturation in the spectra of [53], [51] 

argued that this saturation signifies some limiting shape of the wave crests which 

is apparently due to the waves breaking and not being able to grow any further.  
With respect to the breaking, [51] argued that “the geometry of the limiting 

shape near the sharp crests is determined by the condition that the downward 

acceleration should not exceed g, so that the asymptotic forms... would not be 

expected to involve u*. An increase in u*... should not influence the geometry of 



 180 

such a sharp crest itself”. [51] even made a footnote remark that “we have 
excluded a different possible type of surface instability in which the sharp crests 

may be ‘blown off’ by very high winds”. 

We must notice that this is exactly the view of the breaking onset that we 
have these days [12, 55, 56]. As discussed in detail in papers [55, 56] and review 

[12], the breaking onset is defined by the limiting steepness  

44,0
2


Hk

, (11) 

and it is only at extreme conditions that the wind can reduce this steepness, and 
even then only marginally.  

If so, the original argument of [51] is right and the only relevant dimensional 

parameter for this part of spectrum is g. This led to the frequency spectrum of the 
saturated interval 
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  gF  (12) 

and wavenumber spectrum 
4
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Following (9), [51] defined his constant as  = 7,410
–3

. Expression (13) 
determines spectral densities in different directions of wavenumber vector k, and 

the dimensionless coefficient k depends on this direction θ. 
Parameterisations (12) – (13) must have been the first physical and even 

quantitative account for the wave-breaking effects on behaviour of the wave 

system. By limiting the growth of waves, they define the shape of the spectrum 
tail and even set its level. 

Many more measurements of the equilibrium interval have been conducted 

since 1958. The level α proved to be not that constant (see [8], Fig.3 and eq.(7) 
above). The early observations of [53] were conducted at what we would now 

classify as relatively light winds, and for stronger winds even Phillips himself 

reconsidered this value [57].  

According to (7), the tail level α responds to the wind forcing if U10/cp < 1,45. 
At such forcing, apparently, the average Phillips’ ‘geometry of the limiting shape’ 

of the wave crests can change due to, perhaps, changing rates of the breaking 

occurrence in the high-frequency spectral bands.  

Once it reaches, however,  = 13,210
–3

 at U10/cp  1,45, level of the f
–5

 tail 

does not grow up further on average even if the wind forcing increases very 
significantly (Fig.3). As shown in [12, 58, 59], such situation does not actually 

mean that the breaking rates of short waves reached 100 %, they stay essentially 

below this ultimate percentage. Therefore, this condition can only signify a 
change of the breaking severity. Thus, for the younger waves, the breaking reacts 

to the changing wind forcing by altering the dissipation rates rather than the rate 

of breaking occurrence, in its role of maintaining the spectrum-tail level.  
At the hurricane-like winds, that is for very young waves, with 100 % 

breaking rate of the short waves indeed occurring, the tail is still roughly at the 

same level range (unpublished). This fact further highlights the significant role of 

the breaking in formation of the wave spectrum as we know it. In such case, the 
forcing is most extreme, but the spectrum level only changed by less than a factor 

of 2. That is, the wave-breaking control still maintains approximately the same 
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tail shape and balances the much grown wind input by adjusting its severity up: 
i.e. the extra wind input is lost locally to the dissipation, but the spectrum tail 

more or less holds its level. 

While talking about the saturation level, it must be mentioned of course that 
using the same dimensional argument as [51], but assuming the role of the wind still 

essential, Toba in [60] obtained a different parameterisation for the spectrum tail: 

4
)(


  ugF , (14) 

i.e. he argued in favour of a quasi-equilibrium interval, whose level depends on 
some characteristic wind speed u, in addition to the gravitational acceleration g. 
Well before that, Zakharov and Filonenko in [61] achieved exact analytical 

solution of the Hasselmann equation for the spectrum defined by interactions in 

the system of nonlinear waves, which also produced an –4
 tail: 

43/1
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
  gpcF K . (15) 

Here, the spectral level varies as a function of energy flux p across the spectrum, 
and cK is Kolmogorov constant. 

The observations were divided and produced both f
–5

 and f
–4

 parameterisations, 
e.g. JONSWAP spectrum [2] and the Donelan-Hamilton-Hui spectrum [5], 

respectively. The f
–4

 interval required more attention as the initial formulations 

(14) and (15) seemed contradictory: the first one associated the equilibrium with 
the external wind forcing and the second one with the internal nonlinear flux. The 

contradiction was basically resolved by [62] who concluded, based on a 

comprehensive collection of field data sets, that  

op ucUu 
3/12

10 )( , (16) 

where the first term on the right defines the external energy flux. This flux can 

now be related to the internal flux p, and the contradiction is answered. u0 here is 
a dimensional offset of the experimental dependences, which complicates the 

theoretical argument, but is apparently the robust feature of the experimental 

analysis by [62]. 

In the meantime, based on experimental evidence and theoretical argument, 
there came understanding that both f

–4
 and f

–5
 subintervals are present at the tail, 

the first one being closer to the peak [4, 39, 49, 62, 63]. Moreover, it became 

clear that the total wind input, integrated over entire spectrum F(f) cannot 
converge to the total wind stress known independently, unless f

–5
 subinterval does 

exist [64, 65]. For the oceanic waves, the transition was observed at frequency  

t  2,5 – 3 of the peak frequency [49, 63]. In [4], based on ‘grand average’ of 
many measurements of the saturation spectra from different data sets, a 

dimensional value for such frequency was indicated as 
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which can alternatively be expressed as  
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Now, with the view of (16) above, the transition frequency can be 
parameterised in terms of the peak frequency and characteristic wind speed. Eqs. 

(12), (14) and (16) can now be combined to give a dependence of the transitional 

frequency on peak frequency and wind speed: 
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α can be defined by (7), and  = 6,0910
–3

 according to [62].  

In Figure 4, ratio t/p is plotted versus dimensional peak frequency fp (top 

panel) and versus the wind forcing U10/cp in the bottom panel. Range of changes 
of the latter corresponds to the peak frequencies of the top subplot, and the wind 

speeds shown are U10 = 10, 15, 20, 30 and 40 m/s (top to bottom). 

At typical oceanic winds of U10 ~ 10 m/s and typical wave age U10/cp ~ 1,2, 

(19) produces the transition at t  2,2p which is close, even though slightly 

below the values of [49, 63] mentioned above. If dependence (17) is used, then 

for U10 ~ 10 m/s and t  2,2p it gives fp = 0,35 Hz which is exactly what the 
corresponding line in the top subplot of Fig.4 indicates. 

The highest transitional frequency t, for individual cases over the five wind 

speeds, is in the range of t ≈ 1,8 – 2,7p. The lowest transitional frequency is an 

asymptotic hypothetical value below the peak (t < p) which basically means 

that in those circumstances the f
–5

 interval will extend all the way to the spectral 
peak, i.e. there will be no f

–4
 subinterval.  

Such condition (i.e. no f
–4

 subinterval) is never reached for wind speeds U10 = 

10 m/s (top subplot), that is at such wind the spectrum will always have the two 
subintervals. At all the other wind speeds, for wind forcing stronger than U10/cp ≈ 

3,9 – 7,2, there will be only f
–5

 spectrum tail, and therefore no condition where 

the spectrum shape is controlled by the nonlinear fluxes (15) will take place. 

In accord with (7), maximal transitional frequency t will occur at  

45,110 pcU . (20) 

Both for the younger waves and more mature waves, it draws closer to the peak. 
This demonstrates the relative significance of the breaking and of the nonlinear 

fluxes in formation of the spectrum at the respective wave-development stages. 

In this regard, it can be expected that the f
–5

 tail comes closer to the peak at 
strong wind forcing, and the f

–4
 tail may even eventually disappear at such 

forcing. The fact that this is also a trend when the waves are maturing towards 

full development at U10/cp less than (20), however, is somewhat counter-intuitive. 

 

a b 
F i g . 4 . In both panels, top to bottom wind speeds are U10 = 10, 15, 20, 30 and 40 m/s. 

Ratio of transitional and peak frequencies t/p versus peak frequency fp = p/(2) 
(a) and versus wind forcing parameter U10/cp (b). 



 183 

This is, apparently, due to the reduction of α in (12). Such reduction, however, is 
a consistent feature of the observations, not only of the parameterisation (7) by 

[8], but also of those by [2, 5, 49, 50]. Moreover, (20) corresponds exactly to the 

transition of the regime of α behaviour in the dependence (7) of [8]. 
Discussion and conclusions. How can the result of Section III be explained 

in terms of the competition between the wave-breaking and the weak-turbulence 

mechanisms for the control over the saturation interval? At this stage we can only 

offer a tentative reasoning rather than an explanation based on direct 
experimental facts or theoretical grounds. 

First of all, even if it may seem so, the competition is not between the 

external wind forcing and nonlinear internal fluxes, it is between the 
breaking/dissipation and such fluxes. Even though the forcing is large at the 

upper end of the equilibrium interval in Fig.4, the wind does not make the waves 

break directly, except in a hurricane-like conditions. Breaking happens either due 
to hydrodynamic reasons, i.e. wave superposition or modulational instability [55, 

56, 66], or is induced [58, 67, see also 12 for discussions].  

For the spectrum tail, the induced breaking, due to various influences of the 

large waves, dominates (see [12]). The transition between prevalence of induced 
breaking over the inherent breaking happens at approximately the same relative 

frequency t  3p (Filipot, 2010, private communication) as the transition t in 
this article. This means that most of the breaking which we see to control the f

–5
 

interval is induced, and whatever the wind does to stimulate this breaking is done 

mostly indirectly through altering the long-wave conditions in the field. 
On the other hand, this induced breaking for younger waves reacts to the 

changing wind-forcing conditions by adjusting the breaking strength, whereas the 

breaking rates as such do not necessarily change (see also [59]). This is for  
U10/cp > 1,45. For the mature waves of U10/cp < 1,45, as was already discussed in 

this article, the induced breaking is likely to simply alter the rate of occurrence 

because of the wave age. 
Why and how the dominant waves do that to the induced breaking of the 

short waves is yet to be understood, but one way or another, at both sides of the 

U10/cp ≈ 1,45 wave age, the extent of the f
–4

 interval starts shrinking. This 

shorterning leads to complete disappearing of this dynamic spectral range for 
younger waves, but for the mature waves such interval controlled by the 

nonlinear fluxes always exists. Even at full development, t = 1,6 – 2,1p 

depending on the wind speed (Fig.4, b). Transitional frequency 1,6p, however, 
which occurs at full development at wind speed U10 = 40 m/s is very close to the 

spectral peak whose half-width is approximately 1,3 – 1,5p. Therefore, at very 
strong winds, width of the f

–4
 interval, even when it exists, is quite short. 

To conclude this article, we would also briefly mention that wave breaking 

can make other, perhaps even somewhat unexpected contributions to the 
spectrum tail. [68], for example, showed by means of the deterministic modelling 

of directional waves that power of the dissipation function, if altered, influences 

the asymptotic wave tail. Breaking of large waves can actually generate short 
waves and ripples [e.g. 69, 70]. Such contribution is interesting, but is perhaps 

small and is yet to be quantified. Control of the level of the f
–5

 interval, which is 

achieved both through the breaking frequency and strength, and its competition 
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with the nonlinear fluxes for the shape of the spectrum tail, is, however, a very 
important role of the breaking in wave fields with continuous spectrum. 
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