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ν; and subplot (b) shows the growth of non-dimensional energy ε as a function
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Abstract
The present study comprised an intensive investigation of the two newly proposed
parameterisation forms for the wind input source term Sin (Donelan et al., 2006) and the
wave dissipation source term Sds (Young and Babanin, 2006) proposed on the basis of the
recent experimental findings at Lake George, New South Wales, Australia in 1997-2000.
The main objective of this study was to obtain advanced spectral forms for the wind input
source function Sin and wave spectral dissipation source function Sds, which satisfy
important physical constraints.
A new approach was developed to achieve the objectives of this study, within the strong
physical framework. This approach resulted in a new balance scheme between the energy
source terms in the wave model, mentioned before as the split balance scheme (Badulin,
2006). The wave-induced stress was defined as the main physical constraint for a new wave
model including recently suggested source functions for the wind input and wave
dissipation source terms. Within this approach, a new methodology was developed for
correction of the wind input source function Sin. Another important physical constraint was
the consistency between the wave dissipation and the wind energy input to the waves.
The new parameter, the dissipation rate, R, was introduced in this study, as the ratio of the
wave dissipation energy to the wind input energy. The parameterisation form of the
dissipation rate is presented as a function of the inverse wave age U10 / cp. Some aspects of
wave spectral modelling regarding the shape of the wave spectrum and spectral saturation
were revised.
The two-phase behaviour of the spectral dissipation function was investigated in terms of
the functional dependency of the coefficients a for the inherent wave breaking term and b
for the forced dissipation term. The present study found that the both coefficients have
functional dependence on the inverse wave age U10 / cp and the spectral frequency.
Based on the experimental data by Young and Babanin (2006), a new directional spreading
function of bimodal shape was developed for the wave dissipation source term.
The performance of the new spectral functions of the wind input Sin(f) and the wave
dissipation Sds(f) source terms was assessed using a new third-generation two-dimensional
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research wave model WAVETIME-1. The model incorporating the corrected source
functions was able to reproduce the existing experimental data.
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CHAPTER 1
1.1

ITRODUCTIO

PROBLEM STATEMET

In the field of coastal and ocean engineering, wave prediction is one of the most important
activities, and ranks with shipping, coastal structure design, shoreline stability and nearshore flood estimation in terms of importance when considering human interaction with the
sea. The main goal of wind wave prediction is to predict the wind wave field in the timespace domain and its effect on the environment (Young, 1999).
A new era in oceanography began in 1947 when Sverdrup and Munk (1947) first offered a
theory of the evolution of wind generated waves for the prediction of the sea state on the
basis of observational data. Since then, a large number of theoretical and observational
studies have resulted in a broad understanding of the physical processes involved in the
development of the sea state. These studies have led to the construction of complex
numerical models for wave forecasting.
Wave models can be divided into two general classes: phase resolving and phase averaging
models:


The phase resolving models predict the amplitude and phase of individual waves
either in time or frequency domain.



The phase averaging models predict average quantities including the wave
energy spectrum (i.e. a superposition of sinusoidal waves of different
frequencies with random phase and travelling in different directions) or its
integral properties (e.g. the significant wave height Hs, the period of dominant
waves Tp etc.).

Neither of these two general classes is superior as both are applicable to different tasks in
wave modelling. The phase resolving models are computationally expensive in terms of
time and resources as they predict the sea elevation in the time-space domain. On the other
hand, the phase averaging model (or spectral model) is the more efficient due to the spectral
wave energy distribution containing sufficient information about the wave field to determine
the most important parameters. The spectral models are widely used for global and regional
wave forecasts. The present study was undertaken with regard to the latter: spectral wave
modelling.
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Most spectral wave models are based on the numerical solution of the energy balance
equation, the so-called radiative transfer equation (hereafter RTE). This equation has been
commonly adopted to represent the temporal and spatial evolution of the wave energy
spectrum as a result of the physical processes involved in wave development. In deep water,
it is generally accepted that wind wave growth is a result of three physical processes
including atmospheric input from the wind to the waves Sin; wave dissipation (breaking,
turbulence and viscosity) Sds, and nonlinear energy transfer between the waves Snl.
The physical processes are represented via spectral parametric functions, the source terms.
Among the source terms, the wind input Sin and the wave dissipation Sds were the focus for
the present study.
The previously conducted observational and analytical studies developed various theories of
wind wave interaction (Jeffreys 1925, Miles 1957, Janssen 1991) and different
parameterisation forms for the wind input source term Sin. Some of these forms were
developed on the basis of observational data (Snyder et al., 1981; Hsiao and Shemdin, 1983;
and Donelan 1999), whereas other forms were developed as a result of direct modeling of
the air-sea boundary layer (Gent and Taylor 1976; Makin and Chalikov 1979; Al Zanaidi
and Hui, 1984; Chalikov and Makin 1991; Chalikov and Belevich 1993). However, no fully
consistent and conclusive theory of wind wave interactions exists as yet. Suggested theories
need further development and meticulous empirical validation due to their inconsistency.
Moreover, together with the existing limitations of observational techniques, the complexity
of the wind wave interaction mechanisms creates further difficulties for experimental
validation.
On the other hand, existing observational data do not provide the necessary accuracy and
comprehension either. Measured wave growth rates differ by an order of magnitude and the
parameterisations result in estimates that can differ by more than 100% (Donelan et al.,
2006). Suggested parameterisation forms, used in wave models, were defined for light and
moderate winds and their use in strong wind conditions is uncertain.
Yet, these parameterisation forms are widely used in contemporary wave models. Examples
are the WAM (WAMDI, 1988; Komen et al., 1994) and SWAN (Booij et al., 1996) models.
Furthermore, these parameterisation forms do not reflect the physical processes recently
revealed by recent experimental studies, such as Donelan et al. (2006), which are the effect
of:
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1) wave steepness on wind energy transfer from non-separated wind flow to the
waves
2) full separation of the wind flow and the waves
There is presently a need to develop an advanced parameterisation form of Sin on the basis
of a physical framework, applicable to the wide range of environmental conditions common
in operational wave modelling. The major difficulty with such an investigation is that the
two mechanisms driving wave formation, i.e. wind input and wave dissipation, are
inseparable, making investigations of these source terms extremely complex.
The physical processes of wave dissipation have always been poorly understood and
suggested parameterisation forms for the dissipation source term have always been loosely
based on physics and used as a residual tuning lever for wave models (Babanin et al., 2007;
Babanin and van der Westhuysen, 2007; Cavaleri et al., 2007). Most contemporary wave
models compute dissipation rates using these parametric functions. The WAM model
(WAMDI, 1988; Komen et al., 1994) uses a parametric function for the dissipation source
term based on the assumption that wave breaking is the week-in-the-mean process,
depending quasi-linearly on the wave spectrum (Hasselmann, 1974). Banner and Young
(1994) showed that in the WAM cycle 3 model, the dissipation function (Hasselmann, 1974)
could not reproduce the detailed observational data and an alternate function was required.
The first attempt to advance the performance of the wave dissipation source term was made
in the WAVEWATCH model by accommodating the two-phase behavioral dissipation
source function based on the theory of Tolman and Chalikov (1996).
Recently, the following new features of wave dissipation processes were experimentally
discovered and described in the literature:
1.

the threshold behavior of wave breaking (Banner et al., 2000; Babanin et al.,
2001; Banner et al. 2002)

2.

the cumulative effect of wave dissipation at smaller scales (Donelan, 2001;
Babanin and Young, 2005; Young and Babanin, 2006)

3.

quasisingular behavior of dissipation in the middle wavelength range
(Hwang and Wang, 2004b)

4.

two-phase behavior

of the dissipation

Manasseh et al., 2006)
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5.

alteration of wave breaking/dissipation at strong wind forcing (Babanin and
Young, 2005)

6.

downshift of wave energy due to breaking (Donelan and Pierson, 1987;
Waseda and Tulin, 1999; and Babanin et al., 2008).

Based on the new findings, Van der Westhuysen et al. (2007), in SWAN model simulations,
incorporated threshold limitations and a wind-forcing dependence for the dissipation
function. It was demonstrated that the altered dissipation source term yields improved
agreement with fetch- and depth-limited growth curves in complex conditions, such a mixed
sea and swell (Van der Westhuysen et al. 2007). Incorporation of the new dissipation
features is more complex than a mere replacing of one dissipation term with another. For
instance, if a cumulative integral is added to the breaking dissipation term, then local-inwavenumber-space balance can no longer be satisfied and reformulations and readjustments
of the wind input function, and perhaps of the entire model, are required. To the best of my
knowledge, no study has tried to incorporate the cumulative effect of wave dissipation for
small-scale waves.
On the whole, it must be acknowledged, therefore, that most wave models do not reflect the
correct physics and do not describe the reality of wave processes. Recently observed
features of wave dissipation need to be accommodated in modern dissipation terms.
Without incorporating these features, the models cannot properly forecast complex or
nonstandard

natural

phenomena.

Currently,

the

development

of

an

advanced

parameterisation form for the dissipation source term, accommodating the new features of
wave dissipation, is the barest necessity in operational wave modelling.
In general, the present state of competing and often contradictory theories of wind wave
coupling and wave dissipation require the development of a conclusive and consistent wave
model incorporating the newly recognised features of wave processes.
The present study investigated two newly proposed parameterisation forms for the wind
input source term (Donelan et al., 2006) and the wave dissipation source term (Young and
Babanin, 2006). Furthermore, a new approach was developed to achieve the objectives of
this study within a strong physical framework. Moreover, this study made an attempt to
address some of the existing issues in wave modelling regarding the shape of the wave
spectrum and spectral saturation.
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1.2

RESEARCH BACKGROUD

Partly to address the issues raised in wave modelling a field experiment – the Australian
Shallow Water Experiment (AUSWEX) – was undertaken at Lake George, New South
Wales, Australia from 1997-2000 in order to study wind wave coupling and wave breaking
processes. A comprehensive description of the experiment and relevant technique,
developed during this study has been given in Young et al. (2005). This study was distinct
from previous field studies because it was the first attempt to measure the pressure growth
term on waves in shallow water. The depth limiting effect on the wave propagation phase
speed made it possible to study a wide range of wind forcing conditions (U10 / cp) including
very strongly forced waves, with U10 / cp = 5.1 – 7.6 and U10 / c ranging up to 11.2, with

varying wave steepness.
This study revealed previously unrecognised features of wind wave interaction, finding the
following:


Wind flow separation from the water surface during very strong winds reduces
wind energy transfer to the waves.



Wave growth rates depend on wave steepness.

Furthermore, this study resulted in a new parameterisation form for wind input source term
Sin employing these new features (Donelan et al., 2006). The Lake George conditions,
however, were only those of strong wind forcing and, thus, the results were obtained under
limited air-sea conditions. Therefore, further numerical investigation and verification of the
new wind input function was required to develop an advance parameterisation form for the
wind input source term, which will be designed to work in the entire range of wave
generation by wind: from light and moderate to very strong winds; from young waves to
mature seas. At the same time, AUSWEX brought new insight into wave dissipation
processes and their relationship to wind wave interactions. One of the advantages of the
techniques developed during AUSWEX was a simultaneous estimation of the dissipation
source function in situ and in finite depth conditions. AUSWEX brought to light important
features of wave dissipation processes such as the:
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Threshold behavior of wave breaking (Banner et al., 2000; Babanin et al., 2001;
Banner et al. 2002)



Cumulative effect of wave dissipation at smaller scales (Donelan, 2001;
Babanin and Young, 2005; Young and Babanin, 2006)



Two-phase behavior of the dissipation (Babanin and Young, 2005)



Alteration of wave breaking/dissipation at strong wind forcing (Babanin and
Young, 2005)



Bimodal directional properties of the dissipation, in terms that higher dissipation
rates were found at oblique angles than in the main wave propagation direction
(Babanin and Young, 2005).

Most of these features were accommodated in a two-term parameterisation form for the
dissipation source term (Young and Babanin, 2006). However, the behavior of the
parameters of this complex function in a wide range of air-sea conditions was not explored.
Therefore, further intensive investigation and verification of the suggested form were
required to obtain an advanced dissipation function applicable to a wide range of air-sea
conditions. Moreover, it was essential to determine whether the new spectral dissipation
function was able to reconcile computed breaking rates with the results of other
observations (e.g. Melville and Matusov, 2002; Hwang and Wang, 2004b; and Gemmrich,
2005).
The outcomes of the AUSWEX study required further intensive numerical elaboration of
the suggested new parameterisation forms for the wind input and the wave dissipation.
Consequently, the development of advanced forms of Sin and Sds and the proper
specification of their parameter values depend on further numerical modeling and fine
tuning. The present study was undertaken to carry out a compound numerical investigation
of both source functions to adapt them for operational wave modeling.

1.3

RESEARCH OBJECTIVES

The overall objective of the present research was to develop advanced parameterisation
forms of wind input and wave dissipation source terms by means of numerical experiments
in order to:
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Establish a greater understanding of the physics of wind wave interaction and
wave breaking provided by AUSWEX (Young et al. 2005, Donelan et al., 2006,
and, Young and Babanin 2006)



Establish a strong physical framework



Develop a new parameterisation form for the directional spreading of the
dissipation source term accommodating the new features of directional
properties of wave dissipation found in the AUSWEX study



Develop a numerical model that incorporates the advanced functions of the wind
input and dissipation source terms and is able to reproduce the existing
experimental data



Ensure that the parametric functions are applicable to a wide range of air-sea
conditions.

1.4

APPROACH TO THE STUDY

The investigation of a novel source function from the Radiative Transfer Equation (RTE)
was a complex task involving the concurrent investigation of two new source functions
Sin and Sds interrelating with one another. Moreover, it was required that these functions
comply with a number of physical constraints that determined the physical framework of the
model.
The traditional approach to testing source functions employed in the RTE was established
by Komen et al. (1984) and with some variations has persisted for more than 30 years.
This approach emphasizes the implementation of a new function in a wave model and the
comparison of the outcomes with known experimental results.
These outcomes present a time-space development of integral, spectral and directional
properties of the wave field. The development of these wave properties has been extensively
investigated, well understood, described and parameterised. However, the physics of the
source terms Sin and particularly Sds needs further extensive investigation. Therefore,
attention to the traditional approach has focused on reproducing the already known wave
growth curves and some spectral features (e.g. Banner and Young, 1994). The ability of a
model to replicate these curves serves as a validation measure for the source terms.
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The validation criteria, however, are subject to potentially serious shortcomings.
The wind input term represents the positive flux of the energy into the wave system;
whereas the dissipation term relates to the negative flux. Together, they can balance each
other and produce correct growth curves while individually being physically inconsistent.
An additional disadvantage of the traditional approach is that it is impossible to investigate
and verify the source terms separately. Any change to any of the source terms within a full
spectral model requires extensive testing, which is computationally expensive, particularly
if the exact nonlinear term is included. Moreover, alterations to one term often lead to
compensative tuning of other source functions which smear the physics of the original
update. Therefore, the traditional approach has required revision, which was supplied by the
current study.
This current research developed a new method to overcome the above-mentioned
difficulties through a physical framework of wind wave processes involved in the air-sea
interface. The approach was based on physical constraints suggested by Donelan
(WISE-2004, Reading, England). The first constraint was that the wind input source term
had to correspond to the total wind stress exerted on the water surface. Based on
this constraint, behaviour of a new wind-input function could be investigated and tuned
separately. The second constraint related to the dissipation source term, in particular to the
relationship between its integral value and the integral of the wind input source term.
The ratio of these two integrals as a function of the wave development stage was obtained
experimentally (e.g. Donelan, 1998). Therefore, the dissipation term could be studied and
tuned individually. This approach provided insight into operational wave modelling in terms
of the coupling of the wind input and the wave dissipation source terms in the RTE.
The current study was conducted using a new research wave model WAVETIME-1
(Van Vledder, 2004). The approach of this study was three-fold:
1.

The validation and verification of the new model WAVETIME-1

2.

Investigation of new parameterisation forms of Sin and Sds source terms

3.

Comprehensive test of the performance of the new forms of Sin and Sds
developed on the basis of the method suggested by Banner and Young (1994)

One of the advantages of the approach developed in the course of this study is that it is
applicable to a wide range of research activities in operational wave modelling.
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1.5

LAYOUT AD COTETS OF THESIS

This thesis is structured to provide a logical progression through the work that has been
completed. The contents of this thesis are:
Chapter 2

presents the existing literature review in regard to wave modelling and its
major concepts relevant to this work

Chapter 3

provides a description of a numerical model selected for this study

Chapter 4

outlines the approach and the major results of the study. This chapter consists
of three main sections:

Section 4.1

outlines the investigation of the wind input source function

Section 4.2

outlines the investigation of the wave dissipation source function

Section 4.3

outlines the test results of performance of corrected forms of the wind
input the wave dissipation source terms in the numerical model

Chapter 5

presents the major conclusions drawn from the research and highlights
recommendations for the future work.
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CHAPTER 2
2.1

BACKGROUD

OCEA WAVES

Ocean surface waves are mechanical waves that propagate along the air-water interface.
Due to the restoring force provided by gravity, they are often referred to as surface gravity
waves. As the wind blows, pressure and friction forces perturb the equilibrium of the ocean
surface resulting in its displacement (see Figure 2.1). These forces transfer energy from the
air to the water, forming waves. In the case of monochromatic linear plane waves in deep
water, particles near the surface move in circular paths, making ocean surface waves a
combination of longitudinal (back and forth) and transverse (up and down) wave motions.
When waves propagate in shallow water, (where the depth is less than half the wavelength)
the particle trajectories are compressed into ellipses.
The displacement of the water surface can be described mathematically by the
Navier-Stokes equations for a two-layer fluid. The direct solution of this equation is not
practical for the case of wind-wave generation as the sea surface is represented by waves
with various shapes and scales. Therefore, to solve this equation a number of simplifications
need to be assumed:
1.

The water is of uniform depth, and the waves propagate without deformation:
(d, λ = const)

2.

The effects of viscosity, turbulence and surface tension are neglected.

3.

The ratio of air-water densities is very small.

4.

Waves have small amplitude-wavelength ratios.

5.

Wave motion is irrotational, and is mainly under the influence of gravity.

These limitations form the basis of linear wave theory (Airy, 1845) (hereafter LWT).
Solving the equation with consideration of the free surface boundary conditions, the
displacement associated with the arbitrary wave component with angular frequency
ω = 2π / T = 2πf and wavenumber k = 2π / λ can be described by the sinusoidal function
periodic in both space (wave length λ) and time (period T):

η (k , ω ; x, t ) = a ⋅ sin(kx − ωt )
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According to (Eq. 2-1), the water surface varies in a sinusoidal manner. In nature, however,
there are cases where the simplifying assumptions of LWT cannot be applied.
In these cases, there is a need to use a nonlinear or finite amplitude wave theory
(hereafter FAWT). According to this theory, the wave has an influence on its own
properties. Therefore, the wave properties become functions of wave amplitude. In contrast
to LWT, FAWT predicts a small net fluid transport in the direction of wave propagation.
Furthermore, FAWT can predict steep waves with peaked crests and flat troughs, which are
important in shallow water applications. However, FAWT still has limitations in terms of
the prediction of waves with variable height, period and propagation direction.

2.2

THE WAVE SPECTRUM

Wind wave prediction involves the determination of sea surface conditions at a given
location and time. Therefore, it is necessary to describe the sea surface in terms of a
numerical model. In nature, the sea surface appears as a chaotic wavy surface which can be
represented by a collection of waves with varying heights, periods and wavelengths.
In many areas of physics, such a surface can be mathematically represented by a spectral or
Fourier model. According to the Fourier model, the water surface elevation can be
represented by a linear superposition of sinusoidal forms (spectral components) with
varying frequencies, amplitudes and phases. The magnitude and distribution of these
components vary with both time and space. Under this approximation the water surface
elevation can be defined by the equation:


η(t ) = ∑ ai ⋅ sin(ωi t + φ i )

(Eq. 2-2)

i =1

where ai, ωi and фi are the amplitude, angular frequency and phase of the i-th component in
the summation.
On the other hand, the energy of the wave relates to the wave amplitude squared (Dean and
Dalrymple, 1991). On this basis, for a given state of water surface there is a certain
distribution of the wave energy between the wave components. Therefore, the sea surface
can be identified by the distribution of wave energy with respect to the frequency and
direction (or wavenumber) of all wave components. This energy distribution is called the
wave energy spectrum. It is expressed either in frequency-direction (F (f,θ)) or wavenumber
space (F (k) or F (k,θ)), where f, θ and k are the frequency, direction of wave propagation
and the wavenumber.
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The wavenumber spectrum relates to the frequency-direction spectrum through the
following equation:

F (k ) =

cc g
2 πω

F ( f , θ)

(Eq. 2-3)

where c is the wave phase speed and cg is the wave group velocity, which is c / 2 in deep
water conditions.
The existing experimental data show that most wave spectra have specific attributes, which
include the maximum energy (Fmax) and the corresponding frequency, the so-called peak
frequency ( fp ). This characteristic of the wave spectrum shows that at a given location and
time the waves with peak frequency are dominating all other spectral components.
These waves are called the dominant waves.
Figure 2.2 shows a typical wave spectrum in the frequency-direction domains. The spectral
peak indicates that waves with the peak frequency (dominant waves) mostly propagate in
the wind direction placed at 00. The wave spectrum shows that most of the spectral energy is
carried by the dominant waves.
Various statistical approaches can be used to determine a wind-wave field. These include
parametric predictions in terms of integral properties, such as significant wave height and
peak period (Kahma et al. 1981; Dobson et al. 1989) and more sophisticated techniques
defining a full wave spectrum, based on approaches such as those of Donelan et al. (1985)
and Babanin and Soloviev (1998). In both studies, the wave spectra were obtained by means
of arrays of wave probes. Donelan et al. (1985) found that the frequency spectrum in the
rear face is inversely proportional to the fourth power of the frequency f. Babanin and
Soloviev (1998) described a transformation of the wind wave spectrum, which has the fifth
power of the frequency f. The discussions regarding the form of the wave spectrum are still
ongoing.

2.2.1

S HAPE

OF THE

F REQUE.CY S PECTRA

The state of the ocean surface is described by the mean distribution of wave energy, which
is represented by the energy density spectrum. The equilibrium shape of the wave spectrum
is determined by processes occurring in the medium. In deep water, the most significant
processes are: wave-wave interactions, energy input from the wind and wave dissipation.
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Figure 2.1

Definition diagram to represent linear wave theory. Here, λ is
wavelength, d - the water depth, H - the wave height,
a - the amplitude and S. W. L. - represents the stationary water
level. The wave profile (η(x, t)) is assumed to be a function of
distance (x) and time (t) (Young (1999)).

Figure 2.2

Frequency-direction energy density spectrum with the peak frequency
fp = 0.3Hz and wind direction at 00.
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From a theoretical background, considerable agreement has been achieved regarding the
equilibrium shape of wave spectra. On the other hand, the large collection of experimental
datasets is inconsistent and discrepant. The main point of all arguments is the power-law
dependence of energy density on frequency. The experimental data show that there is no
common value for power-law dependence of energy density on frequency for short scale
waves. The issues regarding the form of the wave spectrum require thorough revision.
Wave spectral shape can be divided into three main sub-ranges: the dominant-wave range
[0.7fp, 1.3fp], equilibrium range [1.5fp, 3fp] and high frequency range [3fp, fc].
In each sub-range, the source terms are balanced differently, thereby determining a certain
spectral shape. The pioneering work of Phillips (Phillips, 1958) on the equilibrium range of
wave spectral shape proposes that the spectral form is mainly determined by the wave
breaking at frequencies above the peak frequency. Nonlinear wave interactions were not
considered in that model. Phillips (1958) proposed a f

– 5

power-law relationship for the

equilibrium range.
The f

– 5

power-law relationship was verified by the JONSWAP experiment (Hasselmann

et al., 1973), which resulted in wave spectrum (hereafter the JONSWAP spectrum) of
developing waves, the so-called JONSWAP spectrum:

g2
F ( f , θ) = α
f
(2π)4

−5

 5  f  −4  exp  −( f − f P )2 
exp−   .γ J  2σ 2 f P2 
 4  f P  

(Eq. 2-4)

where α, σ and γJ are spectral shape parameters.
The

main

body

of

the

JONSWAP

spectrum

(Eq.

2-4)

is

represented

by

the Pierson-Moskowitz (PM) frequency spectrum (Pierson and Moskowitz 1964), which is
the observational verification of Kitaigorodskii’s hypothesis (Kitaigorodskii 1962) for fully
developed waves. The main shortcoming of the JONSWAP spectrum is that it never
transforms into the PM spectrum within the framework of this model, although the
JONSWAP data approach fully developed situations. To overcome this deficiency,
Hasselmann et al. (1973) refer to the rapid change, which takes place when waves approach
the full development stage. However, there is no observational support of such phenomena.
Over thirty years ago, Toba (1973) proposed a spectral form f – 4 which was an alternative to
that of Phillips (1958). The field experiments of Kawai et al. (1977), Mitsuyasu et al.
(1980), Kahma (1981), Forristall (1981) and Donelan et al. (1985) supported this spectral
form. The theoretical works of Kitaigorodskii (1983) and Phillips (1985) also supported
14
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the f

– 4

power-law relationship. Later, Battjes (1987) reanalysed the JONSWAP data and

found a better correlation with the f – 4 than the f – 5 form. Liu (1989) analysed wave spectra
from Great Lakes experimental datasets and found that most values of the exponents in
frequency dependence were clustered in the range 3.5 and 5.5. Banner (1990) showed that
the f

– 4

power-law relationship for equilibrium range was determined by the dependence

of directional spreading of wave spectra on f / fp. Theoretical and observational
background strongly support the f – 4 power-law relationship, rather than f – 5. On this basis,
Donelan et al. (1985) proposed a modification to the JONSWAP spectral form:

F ( f , θ) = β

g2

(2π)4

f

−1
p

f

−4

  f  −4  exp  −( f − f P )2 
exp −   .γ D  2 σ2 f P2 
  f P  

(Eq. 2-5)

where β, σ and γD are spectral shape parameters analogous to JONSWAP spectral
parameters with different wave-age dependences.
Donelan et al. (1985) represented these parameters as:
β = 0.0165ν 0.55

(Eq. 2-6)

6.489 + 61 log ν ν ≥ 0.159
γD = 
ν < 0.159
1.7

(Eq. 2-7)

σ = 0.08 + 1.29 × 10 −3 ν −3

(Eq. 2-8)

where ν is the non-dimensional peak frequency. The wave spectrum represented by the
parameterisation form (Eq. 2-5) in this thesis will be referred as the Donelan spectrum.
Figure 2.3 compares the JONSWAP (Hasselmann et al., 1973) and Donelan spectra
(Donelan et al., 1985) at different stages of wave development, where γJ is the peak
enhancement (Eq. 2-4) and U 10 is the wind speed at standard 10m height. The difference
between the spectral magnitudes of the compared spectra is shown.
Inconsistency becomes visible for wave spectral components in the high frequency range.
The analysis of source term balance is complicated by additional phenomena like Doppler
shifting of high frequency waves by longer wavelength waves, wind drift currents and
ambient currents. Furthermore, the measurement techniques for the high frequency scale are
limited because of the significant noisiness of the wave records and operational
complications that arise when using thinner wave probe wires in oceanic conditions.
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Figure 2.3

Comparison of wave energy density spectra according to results of
JONSWAP experiments (solid lines) and Donelan et al. (1985)
(dashed lines) at different stages of wave development with the
magnitudes of peak enhancement: γJ = {7, 5, 3.3, 2, 1} at wind
U10 = 10 m/s.

There have been relatively few studies of the high frequency spectral range due to
observational limitations. The results of Mitsuyasu (1977) and Stolte (1984) are, however,
close to the results of Donelan et al. (1985), confirming f

– 4

power-law relationship.

On the other hand, anomalous frequency spectra have been reported from the experimental
datasets of Forristall (1981), Kahma (1981), Kahma and Calkoen (1992) and Babanin and
Soloviev (1998). These authors have found that wave spectra behave as f
spectral peak in the equilibrium range and behave as f

– 5

–4

just above the

power-law relationship above a

transition frequency fT ~ 3 fp, which is introduced as:
fT ~

2 .5 g
π U 10

(Eq. 2-9)

Kitaigorodskii (1983) predicted this transition on a theoretical basis. Kahma and Calkoen
(1992) assume that the transition from the f

– 4

to f

– 5

power-law relationship is derived

from directional effects, specifically the Doppler shift induced by currents and the orbital
velocities of waves with frequencies near the peak frequency. Summarizing this discussion,
it is likely that there is no universal value of power-law exponent for wave spectra (Young,
1999).
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2.2.2

D IRECTIO.AL S PECTRUM

In nature, the sea surface is represented by waves with varying heights, periods,
wavelengths and propagation directions. The propagation direction of a wave is specified in
terms of the angle θ between the wave propagation direction and the wind direction.
The directional spectrum defines the distribution of wave energy, along with the
propagation directions of the spectral components. The directional spectrum is one of the
important characteristics used for validating existing wave models. The directional
distribution of spectral energy D(f,θ) is determined as the cross-section of the directional
frequency spectrum F(f,θ):
F ( f , θ) = F ( f ) ⋅ D ( f , θ)

(Eq. 2-10)

where F(f) is a one-dimensional frequency spectrum.
The directional spreading function D(f,θ) must satisfy the condition:

∫ D ( f , θ ) dθ = 1

(Eq. 2-11)

Based on the observational data, Longuet-Higgins et al. (1963) represent the directional
spreading function in the form:
θ − θm ( f ) 
D ( f , θ) = Q ( s ) cos 2 s 

2



(Eq. 2-12)

where Q(s) is a normalisation factor required to satisfy the condition (Eq. 2-11) and θm is the
mean wave direction at frequency f. The parameter s has been parameterised as a function of
the relative frequency by Mitsuyasu et al. (1975) on the basis of their field data:

 
s p 
 
s=
 
s p 
 

5

f
fp
f
fp


 ,







f < fp

− 2.5

(Eq. 2-13)

, f ≥ f
p

where sp is the value of s at the peak frequency fp presented in the following form:
U
s p = 11.5 10
 cp







−2.5
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where cp is the phase speed of the dominant waves and U10 is the wind speed at a reference
height of 10 m.
Experimental observations have shown that in the absence of currents the maximum energy
belongs to the dominant waves propagating in the wind direction. However, in the high
frequency range of the wave spectrum, maximum energy belongs to the waves propagating
at oblique angles relative to the wind direction. Therefore, the chosen unimodal shape at
peak frequency is transformed into a bimodal shape in the high frequency spectral range.
Furthermore, bimodality can be observed for long waves with frequencies less than the peak
frequency.
For the identification of the directional wave spectrum, Babanin and Soloviev (1998) have
introduced the directional spectral width A(f) as the spectral spreading function, presented
as:

A( f )

−1

π

=

∫ Dn ( f , θ)dθ

(Eq. 2-15)

−π

where Dn(f, θ) is the distribution of wave spectral energy at the frequency f along direction
θ, normalized by its maximal value at this frequency:
Dn ( f , θ max ) = 1

(Eq. 2-16)

The Black Sea experiment (Babanin and Soloviev, 1998) resulted in a clearer understanding
of the behaviour of the directional wave spectrum during wave development. The study
makes a number of points:
1.

The width of Dn(fp, θ) in general decreases with wave development.

2.

The directional spectrum broadens towards short scale waves in the range of
high frequencies (f > fp) independently of the stage of wave development.

3.

The broadening of Dn(fp, θ) to lower frequencies (f < fp) depends on the stage of
wave development.

4.

The narrowest directional spectrum was observed for the dominant waves
independently of the stage of wave development.

These findings have formed a strong framework for validation of wave models. The present
study used these results (Babanin and Soloviev, 1998) for validation of the wave model.
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2.2.3

W AVE S TEEP.ESS

Wave steepness is one of the important factors which determine the physics of wind-wave
interactions. One of the outcomes of the Lake George experiment (Donelan et al. 2006) has
been an appreciation of the dependence of growth rates on wave steepness which is
described in terms of azimuth-integrated spectral saturation Bn(ω).
The spectral saturation is a non-dimensional representation of the wave steepness in spectral
form. Phillips (1984) introduced the spectral saturation density as B (k ) = k 4 Φ (k ) , where
Φ(k), the wavenumber spectrum, is integrated in directional space. The idea of a saturation
level in the spectral range of short gravity waves assumes a magnitude where B(k) is a
constant and independent of k/kp. Phillips (1984) found that B(k) correlates to the mean
square slope:
1
MSS = ∫∫ k 4 Φ (k , θ) dkdθ = ∫ k 4 Φ (k )d (ln k )
k

(Eq. 2-17)

where d(lnk) is the fractional bandwidth.
Using the linear-gravity wave dispersion relationship (ω2 = gk·tanh(kd)), the azimuthintegrated spectral saturation can be represented in terms of the frequency energy-density
spectrum E(ω):

B = ω5 E (ω) 2 g 2 = (2π) 4 f 5 F ( f ) 2 g 2

(Eq. 2-18)

where ω = 2πf is the angular frequency. The spectral shape of B(f) is determined by the
form of wave spectrum F(f).
Figure 2.4 shows the results of computations of spectral saturation B(f) for the energy
spectra JONSWAP and Donelan (1985). It shows that the spectral saturation B(f) for
Donelan spectra has no saturation level compared to the JONSWAP spectra. This behaviour
of B(f) is determined by the term f 5 F ( f ) .
The term f 5 F ( f ) for Donelan spectra is proportional to frequency f, whereas for the
JONSWAP spectrum this term reaches its saturation level. This fact significantly affects the
results of computations for the Sin source function by Donelan et al. (2006), taking into
consideration the dependence of the growth rate on spectral saturation.
The significant differences at high frequency spectral components create significant
inconsistencies in stress computations for the JONSWAP and Donelan spectra, even if
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they correspond to the same state of the sea surface. The qualitative dependence of B(f) on
the spectral shape has a quantitative effect on the computation of the new wind input source
function (Donelan et al., 2006), which includes spectral saturation B(f), and it is necessary to
reduce this effect for consistent computation.
Banner et al. (2002) have introduced a normalized saturation Bn(f) per unit spreading angle
to reduce the increase in spectral saturation for high frequency waves. The suggestion was
based on the fact that spectral directional widths broaden towards high frequencies.
To remove the effect of different spreading widths at different frequencies, Banner et al.
(2002) normalize B(f) by the local angular spreading width θw(f), obtained by Hwang et al.
(2000):
Bn ( f ) = B ( f ) / θ w ( f ) .
In Donelan et al. (2006), the authors use the normalized spectral saturation that includes the
directional integral parameter A(f) from the experimental study on the Black Sea (Babanin
and Soloviev 1998) as an analogue of the spectral width θw(f). According to Donelan et al.
(2006), the azimuth-integrated spectral saturation is represented in a form:

ω5 E (ω)
Bn (ω) =
A(ω)
2g 2

(Eq. 2-19)

where A(ω) is the directional spectral width (Babanin and Soloviev, 1998).
The results of computations of the spectral saturation Bn(f) using A(f) for different types of
wave spectra are shown in Figure 2.5. According to Figure 2.5, the differences of Bn(f) at
high frequencies computed for the Donelan and JONSWAP spectra are still significant to
perform consistent computations of the new wind input source term (Donelan et al., 2006).
Therefore, the parameterisation form of the spectral saturation requires revision in terms to
reduce the effect of the spectral shape on computations of the new wind input source term
(Donelan et al., 2006).

2.3

MODELLIG WAVE EVOLUTIO

To predict a sea surface at the given space and time, it is required to resort to a mathematical
model which can describe the development of the wavefield as a result of the physical
processes contributing to this development. This section introduces the basic concepts of
wave modelling.
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Figure 2.4

Comparison of the spectral saturation, B(f), computed for the
JONSWAP (bold lines) and Donelan (lines with dots) energy density
spectra at different stages of wave development with the magnitudes of
peak enhancement: γJ = {7, 3.3, 1} at wind U10 = 10 m/s.

Figure 2.5

Comparison

of

the

spectral

saturation

Bn(f)

normalised

by

the spreading angle θw(f), for the JONSWAP (bold lines) and
Donelan (lines with dots) energy density spectra at different stages
of wave development with the magnitudes of peak enhancement:
γJ = {7, 3.3, 1} at wind U10 = 10 m/s
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2.3.1

R ADIATIVE T RA.SFER E QUATIO.

Under the influence of physical processes, as waves propagate in time-spatial space, they
change their properties, which is referred to as wave evolution (Young, 1999). Respectively,
the shape of the wave spectrum corresponding to the sea-state undergoes transformation.
The mathematical description of the changing wave field in the time-space domain in
response to environmental perturbation, is based on the major energy fluxes involved in the
process.
In the absence of currents, the evolution of the wave spectrum in deep water can be
described by the radiative transfer equation (Gelci et al., 1957; Hasselmann, 1960; Phillips,
1977 and Komen et al. 1994), presented by the form:

∂F
+ c g × ∇ F = S tot
∂t

(Eq. 2-20)

where F = F(k, f, x, t) is the wave spectrum.
The radiative transfer equation (Eq. 2-20) is the governing equation in operational wave
modelling. The left hand side of Equation 2-20 describes the evolution of the wave
spectrum, components of which are advected at their respective group velocity cg.
The total source term Stot represents all energy fluxes contributing to wind wave evolution.
In the case of a non-homogenous medium, when the currents or depth interaction processes
are significant, the conservation of wave energy no longer exists. In these cases, a more
general form of radiative transfer equation should be used in terms of wave action
 = F(k, θ) / ω (Komen et al., 1994).
The derivative operator

d
∂
= + c g ⋅ ∇ in Equation 2-20 represents two idealised cases of
dt ∂t

wind wave evolution: duration-limited growth (

∂
) and fetch-limited growth ( c g ⋅ ∇ ).
∂t

Fetch-limited growth refers to a case when a wind of constant speed and direction blows
over deep water perpendicular to a long and straight coastline. It is assumed that if the wind
blows a sufficiently long time the wave field will reach a steady state (independent of time).
In these circumstances, wave growth is a function of the distance (fetch, x) from the
shoreline.
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Duration-limited growth relates to the development of a wave field from initially calm
water. It is assumed that a wind of constant speed and direction blows over spatially
homogeneous deep water. In this case, the wave growth becomes a function of the duration
of time, t, that the wind blows.

2.3.2

S OURCE F U.CTIO.S

The total source term Stot can be represented as the algebraic sum of a number of physical
processes (source terms) contributing to the evolution of wind waves:

S tot = S in + S ds + S nl
where

(Eq. 2-21)

Sin - represents the atmospheric input from the wind;
Sds - is the dissipation due to white capping and other processes

(e.g. turbulent viscosity)
Snl - is the nonlinear interactions between the spectral components.

These source terms do not exhaust all physical processes that may contribute to wind wave
evolution in deep water conditions. However, it is generally assumed that these three source
terms represent the dominant driving mechanisms in the evolution of wind waves.
Each of the source terms is represented by a spectral parametric function.

2.3.2.1

Wind Input

Air-sea interaction is one of the dominant processes resulting in a change in the statistical
properties of a wind-driven water surface, a change referred to as wave evolution.
The energy and momentum fluxes across the air-water boundary layer determine the
intensity of wave evolution. Therefore, precise modelling of the air-sea interaction plays a
significant role in wave forecasting.
As the wind blows upon young and average-developed waves, wave energy increases in
time-spatial space. Miles in 1957 defined the temporal growth rate γ to describe the wave
energy increase:
 1  ∂E
γ=

 ωE  ∂t

(Eq. 2-22)
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The growth rate parameter γ determines the magnitude of increment of wave energy relative
to the wave energy. The growth rate can be directly measured during wave observations.
It is well known that most of the momentum fluxes from wind to waves are caused by the
component of pressure correlating with the wave slope (see Young 1999; Donelan 1999;
Donelan et al. 2006):
∂E (ω )
∂η ( x, t )
1
= S in (ω ) =
p ( x, t )
ρw g
∂t
∂t
Where

E(ω)

(Eq. 2-23)

is the one-dimensional energy spectrum in angular frequency scale;

Sin (ω) is the corresponding one-dimensional wind input source function;
p(x,t)

is the pressure exerted by the air on the water surface;

η(x,t) = a cos(kx-ωt) is the surface elevation of amplitude a at distance x
time t and k is the wavenumber.
The overbar indicates an average in time. Most wave observation data are represented as
simultaneous records of pressure and surface elevation. These records can be translated in
Fourier space giving the quadrature spectrum, Q (ω) =

1 ∂η
p
. The quadrature spectrum
ω ∂t

can be used to determine the nondimensional growth rate γ (ω) =

Q (ω)
(see Donelan
ρ a gE (ω)

et al., 2006). Substituting the quadrature spectrum Q(ω) from the later equation for γ(ω) in
the (Eq. 2-23) and converting to the frequency scale ( S in ( f ) = 2πS in (ω) ), the wind input
source term becomes the following form:
S in ( f ) = 2π ρ a ρ w fγ ( f ) F ( f )

(Eq. 2-24)

where ρa is the density of air and ρw is the density of water.
Equation 2-24 shows a direct relationship between the wind input source function Sin and
the growth rate γ. In field observations, oceanographers measure the growth rate γ to
determine the energy input from the wind to the waves, Sin(f). Thus, the growth rate γ has
significant impact on wave prediction in wave modelling. However, existing observational
data for the growth rate are contradictory and obscure.

24

2.3 Modelling Wave Evolution

CHAPTER 2 BACKGROUD

Almost a hundred years of human attempts to understand and describe the processes of
energy and momentum input from wind to waves has resulted in a number of theories,
which are still inconsistent and fail to correspond with the observed nature of waves.
Every experiment revealing a new phenomenon of air-sea interaction requires revision of
the existing theories until a new conclusive and consistent model is developed.
The originality of environmental conditions and complexity of wave measurements create
difficulties when comparing experimental data from different wave experiments and inhibit
understanding of the physical mechanisms of air-sea interaction. Therefore, development of
a consistent theory is complicated.
Suggested parameterisations of the wind input spectral function Sin have been defined for
some particular environmental conditions, but their application generally is questionable.
For example, the parameterisations presently used in wave modelling (3G-WAM, SWAN,
WAVEWATCH-III) were defined for light and moderate winds and their use in strong wind
conditions is unjustified. Furthermore, they do not reflect all the physical processes
observed in the recent experiment by Donelan et al. (2006) at Lake George, New South
Wales, Australia in 1997-2000, which revealed new mechanisms of wind-wave interaction
and resulted in a new approach to parameterisation for the wind input source function in
terms of the properties of the wind profile and the wave field. The Lake George experiment
was the first attempt to measure the pressure growth term on waves in shallow water.
The depth limiting effect on the wave propagation phase speed made it possible to study a
wide range of wind forcing conditions (U10 / cp). The study revealed the following new
features of wind-wave interaction.
1.

Wind flow separates from the water surface when the wind is very strong, which
reduces wind energy transfer to the waves.

2.

Wave growth rates depend on the steepness of the wave.

Flow Separation was described by Jeffreys (1925) in his sheltering theory,
where he explained the mechanism of an energy transfer from the wind to the waves.
Jeffreys (1925) assumed that the energy transfer is caused by form drag associated with
flow separation, which is occurred on the leeward side of wave crests. However, the
sheltering theory fell into disrepute after the experiments of Stanton (1932), Motzfeld
(1937) and Thijsse (1951) found the sheltering effect too small to support the measured
wave growth rates. As a result, this feature was not included in parameterisation forms for
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the wind input source term. Suggested parameterisation forms demonstrated a gradual
increase in wave growth rates towards higher frequencies.
Only half a century later, the Lake George experiment found that flow separation occurs
at wave spectral components higher than some threshold wave components, resulting in
reduction of wind energy input for these wave components. It was defined that the full
separation of the flow over a steep wave crest to mean that the streamlines detach from the
flow at the steep crest and do not reattach until well up the windward face of the preceding
wave towards its crest.

Wave Growth Rates depend on wave steepness. Previously, based on the potential
theory for gravity waves, growth rate was considered a non-dependent parameter of wave
steepness. However, the Lake George experiment showed that both the phase shift and the
normalized induced pressure amplitude are related to the wave steepness and approach their
potential flow values only when ak → 0. The experiment at Lake George resulted in the
dependency of the wave growth rate in the form:

U

γ = G Bn ⋅  10 − 1
 c


2

(Eq. 2-25)

where γ is the growth rate, Bn is the normalised spectral saturation (Eq. 2-19) used as
spectral analogue of wave steepness and G is the sheltering coefficient accounting for the
effect of the flow separation on wave growth:
2

U

G = 2.8 − 1.0 ⋅ (1 + tanh(10 ⋅ Bn ⋅  10 − 1 − 11))
 c


(Eq. 2-26)

The function (Eq. 2-26) is a smoothed analogue of the Heaviside function used for the
representation of the flow separation effect. Thus, the Lake George experiment resulted in a
new parameterisation form for the wind input source term Sin employing these new features
(Donelan et al., 2006). The results of the Lake George experiment show that previously
suggested wind-wave coupling theories need thorough revision and experimental
confirmation due to present inconsistencies.

Wind Stress is one of the important characteristics of the wind-wave interaction and
helps determine the strength of this interaction. Wind stress is the drag or tangential force
per unit area exerted on the water surface by the adjacent layer of the airflow.
The production of waves on water surface is a manifestation of the wind stress.
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The positive flux of energy through the air-sea interface is a result of stress variations
exerted on the water surface by the wind. Therefore, wind stress determines the exchange of
momentum between the atmosphere and the water surface.
Significant stresses arise within the boundary layer because of the strong shear of the wind
between the slowly moving air near the water surface (critical layer from Miles 1957) and
the more rapidly moving air in the layer above due to the turbulent nature of the airflow in
this area. Within the air-sea boundary layer, the total wind stress can be represented by three
components: 1) the turbulent stress, 2) the wave-induced stress, and 3) the viscous or
tangential stress:

τ = τ t +τ w +τ v
where

τ

is the total wind stress

τt

is the turbulent stress

τw

is the wave-induced stress and

τv

is the viscous stress.

(Eq. 2-27)

The atmospheric turbulent momentum flux decreases to zero at the surface where the
turbulence vanishes. Therefore, at the surface the total wind stress is a combination of the
wave-induced stress τw applying to the ocean waves and the viscous stress τv affecting the
ocean currents directly.
Wind stress depends on the geometry of the air-sea boundary layer. In light winds, the sea
surface is calm and aerodynamically smooth. Wind stresses exerted on the sea’s surface are,
therefore, small. In strong winds, the sea surface is aerodynamically rough and the wind
stresses are large. Thus, surface roughness determines the wind drag force over the sea
surface characterised by the drag coefficient.
The drag coefficient over the sea is an important quantity in both meteorology and
oceanography since it relates the wind speed to the drag. The drag generates ocean waves,
drives the ocean currents and sets the scale of the atmospheric turbulence, which transfers
water vapour and heat from the ocean to the atmosphere to provide the energy for clouds
and weather systems.
The drag coefficient of the sea surface depends on the wave field and on the turbulent
structure of the flow in the air and the water. Existing knowledge of complicated fluid
mechanics is not sufficient for the theoretical calculation of the drag coefficient.
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The coefficient is mostly independent of the fetch and depends more on the short waves and
ripples rather than on large waves.
It has been generally accepted that the drag coefficient increases with the wind speed.
However, continued observations from Donelan et al. (2004) have indicated that the drag
coefficient approaches a limiting value in strong winds.
The relationship of wind stress to the drag coefficient can be expressed in the form:
2
τ = ρ a C d U 10

where

(Eq. 2-28)

ρa

is the density of air

U10

is the wind speed measured at 10m height and

CD

is the drag coefficient.

According to (Eq. 2-28), the total wind stress is determined by the wind speed U10 and drag
coefficient CD characterising the state of air-sea boundary layer.
Wind-Wave Coupling. The profile of the air-sea boundary layer plays a key role in the

interaction between wind and sea surface. Janssen (1991) has shown that momentum fluxes
are determined not only by wind speed but by the wave spectrum. Air and water form a
coupled system (Young, 1999). The momentum flux from wind to wave significantly
depends on the profile of the air-sea interface, which includes the near surface atmospheric
boundary layer and near surface water boundary layer. The profile of the water surface is
defined by surface roughness, z0. The presence of high frequency waves modulated on the
longer waves results in the enhancement of surface roughness z0. The growth of surface
roughness z0 results in an increase of airflow roughness (coupling effect) increasing the
height of the critical layer from Mile’s theory (Janssen, 1991). Hence, the high frequency
components of the wave spectrum influence the roughness of the air-sea boundary layer,
thus increasing the height of the critical layer.
On the other hand, a study by Pushkarev et al. (2002) shows the importance of the state of
the high frequency spectral components in the process of energy dissipation during wave
development. The authors define the high frequency range as an effective sink of wave
energy. Furthermore, Janssen (1991) notes that most of the wave-induced stress is carried by
high frequency waves, which rapidly respond to a change of wind direction. According to
Janssen, most of the energy fluxes from the wind to the waves occur at these scales
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of the wave spectrum. Therefore, the shape of the wave spectrum, especially the level of the
high frequency spectral tail, has a significant influence on air-sea interaction.
According to Donelan et al. (2006), the wind input source function Sin is nonlinearly
dependent on the wave spectrum. As seen from the definition of the wind input energy term
Sin (Eq. 2-23 ), it is a function of wave energy density and the fractional growth rate γ.
The latter, in turn, is dependent on wave steepness, which Donelan et al. (2006) describe by
the spectral saturation Bn (Eq. 2-18) and which also depends on the wave spectrum.
Therefore, the shape of the wave spectrum defines the shape of the wind input spectral
function and consequently the amount of energy transferred from the wind to the waves.
The difference between the spectral levels in the high frequency range (see Figure 2.4)
determines the difference in energy transfer rates from the wind to the short scale waves.
Therefore, wind stresses computed for these spectra are expected to be different.

2.3.2.2

Wave Dissipation

As waves grow under the influence of the wind they tend to break as steepness increases,
and dissipate energy through various mechanisms. The appearance of ‘white caps’ is one of
the indications of this dissipative process. White capping has generally been regarded as the
dominant dissipative mechanism in a wave field at moderate and higher wind speeds,
simply because other dissipative processes, such as molecular viscosity and turbulence,
appear to be inadequate to remove the energy which is known to be imparted to the waves
by the wind (Hasselmann, 1974). This process of gravitational breaking is transient and
initiated when waves become unstable.
A number of approaches have been suggested to model energy dissipation due to a wave
breaking. Two of these approaches, the pressure pulse model (Hasselmann, 1974) and the
quasi-saturated model (Phillips 1985, Donelan and Pierson 1987), treat dissipation as a
quasi-linear function of the wave spectrum. The probability model (Yuan et al., 1986), on
the other hand, considers dissipation to be exponentially dependent on the wave spectrum.
The pressure pulse or quasi-saturated models are deterministic (Young, 1999).
Observations of waves, however, indicate that white-capping is highly variable. There can
be two waves, which for all practical purposes appear identical with the same height, period
and steepness. One will break and the other will not (Young, 1999). Thus, Yuan et al.
(1986) suggest that white-capping be regarded as a stochastic process, where each wave is
assigned a probability of white-capping defined by a probability model.
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Early attempts to compute the energy losses due to wave dissipation have been loosely
based on physics. Suggested parameterisation forms were developed based on the
consideration of the dissipation’s source term as a residual tuning term for wave models in
order to reproduce the existing observational data. The review work of Banner and Young
(1994) regarding the performance of the dissipation source term demonstrate the limitations
of the tested parametric function. Babanin and Van der Westhuysen (2007) have
demonstrated that such an approach is no longer satisfactory.
Over the past decade, new features of wave dissipation processes have been discovered
experimentally, which have brought new insights in wave modelling. The experimental
study at Lake George obtained valuable experimental data of wave dissipation processes in
terms of breaking probability (Banner et al., 2000; Babanin et al., 2001; Babanin and
Young, 2005, Young and Babanin, 2006). In a series of recent papers these researchers have
suggested that wave dissipation is a result of hydrodynamic effects associated with
nonlinear ocean wave groups (Banner et al., 2000; Banner et al., 2002). Based on these
physical considerations, Banner and Babanin and their colleagues have been able to describe
the probability of breaking as a function of environmental conditions, which include
properties of the local wind and wave field, shear current and bottom interaction
(Banner et al., 2000; Babanin et al., 2001).
The breaking probability was determined using the average number of breaking waves
passing a fixed point per wave period (Banner et al., 2000). The researchers observed that
waves breaking in deep water are driven primarily by nonlinear hydrodynamic processes
associated with wave groups. Secondary influences on breaking waves include the wind
drift layer (critical layer), shear current and wind forcing (Banner et al., 2000; Babanin
et al., 2001). In addition, analysis of data from the Lake George investigation revealed the
existence of a threshold of a predominantly hydrodynamic parameter, significant wave
steepness, below which breaking does not occur (Banner et al., 2000; Babanin et al., 2001
and Banner et al., 2002). The data showed a rapid increase of breaking probability above
this threshold for a broad range of wave conditions.
On the basis of the recent experimental observations at Lake George (Banner et al, 2000 and
Babanin et al, 2001), the authors showed that the breaking of waves depends on the excess
of the steepness of the waves above the threshold steepness at some particular spectral scale.
The value of the threshold steepness plays a significant role in determining the spectral level
of the threshold spectrum. The observed values for threshold steepness were reported to be
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in the range of

BnT ( f ) = [0.0223, 0.0254] by Babanin and Young (2005) on the basis of

wave breaking data from Lake George. According to Young and Babanin (2006) no wave
breaking was observed for waves having a lower value of steepness than the threshold
steepness. Translating this into spectral terms, the threshold wave spectrum FT(f) represents
the state of the sea where no wave breaking occurs. Subsequently, the wave energy
dissipation is determined by the magnitude of the spectral exceedance of the wave spectrum
over the threshold spectrum, ∆F = F(f) – FT(f). Hence, the spectral level of the threshold
spectrum determines the magnitude of the residual spectrum ∆F.
Another feature of the wave dissipation process revealed in the Lake George experiment is
the fact that the breaking of long waves affects the breaking of short waves (Babanin and
Young, 2005; Young and Babanin, 2006). This feature has never been included in
previously suggested parameterization forms for the dissipation source term.
The results of the study at Lake George have shown that wave breaking exhibits two-phase
behaviour (Babanin and Young, 2005) and can be represented in a parametric form as
follows:
f cut

S ds ( f ) = a ⋅ f ⋅ A( f ) ⋅ ( F ( f ) − FT ( f )) + b ∫ A( f ) ⋅ ( F ( f ) − FT ( f ))df
14444244443
fp
T1 ( f )
1
4444244443
T2 ( f )

(Eq. 2-29)
where

F(f)

-

is the wave spectrum

FT(f)

-

is the threshold spectrum

A(f)

-

is the directional spreading width

a and b -

are coefficients for inherent wave breaking term, T1(f) and
cumulative or forced wave breaking term, T2(f), respectively.

According to Equation 2-29, the wave dissipation source function includes two terms
accounting for two types of wave dissipation processes. The main source of the wave energy
loss is the wave breaking known as the white-capping. It was found that waves are prone to
break if their steepness exceeds the threshold steepness (Banner et al. 2000 and
Babanin et al. 2001). This type of wave breaking is termed inherent wave breaking and
represented by the first term T1(f) (Eq. 2-29).
In addition, wave energy can dissipate due to turbulent viscosity, which plays a significant
role in small scale waves. It is believed that turbulent viscosity dissipation is minimal
31

2.3 Modelling Wave Evolution

CHAPTER 2 BACKGROUD

for dominant waves and significant for short scale waves, where the induced dissipation
phenomenon was observed by Manasseh et al. (2005) and Young and Babanin (2006).
At the same time, small scale waves tend to break due to the breaking of longer scale waves
(Young and Babanin, 2006). Both types of wave energy dissipation are induced by the
breaking of the dominant waves and referred to as forced dissipation, represented by the
second term T2(f) (Eq. 2-29). One of the origins of induced dissipation can be enhanced
turbulent viscosity due to the breaking of the dominant waves (Young and Babanin, 2006).
A series of recent observations were conducted in order to estimate dissipation rates in
terms of the average length of breaking crests per unit area per unit speed interval Λ(v), as
introduced by Phillips (1985). Field measurements of Phillips et al. (2001), Melville and
Matusov (2002), Hwang and Wang (2004b) and Gemmrich (2005) have enriched the
existing knowledge of wave dissipation processes with valuable facts and observational
data. The FAIRS experiment (Gemmrich, 2005) showed that the dissipation rates are
highest for intermediate-scale waves, which is consistent with earlier observations of
Hwang and Wang (2004b).
However, most experimental data relating to wave dissipation are still discrepant and
inconclusive. The reasons for the discrepancies are not clear yet and require further
experimental investigation. In the present study, an attempt was made to reconcile the
computation results with the existing observational data.

2.3.2.3

.onlinear Wave-Wave Interaction

The JONSWAP (Hasselmann, 1973) experiments showed the important role in the
evolution of wind waves played by nonlinear wave-wave interactions, which result in a
transfer of energy between the spectral components (Phillips, 1980). A theoretical
investigation of the nonlinear interaction processes has been performed by Hasselmann and
Hasselmann (1981) and Young and Van Vledder (1993). In deep water the nonlinear energy
transfer involves the interaction within a group of four waves, which is called a quadruplet.
These waves can exchange energy if they satisfy the following resonance conditions:

k1 + k 2 = k 3 + k 4

ω1 + ω 2 = ω3 + ω 4
where

kj

is the wavenumber vector and

ωj

is the angular frequency (j = 1,…,4)
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Figure 2.6 provides an example of quadruplet wavenumber vectors which satisfy the
resonance condition (Eq. 2-30).
The mathematical representation of the nonlinear interactions in the wind wave spectrum
was first formulated and studied by Hasselmann (1962) and Zakharov (1968) independently.
It was assumed that waves are weakly nonlinear. The equation determining the rate of
change of action density at k1 is written as the kinetic equation of the form:

∂1
= Gq (k 1 , k 2 , k 3 , k 4 )δ (k 1 + k 2 − k 3 − k 4 )δ (ω1 + ω2 − ω3 − ω4 )
∂t ∫∫∫
× [ 1  3 (  4 −  2 ) +  2  4 (  3 − 1 )]dk 2 dk 3 dk 4
where

(Eq. 2-31)

 j =  (k j )

is the action density at wavenumber kj,

G

is a complex interaction matrix defining the strength
of the interaction

δ( kj) and δ(ωj)

are the Dirac delta functions describing
the resonance conditions of the interaction

The integral is known as the Boltzmann integral for wind waves. The most important
property of the kinetic equation (Eq. 2-31) is the conservation of the following three integral
quantities during wind wave development:
The total wave action

∫  ( k ) dk

The total energy

∫

The total momentum

∫ k ( k ) dk

ω ( k )
dk
4π 2 g

The existence of these integrals of motion for the kinetic equation was first proved by
Hasselmann (1963).
For the solution of the Boltzmann integral numerous techniques have been proposed.
All these techniques have the same major goal: to improve computational speed and to
provide better understanding of the physical processes occurring during nonlinear wavewave interactions (Young, 1999). Hasselmann (1963b) proposed the visualization of the
interaction space, the so-called figure of eight, which significantly helped to explain the
existing issue. Hasselmann and Hasselmann (1981, 1985b) proposed a symmetric
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integration technique, which reduced the effective computational time by a factor of four.
Figure 2.7 shows the so-called figure of eight diagram showing the interaction space for a
given value k = k1 + k2 = k3 + k4 (Young (1999).
Additional increases of computational speed by up to a factor of 100 have been made by
reducing the number of quadruplets, which are an insignificant contribution to the
Boltzmann integral (Young, 1999). Increasing the computational speed enabled the
development of the first spectral model with a full solution for Snl – EXACT-NL
(Hasselmann and Hasselmann, 1985a). This model provided a one-dimensional solution for
the energy balance equation.
For two-dimensional wave prediction models various techniques for the parameterisation of
Snl have been proposed. These methods have proved relatively simple and computationally
efficient (Barnett, 1968; Ewing, 1971; Hasselmann et al., 1985a; Young, 1988a).
Hasselmann (1985a) proposed the discrete interaction approximation (DIA) to the
Boltzmann integral.
The DIA uses a small number of quadruplets which all have the same configuration.
However, Van Vledder et al. (2000) and Van Vledder and Bottema (2002) have shown that
some limitations of the DIA method compare to the EXACT-NL solution of the Boltzmann
integral in terms of precise representation of the nonlinear transfer rate. Furthermore,
the DIA pumps too much energy to higher frequencies from the spectral region near the
spectral peak (Van Vledder et al., 2000, and Van Vledder and Bottema, 2002). Therefore,
the EXACT-NL solution is the more preferable method for use in wave modeling.
Lin and Huang (1998) proposed a solution based on the Hamiltonian approach of Zakharov
(1968), which enables development of a two-dimensional model. Webb (1978) rewrote
Hasselmann’s equation (Eq. 2-31) using some analytical transformations to eliminate the
δ-functions. One of the advantages of Webb’s method is that the equations and structure of
the computational method are equal, both for deep and shallow water. This considerably
simplifies the computations and the implementation in operational wave models.
Webb’s (1978) method was extended and implemented in a discrete spectral model by
Tracy and Resio (1982) and Resio and Perrie (1991). They proposed a numeric technique
which makes integration of the Boltzmann integral simpler and more efficient by the
utilization of a geometrically spaced polar grid over the spectral region.
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Figure 2.6

Example of quadruplet wavenumber vectors, which satisfy the resonance
condition

Figure 2.7

The so-called figure of eight diagram showing the interaction space for a
given value k = k1 + k2 = k3 + k4 [Young (1999)].
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Tracy and Resio (1982) demonstrated that different parts of the integration space are related
via scaling laws, thus making computations of the nonlinear transfer rate more efficient in
timescale by an order of magnitude. This method is generally known as the WRT method
for the computation of the nonlinear transfer rate in a discrete wave spectrum.
Resio and Perrie (1991) and Young and Van Vledder (1993) presented further applications
of this method. Resio et al. (2001) developed a shallow water version of Webb’s method.
To improve the original WRT method, Van Vledder (2005) completely rewrote it to make it
available as a subroutine for implementation in any third generation wave model.
The WRT method has been implemented in various third generation wave prediction
models, such as WaveWatch III (Tolman, 1999), SWAN (Booij et al., 2004), CREST
(Ardhuin et al., 2001), PROWAM (Monbaliu et al., 1999) and WAVETIME-1
(Van Vledder, Alkyon, 2002, personal communication). The latter wave model was used in
the present study.

2.3.3

W AVE G ROWTH R ELATIO.SHIPS

In oceanography, it is generally accepted that wave growth can be expressed in the form of
non-dimensional growth curves. Based on dimensional analysis, Sverdrup and Munk (1947)
and Kitaigorodskii (1962, 1970) suggested that five quantities, including the total energy or
variance of the water surface elevation σ2, fetch x, peak frequency fp, the wind speed Uh at a
reference height h and duration t for which the wind blows, can be grouped in
non-dimensional forms:
ε=

σ2 g 2
U h4

(Eq. 2-32)

f pU h

ν=

g

(Eq. 2-33)

χ=

gx
U h2

(Eq. 2-34)

ς=

gt
Uh

(Eq. 2-35)

where ε is non-dimensional energy, ν is non-dimensional frequency, χ is non-dimensional
fetch and ζ is non-dimensional duration.
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Accordingly, the duration- and fetch-limited growth can be expressed in the following
relational forms, respectively:

ε = Aet ⋅ ς

a ft

ν = A ft ⋅ ς

a ft

ε = Aex ⋅ χ aex
ν = A fx ⋅ χ

a fx

(Eq. 2-36)

(Eq. 2-37)

where Aet, Aft, Aex, Afx are relational coefficients and aet, aft, aex, afx are exponents of
time-limited and fetch-limited growth curves, respectively.
Under steady wind forcing, the development of waves follows the duration- and
fetch-limited growth laws. These growth functions are used extensively to obtain sea-state
information when only limited observations of environmental variables are available.
Validation and verification of wave models also employ experimentally obtained data of
duration- and fetch-limited wave growth for benchmark tests.
It worth mentioning some issues regarding duration-limited growth arising in wave studies.
Most field and laboratory wave observations have obtained fetch-limited evolution data.
At the same time, experimental data of duration-limited growth are rare and do not cover a
wide range of the wave development stage (Hwang and Wang, 2004a).
On the other hand, most analytical solutions for wind waves are given in time rather than
fetch domain. Numerical modelling of wave development is also often performed in
temporal evolution mode. As a result, theorists and modellers have to rely on fetch-limited
evolution data, converting them into duration-limited conditions on the basis of some
assumptions (Hwang and Wang, 2004a). Therefore, conversion equations of simple powerlaw fetch-limited growth functions to duration-limited growth functions have been proposed
by Bretschneider (1952a,b) and Mitsuyasu and Rikiishi (1978). Recent work of Hwang and
Wang (2004a) provide strong support for the relation of space–time conversion of the fetchlimited growth functions to duration-limited growth functions. Based on the method of
Hwang and Wang (2004a), the advanced formula for the conversion of fetch-limited growth
functions to duration-limited growth functions is suggested by the present study.
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2.3.4

O BSERVATIO.AL D ATA

Currently a large number of wave observations result in huge amounts of accumulated
experimental wave data without providing the necessary accuracy or insight into wave
growth. Still, there is a large scattering in measured wave growth rates and the
parameterisations result in a broad range of values for estimated parameters.
One of the most significant studies resulting in accurate wave data was the Black Sea
experiment of Babanin and Soloviev (1998). This experiment investigated wave
development at a wide range of wind speeds using a wire resistance wave gauge. Based on
the experimental data, the researchers determined dependencies of non-dimensional
frequency and wave energy from the fetch:
ν = 2.40 ⋅ χ −0.275
ε = 8.3 ⋅ 10 −6 ⋅ ν −3.01

(Eq. 2-38)

The growth curves obtained in this study show good agreement with the experimental
dependencies observed by other authors including Kahma (1981), Donelan et al. (1985),
Dobson et al. (1989) and Donelan et al. (1992).
On the basis of the obtained data, Babanin and Soloviev (1998) described a transformation
of the wind wave spectrum with the wave development in terms of the JONSWAP spectrum
shape parameters including α and γJ. The authors found that the spectral shape parameters α
and γJ are functions of non-dimensional frequency:

8.03 ⋅ 10 −2 ⋅ ν 1.24 , ν ≤ 0.23
α=
ν > 0.23
13.2 ⋅ 10 −3 ,

(Eq. 2-39)

γ J ≈ 7 .6 ⋅ ν

(Eq. 2-40)

According to Equation 2-38, the equilibrium interval level α remains constant for the first
stage of wave development. For developed waves, the level α decreases.
Furthermore, Babanin and Soloviev (1998) showed a variability of directional spectrum
with wave development. According to their data, the researchers determined the relationship
between the width of the directional distribution A and the wave development parameters:
the wind-forcing U10 / cp and the relative frequency f / fp:
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It was shown that broadening of the directional width at higher frequencies depends only on
the relative frequency f / fp, while at the peak frequency the directional width is determined
only by U10 / cp. The behaviour of the directional width at frequencies lower than peak
frequency is strongly dependent on both U10 / cp and f / fp. The narrowest directional spectra
are on average observed at 0.95 fp. The above-mentioned relationships were used for
validation of computational results in the present study. The results of comparisons will be
shown later in Section 4.3.

2.4

METHODOLOGY FOR ASSESSMET OF SPECTRAL SHAPE

In wave modelling, prediction of wave fields requires the determination of the wave
spectrum at a given time and space. In order to verify the results of a wave model, the
resulting wave spectrum must be assessed in terms of its spectral shape in both the
frequency and directional domain. One of the most comprehensive methods for assessment
of spectral shapes was suggested by Banner and Young (1994). According to this method,
a number of integral spectral parameters were accepted as diagnostic features for
comparison between model results and observations. These features include:


the evolution of non-dimensional energy, ε, and peak frequency, ν, with
non-dimensional fetch χ or duration ς.



the spectral shape parameters αBY and n are diagnostic for the behaviour of the
wind direction slice of the wavenumber spectrum:

F (k , θ w ) = α BY u*−2( n + 4) g ( n+ 4) k n


the directional spreading of the spectrum D(θ, k) from
F(k) = F(k, θw)D(θ, k)
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the ratio of the maximum of wave spectrum to the magnitudes of wind direction
slice wavenumber spectrum, hereafter the lobe-ratio:
λ(k) = Fmax(k, θ) / F(k, θw) as a diagnostic parameter for bimodality of the
directional shape of wave spectrum. Hence, a value λ = 1 indicates a unimodal
directional spread.
π/2



the mean spectral width, θ (k ) =

∫ F (k , θ)θdθ

0
π/2

, for identification of the

∫ F (k , θ)dθ
0

directional distribution of wave spectrum


the similarity parameter ξ for diagnostic of the spectral energy level in the high
frequency range computed as the ratio of wind direction energy at a given
wavenumber and wave age to that predicted by Banner (1990):

ξ=

F (k = 0.5cpm, θ w )
FB 90 (k = 0.5cpm, θ w )

The suggested diagnostics were used as a basis for validation technique developed in the
present study.
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UMERICAL MODEL

The investigation of the spectral functions of the wind input Sin and the wave dissipation Sds
source terms was performed using a new third generation, one dimensional research wave
model WAVETIME-1 developed by Van Vledder (Alkyon, 2002, personal communication).
The model WAVETIME-1 was developed in FORTRAN-90. It includes the EXACT-NL
model (Hasselmann and Hasselmann, 1985a) using the WRT method (Webb, 1978;
Tracy and Resio, 1982) for computations of the nonlinear wave interactions incorporated by
Van Vledder (2002).
WAVETIME-1 essentially solves the radiative transfer equation (Eq. 2-20) (Gelci et al.,
1957; Hasselmann, 1960; Phillips, 1977 and Komen et al. 1994) either for fetch-limited or
duration-limited conditions. For the present study, however, only duration-limited
conditions were considered based on the preliminary test results of the model, which is still
in the development stage.
One of the advantages of this model is modular design, which enables further development
of the model for research purposes. The model operates in one of four different modes:
1. source mode – computations of the source terms for the given spectrum
2. time mode – computations of duration-limited growth
3. fetch mode – computations of fetch-limited growth
4. grid mode – computations of wave propagation on a spatial grid
The model is able to perform computations in different numerical schemes (e.g. explicit or
implicit).

3.1

THE SPECTRAL GRID

WAVETIME-1 can perform computations for different types of frequency-direction grids.
It generates a frequency grid on the basis of specified data including minimum frequency,
fmin, maximum frequency, fmax, and number of frequency points, nfr. In terms of the
frequency distribution, the model can specify two types of frequency grids, either linear or
geometric spacing.
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For the first type, frequency points are evenly distributed along the chosen bandwidth.
For a geometric grid the following frequency is defined as fi+1 = δfi where δ >1 is the
spacing factor. In terms of the directional grid, the model is able to generate a polar grid
either over the full circle or in a sector with two specified directions. Furthermore,
computations can be performed for a single direction. Selection of the appropriate spectral
grid predetermines the numerical stability of the wave model.
In the present study, the single spatial grid point version of the WAVETIME-1 model was
used for the numerical experiments. Selection of the optimal spectral grid was based on the
accuracy of the computation of the nonlinear transfer rate to satisfy the conservation laws
for action, energy and momentum. Van Vledder (2005) showed that for deep water the
minimum frequency should at most be equal to half the peak frequency (fmin ≤ 0.5fp).
The maximum frequency should be taken sufficiently high to achieve the optimal accuracy
in computations using the WRT method. The selection of the maximum frequency is related
to the cut-off effects near the upper boundary of the frequency grid (Van Vledder, 2005).
Accurate computation of the nonlinear transfer rate in a certain spectral bin requires
consideration of all interactions with higher and lower frequencies. For the frequency bins
near the maximum discrete frequency, a number of interactions with frequencies higher than
the maximum frequency is omitted resulting in inaccuracy of the computations of the
nonlinear rate, called the cut-off effect. In the recent study, Van Vledder (2005) showed that
the cut-off effects affect the nonlinear transfer rate for the upper 20% of the frequency
bandwidth and vanish when fcut > 6 fp.
For time-efficient computations of the WRT method, selection of the frequency grid spacing
is very important. In operational wave modeling, it is convenient to use a geometric spacing
of wave numbers in discrete spectral models, in which kn+1 = δkn with δ >1. Such spacing
provides a higher spectral resolution near the peak frequency and less resolution in the high
frequency range of the wave spectrum. The geometric spaced grid allows the use of scaling
laws in computations of the WRT method for deep water conditions. According to Resio
and Perrie (1991), this scaling technique speeds up the computation of the nonlinear transfer
rate by an order of magnitude compared to integration on regular spaced grids.
The geometric spacing of the frequencies is widely used in spectral wave models, including
WAM, WaveWatch, TOMAWAC and SWAN.
On this basis, the directional frequency spectrum F(f, θ) was discretised into a polar grid
with 36 angular bands evenly distributed over a full circle and 80 frequencies within the
bandwidth limited by the lower frequency fmin = 0.02 Hz and the upper frequency
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fcut = 4.5Hz. The geometric spacing of the discrete frequencies was selected as fn = 1.05fn-1
giving a frequency resolution of 5% for the frequency spectral grid. Such a spectral grid has
a higher frequency resolution than computational grids widely used in current wave
modeling practice (i.e. 10%).
The selected frequency bandwidth allowed accurate computations to be performed from the
very young stages of wave development up to full development for a wide range of wind
speeds U10 ≤ 30 m/s. The computational grid remained the same throughout the model
computations. It is worth mentioning that this bandwidth of the frequency scale does not
cover the range of short scale waves, where their contribution to total wave-induced stress is
important.
The accuracy of the computations of wave-induced stress has a significant impact on the
outcome results of the model. It is desirable that the frequency bandwidth computations of
the new spectral functions of the wind input and wave dissipation source terms be
lengthened up to fmax = 10Hz. On the other hand, in operational wave modeling, according
to Banner and Young (1994), the frequency bandwidth for spectral computations is limited
by the validity of the nonlinear interaction term Snl in terms of the ratio of the root-mean
square wave height Hrms to the shortest wave wavelength λcut. The computations are valid if
Hrms / λcut < O(1). The mentioned value for the maximum frequency, fmax = 10Hz, is out of
the range for valid computation. Therefore, a new approach was developed to overcome this
issue.
Using the new approach, the computations for the wind input and dissipation source terms
were performed on a spectral grid formed by combining the main spectral grid with an
extensional grid as the continuation of the main spectral grid up to the maximum frequency,
fmax = 10Hz. On the other hand, the wave spectrum used in computations of the wind input
and dissipation source terms was defined only on the main spectral grid. It became apparent,
however, that the wave spectrum also needed to be expanded up to the maximum frequency
of fmax = 10Hz. To extend the wave spectrum, a three-point extrapolation was applied to the
wave spectrum by attaching a spectral tail with a slope f –5. This type of extrapolation was
selected to keep the numerical fluctuations low, particularly for the spectral magnitudes near
the cut frequency fcut.
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3.2 Initial Spectrum

IITIAL SPECTRUM

At the initial stage, the model computed the wave spectrum either from the spectral data file
or by means of spectral parameters given in the input file. Using the spectral parameters,
the model was able to compute different types of frequency spectra, including JONSWAP
(Hasselmann et al., 1973) and Donelan (1985). On the basis of a given frequency spectrum,
the model produces a directional spectrum by multiplying the frequency spectrum with a
specified directional spreading function D(f, θ). The model was able to generate different
types of spreading functions, including cosnθ, cos2nθ/2 and the function of Babanin and
Soloviev (1998). The latter was used in the present research.

3.3

SOURCE TERMS I WAVETIME-1

The WAVETIME-1 model is applicable either for deep or shallow water conditions.
Therefore, the model also includes computations of the source terms, which are considered
significant in shallow water conditions (bottom friction, near-shore wave breaking and triad
wave-wave nonlinear interactions). However, the present study considered only the deep
water case and discussion about finite depth source terms was out of the scope of this study.
Initially, for computations of energy input from the wind to the waves, the model included
the parameterisation form proposed by Komen et al. (1984), which was based on the earlier
proposal of Snyder et al. (1981). Later in the present study this function was changed to the
new parametric function of Donelan et al. (2006).
In addition, initial computations of wave dissipation used the parameterisation form
introduced by Komen et al. (1984) based on the theory of Hasselmann (1974). Later in the
present study this function was replaced by the new form of wave dissipation (Young and
Babanin, 2006).
The WAVETIME-1 model included an improved WRT method (Van Vledder, 2005) the full solution of the Boltzmann integral (Eq. 2-30) for computation of the nonlinear
transfer within the wave spectrum. The improved technique was adopted by Van Vledder
(2005) for computations in finite depth conditions. This representation of wave-wave
nonlinear interactions was used as the nonlinear source term in the present study.
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3.4

UMERICAL SCHEME

The WAVETIME-1 model solves the RTE (Eq. 2-20) for either fetch or duration limited
growth. In the present study, only duration-limited growth was considered, thus (Eq. 2-20)
yields:

∂F
= S tot
∂t

(Eq. 3- 1)

where Stot represents the summation of all contributing source terms, including the wind
input Sin, the wave dissipation Sds and the nonlinear energy transfer between the waves Snl.
The simplified energy balance equation (Eq. 3-1) was solved with the explicit first order
finite difference scheme:
F j +1 = F j + ∆F = F j + S tot ⋅ ∆t
where

Fj

is the spectral energy at the time step j

Fj+1

is the spectral energy at the following next step

∆F

is the change of the spectral energy and

∆t

is the time interval when the change occurred.

(Eq. 3-2)

For the present study optimal magnitude of the time step (∆t = 35s) was selected on the
basis of intensive numerical tests to achieve the numerical stability of the model.
The selection analysis for the time step will be discussed in more detail in the following
subsection 3.4.1.

3.4.1

O PTIMAL T IME S TEP

Accuracy of the model predictions, using the duration–limited integration scheme,
significantly depends on the time step of this scheme. In this case, the energy balance
equation can be represented in the form of Equation 3-1. In the present study, the
computations were performed using a simple explicit integration scheme (∆F = Stot∆t,
see Equation 3-2). The model with the large time step performs time-efficient computations.
However, the results of this computational scheme can be inaccurate, since the selection of
an optimal time step in wave modelling strongly influences the computational results of the
model. The length of the time step must correspond to the optimal energy interaction
between the source terms, particularly with wave-wave nonlinear interactions.
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The time step very much dependent on energy redistribution in the short-scale range of
wave spectrum and requires precise tuning, in order to avoid the accumulation of energy in
the high-frequency range.
To achieve stability in the computations, the model WAVETIME-1 includes a limitation
(a so-called ‘limiter’) for the energy increment ∆F, which restricts the change of energy
density ∆F per time step for each spectral bin to a fraction (~10 %) of the
Pierson-Moskowitz level. The discrete time step ∆t can influence numerical errors in two
ways. First, numerical distortions can be increased by increasing the time step. Second,
the limitation of the change to the spectral density per time step will take place more often
as the magnitude of the time step increases (Tolman, 1992). Therefore, the time step must
be reasonably small to avoid numerical instabilities.
The rough estimation of the optimal time step can be made based on the value of cut
frequency fcut selected for the spectral grid. The time step must be small comparably small to
the periods of the upper spectral components. According to this estimation the time step for
the selected spectral grid with fcut = 4.5 Hz may be in a range ∆t = [20s – 40s]
On the other hand to achieve reasonable accuracy in the model computations, a number of
numerical experiments were conducted to determine an optimal time step for durationlimited wave evolution in the WAVETIME-1 model. The determination of the optimal time
step was based on one of the important properties of the kinetic equation, which describes
wave-wave nonlinear interactions, and the conservation of the total energy of the spectral
components.
Therefore, from the source terms, only nonlinear energy transfer between the waves was
considered. Other processes, like wind energy input and wave dissipation were excluded.
In this case, since the significant wave height H s = 4

∫ ∫ F ( f , θ)dfdθ

relates to the total

θ f

energy of the waves, this parameter was expected to remain constant during wave
development. Therefore, the significant wave height was selected as the main criterion for
determination of the optimal time step.
The series of the above-mentioned numerical experiments was carried out with different
discrete time steps, ∆t = [1s, 10s, 20s, 30s, 40s, 50s, 60s]. Some of the results of the
computations are presented in Figure 3.1. As illustrated, the significant wave height
computed for the model run with the time step ∆t = 35s was most close to its initial value.
Based on these results, it was decided that the optimal time step was ∆t = 35s.
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3.5

VALIDATIO OF THE MODEL

Prior to the investigation of the new parameterisation forms for the wind input and wave
dissipation source terms, WAVETIME-1 (Van Vledder, Alkyon, 2002, personal
communication) underwent intensive testing and validation of all its active components.
The main focus was on the two major outcomes of the model:


computations of the nonlinear source term Snl spectra in terms of spectral
integral and the spectral shape at different stages of wave development



consistency of the model results in relation to the experimental growth curves
obtained by Babanin and Soloviev (1998).

3.5.1

V ERIFICATIO.

OF

S . L S OURCE T ERM

In the present study, three source terms (Sin, Sds and Snl) were considered as major driving
mechanisms involved in wind wave development. As a prerequisite to the investigation of
the wind input and wave dissipation source terms, the model computations of the nonlinear
source term had to be assessed in order to ensure correct performance in subsequent
numerical experiments. Therefore, the model computations of the nonlinear source term Snl
were verified prior to the major part of the investigation.
Nonlinear energy transfer between waves represents a conservative redistribution of spectral
energy between the spectral components. This property of the kinetic equation is
represented by the conservation of the total energy. Therefore, one of the criteria for
verification of nonlinear source term computations is the condition: ∫ S nl ( f )df = 0 .
The results of computations of the nonlinear source term for different wave spectra showed
that the integral value was close to zero.
Another criterion of the Snl spectrum relates to its spectral shape in terms of the
translocation of positive and negative lobes of the Snl spectrum. The numerical tests were
performed according to the method introduced by Hasselmann and Hasselmann (1981).
The results were compared with the results of Hasselmann and Hasselmann (1981) and
Lavrenov (1998). It is worth noting that computations of the nonlinear source term are
sensitive to a number of factors relating to the spectral grid and the wave spectrum.
Therefore, these comparisons can be considered qualitatively rather than quantitatively in
terms of the general behaviour of Snl spectra. Results of comparisons have shown that the
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nonlinear energy transfer rates computed in WAVETIME-1 agree with the results of
Hasselmann and Hasselmann (1981) and Lavrenov (1998).

3.5.2

P REPARATIO.

OF

E XPERIME.TAL D ATA

Most wave observations obtain data related to fetch-limited wave growth. The most accurate
data have been obtained from the Black Sea experiment (Babanin and Soloviev, 1998).
Therefore, the results from the Black Sea were selected for validation of the WAVETIME-1
model in the present study.
In the present study, the WAVETIME-1 model performed computations in the time domain.
Therefore, to compare the model results, the experimental fetch-limited data were converted
into the time domain through the conversion of equations of simple power-law fetch-limited
growth functions to duration-limited growth functions. The equations were derived on the
basis of the method used in Hwang and Wang (2004a) and can be presented in the following
forms:
 R ⋅ (a fx + 1) 
A ft = A fx a fx +1 

2π


1

a ft

, a ft =

a fx
a fx + 1
(Eq. 3-3)

 R ⋅ (a fx + 1) 
Aet = Aex 

 2πA fx 

a et

a et =

,

a ex
a fx + 1

where Aet, Aft, Aex, Afx are relational coefficients and aet, aft, aex, afx are exponents of timelimited and fetch-limited growth curves (Eq. 2-35 and 2-36), respectively. These parameters
were assigned similarly to Hwang and Wang (2004a) in order to make these equations
comparable. The coefficient R is the ratio cgx/cp, where cgx is the downwind component of
the wave group velocity and cp is the phase speed of the wave spectral peak component.
It was shown that for a monochromatic wave train, R = 0.5 (Hwang and Wang, 2004a).
However,

for

the

wind

waves,

R

=

0.4

(Yefimov

and

Babanin,

1991).

The conversion equation for the coefficient Aft for non-dimensional frequency is different
than that presented in Hwang and Wang (2004a).
The fetch-limited growth curves (Eq. 2-37) obtained by Babanin and Soloviev (1998) were
converted into the time domain using Equation 3-3. After the conversion the experimental
dependencies (Eq. 2-37) were transformed into the form:
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ν = 10.74 ⋅ ς −0.38
ε = 6.54 ⋅ 10 −9 ⋅ ς1.14

(Eq. 3-4)

The validation of the WAVETIME-1 model was performed using the growth curves from
Equation 3-4. The results of the comparisons are presented in the following section.

3.5.3

V ERIFICATIO.

OF

G ROWTH C URVES

In wave modelling, the main objective for verification of the model performance is to
reproduce the existing observational data. In most numerical investigations, the validation
strategy consists of a series of experiments for tuning the model for the best performance.
In the present study, the results of model computations were tested against the observational
data from the Black Sea experiments (Babanin and Soloviev, 1998) in terms of
non-dimensional energy, frequency and duration. The main purpose of these comparisons
was to determine whether the WAVETIME-1 model was able to reproduce the existing
experimental data.
Figure 3.2 compares the growth curves (non-dimensional energy as a function of
non-dimensional frequency, ε (ν)) of wave development under different wind speeds
U10 = 7, 10, 15 and 20m/s with the experimental data of Babanin and Soloviev (1998).
This comparison shows agreement within the 5% approximation range between the model
results and the observations of Babanin and Soloviev (1998) for all selected wind speeds.
As wave development approaches to the full development stage, the wave growth is slowing
down. This trend is shown by the gradual change of the slope of the growth curve towards
the lower frequencies, which is consistent with the wave observations.
Figure 3.3 presents the curves of the non-dimensional frequency ν and non-dimensional
energy ε as functions of the non-dimensional time ζ demonstrated in subplot (a) and subplot
(b), respectively. The model results were compared with the experimental data of Kahma
(1981) (dashed line), Donelan et al. (1985) (dash-dotted line) and, Babanin and Soloviev
(1998) (plane line). The magnitudes of Pierson-Moskowitz limit are shown as εPM, νPM, and
ζPM.
As waves approach their full-development stage, the energy growth is reduced, shown as the
flattening transition of the slopes of the curves close to the Pierson-Moskowitz limit εPM
(see Figure 3.3b). Correspondingly, the peak frequency transition towards the
Pierson-Moskowitz limit νPM is slowing down (see Figure 3.3a).
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Figure 3.1

Comparing the significant wave height HS as a function of the duration of
the model runs with different time steps ∆t and wind speed U10 = 0 m/s.

Figure 3.2 Growth curves of the model runs for the different wind speeds
U10 = 7m/s (line with dots), 10m/s (bold line), 15m/s (line with crosses)
and 20m/s (line with asterisks). The graph shows the growth of
non-dimensional energy ε as a function of non-dimensional frequency ν.
The model results are compared with the experimental data of Babanin
and Soloviev (1998) (plane line) with 5% approximation limits
(dashed lines). εPM = 3.64*10-3 and νPM = 0.13 are the magnitudes of
Pierson-Moskowitz limit, are also shown with bold lines.
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Figure 3.3

Growth curves of the model run CL1P0.5A20W10. The subplot (a) shows
the

curve

of

non-dimensional

frequency ν

as

a

function

of

non-dimensional time ζ; and subplot (b) shows the growth of
non-dimensional energy ε as a function of non-dimensional time ζ.
The model results are compared with the experimental data of
Kahma (1981) (dashed line), Donelan et al. (1985) (dash-dotted line) and,
Babanin and Soloviev (1998) (plane line). The magnitudes of
Pierson-Moskowitz limit are shown as εPM, νPM, and ζPM.

The results showed that the model WAVETIME-1 was able to reproduce the experimental
growth curves obtained by Babanin and Soloviev (1998). Thus, the model WAVETIME-1
was operational for the investigation of the new source functions mentioned earlier.
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The development of advanced parameterisation forms for the wind input Sin and the wave
dissipation Sds source terms was based on a thorough investigation of the recently suggested
source functions of Donelan et al. (2006) and Young and Babanin (2006), respectively.
The present study was concentrated on the physical constraints of the air-sea processes
involved in wave development. The investigation of two interrelational source terms for
wind input and wave dissipation was a complex task. The major issue related to the
concurrent presence of these two driving mechanisms. This study attempted to address this
issue with a new approach, which enabled the above-mentioned difficulties to be overcome
within the physical framework of the wind-wave processes involved in the air-sea interface.
The new approach of the present work was based on two main physical constraints
suggested by Donelan (WISE-2004, Reading, England). The first constraint is the
correspondence between the energy transferred from the wind to the waves and the total
wind stress exerted on the water surface. Behavior of a new wind input function was
investigated and tuned separately by using this constraint.
The second constraint relates to the dissipation source term, in particular, to the relationship
between its integral value and the integral of the wind input source term. Donelan (1998)
experimentally obtained the ratio of these two integrals as a function of non-dimensional
fetch. Therefore, the dissipation source term can be studied and tuned in terms of this ratio.
This approach resulted in a new understanding of operational wave modelling in terms of
the coupling of the wind input and the wave dissipation source terms in the radiative transfer
equation.
Chapter 4 reports on the methods and results of the current study in three main sections:
Section 4.1 describes how the new wind input source function suggested by Donelan et al.

(2006) was investigated and what conclusions were drawn from the investigation.
This section describes how, as originally suggested by Donelan et al. (2006), wind input
parameterisation form Sin corresponds to the wind stress exerted on the sea surface.
It was shown, that originally suggested by Donelan et al. (2006) wind input source function
corresponds to larger values of the wind stress than it was expected from stress-balance
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computations. To overcome that inconsistency, a new method was developed to correct
the Sin source function within the physical framework.
Section 4.2 describes the investigation of the wave dissipation source function recently

suggested by Young and Babanin (2006). This section introduces a new method for
determining the dissipation energy based on the interrelationship between the Sin and Sds.
Section 4.3 describes the investigation of the performance of the new source functions Sin

and Sds using the wave model WAVETIME-1. This section outlines the results of the
assessment technique developed on the basis of methods suggested by Banner and Young
(1994).

4.1

THE EW WID IPUT SOURCE FUCTIO

As was discussed in Chapter 2, the positive flux of energy from wind to waves is the main
source driving the growth of wind-waves. In its turn, the positive flux of energy is a result of
stress variations exerted on the water surface by the wind. Wind stress determines the
strength of wind-wave interactions and, consequently, the amount of energy transferred to
the waves. Therefore, wind stress is the main physical characteristic used to describe
wind-wave interactions.
In the present study, wind stress was selected as the main physical quantity for the
investigation of the parameterisation form recently suggested by Donelan et al. (2006).
During the investigation, it was found that a number of previously suggested
parameterisation forms (Snyder, 1981; Hsiao and Shemdin, 1983; Donelan, 1999) for wind
input source terms were not consistent with this physical constraint.
The present study developed a unique method for correcting the wind input source function
suggested by Donelan et al. (2006). The proposed method represents a dynamic
self-correction routine and is applicable to any parameterisation form of the wind input
source term. The new method can be widely implemented in different wave models.
This study revealed that the results of computations of the wind input source function
(Donelan et al., 2006) for the different parameterisation forms of wave spectra (Hasselmann
et al., 1973; Donelan et al., 1985) differ significantly. Therefore, the issue regarding the
wave spectral shape was revised and a new alternative parameterisation form of wave
spectrum, Combi spectra, (described later in this chapter) is suggested.
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This work proposes an alternative spectral form for wave steepness, the saturation
transformer T(f). The advantage of T(f) is the presence of the saturation level for most
parameterisation

forms

of

wave

spectra

(JONSWAP

and

Donelan

1985).

The parameterisation form of the saturation transformer will be described further when
wave steepness is discussed in the results Section 4.1.3.
Section 4.1 contains four subsections:
4.1.1

presents the results of preliminary computations of growth rate and wind input
source function suggested by Donelan et al. (2006) and demonstrates the
physical inconsistency of the proposed original parameterisation form (Donelan
et al. 2006) to wave-induced stress

4.1.2

describes the main approach and the new method developed during this study to
correct the new wind input source function developed by Donelan et al. (2006)

4.1.3

revises aspects of wave modelling in relation to the wave spectral shape and
spectral representation of wave steepness; introduces two new parameterisation
forms: 1) an alternative wave spectral shape and 2) an alternative
parameterisation form for the spectral steepness

4.1.4

presents the results of computations of the wind input source term for the
suggested spectral forms of the energy density spectrum and wave steepness
using the new methodology based on physical constraints.

The section concludes with a discussion of the results of the present work and further
recommendations for the future studies.

4.1.1

P RELIMI.ARY C OMPUTATIO.S

In the present study, initial computations of the growth rate and the wind input source term,
as given by Donelan et al. (2006), were performed for different wind speeds and for
different stages of wave development. These computations were important to understand
peculiarities of behaviour of newly proposed wind input source function (Donelan et al.,
2006). The results described here are based on computations performed for forcing wind
speeds U10 = {7m/s, 10 m/s, 15 m/s and 20 m/s}. For each magnitude of wind speed,
the computations were performed for young, average and fully-developed waves with wind
forcing conditions U10 / cp = {5.8, 2.7 and 0.82}, respectively. The corresponding spectral
peak enhancement parameter γs takes magnitudes γs = {7, 3.3 and 1}, respectively.
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The results obtained for the selected wind speeds showed behaviour similar to the wind
input source function. Based on that fact, in the present work it was decided to show the
results of computations only for the wind speed U10 = 10 m/s. In addition, computations
were performed for two different types of wave spectra, JONSWAP (Hasselmann et al.,
1976) and Donelan (Donelan, 1985), taking into consideration the significance of the windwave coupling effect on the energy exchange processes between the wind and the waves.
The spectral parameters of the wave spectra at different stages of wave development were
determined as functions of the wind forcing parameter, U10 / cp. The relationships (Eq. 2-39)
and (Eq. 2-40) from the Black Sea experiments reported by Babanin and Soloviev (1998)
were used for the shape parameters of the JONSWAP spectra. For the Donelan spectra, the
relationships (Eq. 2-6), (Eq. 2-7) and (Eq. 2-6) from the measurements taken at Lake
Ontario (Donelan, 1985) were used. All computations were performed using the wide range
of wave scales within the gravity wave range. Therefore, a discrete frequency spectral grid
was defined between the lower and upper limits: fmin = 0.05Hz and fcut = 10Hz, respectively.
The selection of the upper frequency took into account the maximal contribution of the
small-scale spectral components, which play a significant role in wind-wave interactions.
The background for the selection of the spectral grid was discussed in detail in Section 3.1.
4.1.1.1

Growth Rate

The Lake George experiment found new features which revolutionized earlier
conceptualisations of the behaviour of the growth rate γ during wave development (Donelan
et al. 2006), and resulted in a new parameterisation form for the growth rate γ that included
the newly discovered features. However, at that time the new parameterisation function was
only partially investigated.
The present study examined the parameterisation form suggested by Donelan et al. (2006)
for growth rate. The results of computations of the growth rate γ, and the wind input source
function Sin were compared to the results of Hsiao and Shemdin (1983) and Donelan (1999).
The selection of these two parameterisation forms for γ was based on their extreme low and
high magnitudes compared to other suggested forms.
Figure 4.1 shows comparisons of the γ spectra according to Donelan et al. (2006) with the
growth rates suggested by Donelan (1999) and Hsiao and Shemdin (1983) at the different
stages of wave development corresponding to the JONSWAP spectra (subplot [a]) and
the Donelan spectra (subplot [b]). According to these researchers, all three γ(f) have a
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quadratic dependency on frequency. However, the spectral shape of γ(f) suggested by
Donelan et al. (2006) is significantly different from previously suggested forms due to the
well-defined peaks for young and average-developed waves.
The spectral shape of γ(f) (Donelan et al., 2006) is determined by its dependence on the
spectral saturation Bn(f) (see Eq. 2-24), which includes the wave spectrum F(f) (Eq. 2-19).
Thus, γ(f) is a function of wave spectral magnitudes F(f).Furthermore, Figure 4.1 (subplots
[a] and [b]) shows the dependence of γ(f) on wind forcing conditions during wave
development. Figure 4.1 (subplot [a]) shows that the spectral magnitudes of γ, according to
Donelan et al. (2006), in the high frequency range are less than of those previously
suggested by Donelan (1999) and Hsiao and Shemdin (1983). This fact is determined by the
flow separation effect revealed in the results of the Lake George experiment (Donelan et al.,
2006). Moreover, the computational results of γ (Donelan et al., 2006) for the Donelan
spectra, as shown in Figure 4.1 (subplot [b]), are greater than the corresponding
computations for the JONSWAP spectra, (Figure 4.1, subplot [a]).
The peculiarities of the γ(f) spectrum (Donelan et al., 2006) are the results of the dependence
of the growth rate (Donelan et al., 2006) on the wave spectrum through spectral saturation
Bn (see Eq. 2-10). In Figure 4.1 γ(f) has a step-wise form in the range of short waves.
This step is determined by the dependence of γ(f) on the type of wind flow described by the
airflow separation parameter G in the sheltering coefficient (Eq. 2-26).
According to Equation 2-26, the airflow separation function G is the smoothed analogue of
the Heaviside unit step function. One of the attributes of the G function is a threshold
frequency, above which the spectral components sustain the full separation phenomenon
revealed in the Lake George experiments. The energy fluxes from the wind to the short
waves are reduced due to the airflow separation over these waves. Therefore, in this range
of frequencies the growth rate has lower spectral magnitudes forming the visible step of the
spectral shape. This threshold frequency, above which the flow separation takes place,
changes during wave development.
Figure 4.1 also shows that the threshold frequency varies depending on the type of wave
spectra. This behaviour of the threshold frequency is determined by the dependence of the
spectral parameters on the wind forcing parameter
This is due to the presence of the spectral saturation Bn in the tanh-function in the airflow
separation function G (see Equation 2-26). The threshold frequency determines the
distribution of momentum fluxes in non-separated and full separated wavelength scales.
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This feature was taken into account during the computation of wave-induced stresses in the
present study.
Figure 4.2 represents a comparison of γ(f) spectra for average-developed waves with
U10 / cp = 2.7 computed for the JONSWAP and Donelan spectra, respectively.
The difference between γ(f) spectra, which is determined by the wave spectral shapes of the
JONSWAP and Donelan spectra, is significant in the high frequency range.
This divergence predetermined the selection of the high frequency range because it was
at these frequencies that the correction of the wind input source function Sin could be
applied. The most experimental wave measurements were performed for the range of
frequencies close to the peak frequency [0.7fp, 1.3fp]. Furthermore, previously suggested
parameterisation forms represent the results of extrapolations to the high frequency range.
Therefore, the high frequency range can be considered an acceptable domain for
adjustments in numerical studies of wave processes. In the present study, the wind input
source function Sin suggested by Donelan et al. (2006) was investigated and tuned in the
range of high frequency spectral components.
Figure 4.3 provides a comparison of the magnitudes of growth rates computed for peak
frequencies γ( fp ) during wave development for various wind speeds. The results of
computations for different wind speeds show that the magnitudes of growth rate γ( fp )
(Donelan et al., 2006) are the same as those registered for corresponding wind forcing
conditions. The step-form behaviour in the range of U10 / cp = [4.5, 5] is the result of the
transition of the dominant waves with fully separated wind flow to waves with
non-separated flow.
Figure 4.3 shows that the growth rates according to Donelan (1999) are different for
different wind speeds. The growth rates according to Donelan (1999) are dependent on
Uλ/2 / cp, where Uλ/2 is the wind at a reference height of a half-wavelength. During wave
development with changing peak frequency, wind Uλ/2 varies, while U10 is constant.
Thus, the wind forcing parameter Uλ/2 / cp has a different dependence on fp than it does on
U10 / cp. Therefore, the growth rates for dominant waves according to Donelan (1999) have
altered magnitudes for different wind speeds U10 for the same wind forcing conditions.
This peculiarity determines the results presented in Figure 4.3.
According to Hsiao and Shemdin (1983) the growth rates of dominant waves are
independent of wind speed. The magnitudes of all the growth rates according to the
researchers noted here are consistent for fully-developed waves with U10 / cp up to 1.5.
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a)

b)

Figure 4.1

Comparison of growth rates, γ(f), according to Donelan et al.
(2006)

at

different

stages

of

wave

development

with

U10 / cp = {5.8 (bold lines), 2.7 (dashed bold lines),
0.83 (solid lines with dots)} at the wind speed U10 = 10 m/s for
the JONSWAP spectra (subplot [a]) and for the Donelan spectra
(subplot [b]); the growth rates according to Donelan (1999)
(solid lines) and Hsiao and Shemdin (1983) (dashed lines)
are also shown.
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Figure 4.2

Comparison of growth rate according to Donelan et al. (2006)
(bold line for the JONSWAP spectrum and solid line with dots for
the Donelan spectrum), Donelan (1999) (solid line) and Hsiao and
Shemdin (1983) (dashed line) for the average developed waves with
U10 / cp = 2.7, peak frequency, fp = 0.43Hz and wind speed
U10 = 10 m/s.

In the case of very young waves with U10 / cp > 5, γ as postulated by Donelan et al. (2006) is
closer to the results of Hsiao and Shemdin (1983) because of the dependence of the growth
rate (Donelan et al. 2006) on the type of wind flow over the waves. The full-separation
phenomenon observed in the Lake George experiment for young waves resulted in low
values for the growth rate γ. In the range of average-developed waves U10 / cp = [2.5, 3.5],
the results of Donelan et al. (2006) and Donelan (1999) are close in average. This range of
wind forcing conditions corresponds to non-separated wind flow, giving high values of
growth rate.
As illustrated in Figure 4.3, the most intensive growth of waves can be observed for the
range of wind forcing U10 / cp = [4, 4.5]. At this stage of wave development, the dominant
waves obtain the best hydrodynamic properties (steepness and velocity) and the
non-separated wind flow transfers maximum energy to the waves. Furthermore, at this
stage, the dominant waves are most strongly dragged by the wind. Therefore, the growth
rate of the peak waves almost doubles, as shown in Figure 4.3.
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a)

b)

Figure 4.3

Comparison of the growth rates of peak frequency waves for the
JONSWAP spectra (subplot [a]) and for the Donelan spectra
(subplot [b]) as functions of the inverse wave age, for different wind
speeds U10 = {7m/s, 10m/s, 15m/s and 20m/s} and wind dependent
drag coefficient, CD(U10). The growth rates are according to Donelan
et al. (2006) (lines with markings: circles, dots, crosses and asterisks
correspondingly to 7m/s, 10m/s, 15m/s and 20m/s), Donelan (1999)
(different type lines: solid, dashed, dash-dotted and dotted
corresponding to U10 = {7m/s, 10m/s, 15m/s and 20m/s}) and
Hsiao and Shemdin (1983) (bold line).

60

4.1 The .ew Wind Input

CHAPTER 4 METHODS AD RESULTS

Figure 4.4

Comparison of growth rate values at the peak frequencies according to
Donelan et al. (2006) for the JONSWAP spectra (line with dots) and
for the Donelan spectra (line with asterisks) at different stages of wave
development at wind speed U10 = 10 m/s; growth rates by Donelan
(1999) (dashed bold line) and Hsiao and Shemdin (1983) (bold line)
are also shown.

Figure 4.4 provides a comparison of the growth rates of peak frequency waves produced by
the Donelan et al. (2006) parameterisation for different types of wave spectra for wind speed
U10 = 10 m/s. The result of this comparison shows that spectral shape does not significantly
affect the growth rates of dominant waves.
The main difference between the JONSWAP and Donelan (1985) spectra is in the high
frequency range and they are almost similar at the peak. The parameterisations of Donelan
(1999) and Hsiao and Shemdin (1983) are also shown. The difference within 20% is most
sensitive for young waves. This difference is predetermined by the different behaviour of
the spectral shape parameters with wind forcing U10 / cp. Figure 4.4 shows that for
U10 / cp = [4, 4.5] the growth rates according to Donelan et al. (2006) are higher than the
results of growth rates observed by other researchers. The present study demonstrates how
this fact affects the spectral development and the shape of the growth curves of wind-wave
evolution.
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Considering the shallow water conditions in Lake George, certain corrections were
necessary when considering the growth rate (Donelan et al., 2006) for deep water
conditions. The peculiarities of the behaviour of growth rate γ predetermine the performance
of the wind input source function (Donelan et al., 2006), which is discussed in the following
section.
4.1.1.2

Wind Input Source Function

In this section, the results of the computations of the wind energy input source function Sin
(Donelan et al., 2006) are analysed and compared to the results of other researchers.
Wind-wave interactions result in energy input from wind to waves described by the wind
input source term Sin. According to Donelan et al. (2006) the wind input source function is
nonlinearly dependent on the wave spectrum. As discussed in Section 2.2, the nonlinear
dependence of Sin on the wave spectrum is determined by the newly observed features of
growth rate γ revealed in the Lake George experiment. This dependence has considerable
importance when calculating to correct the Sin source function in relation to the physical
constraints considered in this study.
Figure 4.5 represents the results of computations of Sin for the JONSWAP spectrum
according to Donelan et al. (2006) (subplot [a]), Donelan (1999) (subplot [b]) and Hsiao and
Shemdin (1983) (subplot c) at different stages of wave development. The high frequency
range, where airflow separation is represented, shows a distinct step, which is evident in
subplot (a).
Taking into account the influence of the shape of the wave spectrum on the energy input
from wind to waves, computations of the wind input source function (Donelan et al., 2006)
were performed for different types of wave spectra and results were compared to the results
of other researchers. Figure 4.6 compares the computational results of Sin according to
Donelan et al. (2006), Donelan (1999) and, Hsiao and Shemdin (1983) for
average-developed waves at U10 / cp = 2.7. The spectral magnitudes of Donelan et al. (2006)
and Donelan (1999) almost coincide at the peak, whereas for frequencies higher than the
peak frequency fp,, where the effect of flow separation is dominant, the spectral magnitudes
of Sin by Donelan et al. (2006) are significantly less than previously suggested.
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a)

b)

c)

Figure 4.5

Comparison of the wind source function according to Donelan et al. (2006)
(a) Donelan (1999) (b) and Hsiao and Shemdin (c) (solid lines) for
the JONSWAP spectra at different stages of wave development with
U10 / cp = {5.8 (plain lines), 2.7 (lines with crosses), 0.83 (lines with dots)}
for the wind speed U10 = 10 m/s.
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Figure 4.6

Comparison of wind source function according to Donelan et al (2006)
(solid line with dots), Donelan (1999) (solid line with crosses) and
Hsiao and Shemdin (solid line) for the JONSWAP spectrum for the
inverse wave age U10 / cp = 2.7, the peak frequency fp = 0.43Hz and
wind speed U10 = 10 m/s.

The slope of the high frequency spectral tail of the wind input spectral form by
Donelan et al. (2006) is similar to the wind input parameterisation form suggested by Hsiao
and Shemdin (1983) for all stages of wave development. However, the wind input source
function of Donelan (1999) has a different slope from the spectral tail compared to others.
This difference is determined by the dependence of the growth rate γ of Donelan (1999) on
the wind speed U

λ/2

at the height of λ/2 above the sea surface, where λ is the wavelength.

According to these observations, the wind speed Uλ/2 is changing along the frequency scale
due to changes in the reference height λ/2. Therefore, the parameterisation form of Donelan
et al. (1999) has a distinguishing high frequency spectral tail.
Similar computations were performed for the Donelan spectra. Figure 4.7 and Figure 4.8
show the results of these computations. The results show similar relative location of the
spectral magnitudes of the wind input source functions around the peak frequency.
However, for frequencies higher than f = 2.5Hz, the wind input spectrum identified by
Donelan et al. (2006) has the highest magnitudes despite the effects of flow separation.

64

4.1 The .ew Wind Input

CHAPTER 4 METHODS AD RESULTS

This behaviour is determined by the dependence of the growth rate γ (Donelan et al., 2006)
on the spectral saturation Bn, which behaves differently for different wave spectral shapes.
In the case of the Donelan wave spectrum, the spectral saturation Bn is dependent on
frequency as the basis of its definition. Therefore, for the Donelan spectrum the slope of the
spectral tail of the wind source function (Donelan et al. 2006) is altered compared to the
computations for the JONSWAP spectrum. This issue will be discussed in results of section
4.1.3 in the context of the high frequency tail.
Figure 4.7 shows the computations of the wind input source term Sin according to Donelan
et al. (2006) performed for the JONSWAP and Donelan spectra at different stages of wave
development. The results show a huge difference between the spectral magnitudes in the
high frequency region, with up to 102 times difference.
Comparing the situation with the growth rate (see Figure 4.2), the difference in the
magnitudes of Sin for the small scales of spectral components in Figure 4.9 is considerably
larger. This difference is determined by the nonlinear dependence of Sin on the wave
spectrum as was mentioned before.
On the other hand, differences in Sin computed for the JONSWAP and Donelan spectra
make questionable the credibility of one of these spectral forms in the high frequency range.
Figure 4.9 shows a significant difference between the momentum fluxes computed for the
JONSWAP and Donelan spectra for the same state of the water surface in the
high frequency range. This fact determines that numerical investigations are applicable in
the high frequency range, and the latter was selected as an operational frequency domain for
the present study. Furthermore, the attempt was made to reconcile existing differences
between the JONSWAP and Donelan spectra by introducing a new parameterisation form
for the wave spectrum.
Taking into consideration the technical limitations of wave measurements for
the high frequency scale components, the following suggestions were employed:


A correction of the wind input source function is applicable in the range of
high frequency waves.



The suggested wave spectral form is to be validated for its credibility for further
use in wave modelling. The validation is required to be based on the physical
constraints and the experimental data from various studies.
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a)

b)

c)

Figure 4.7

Comparison of wind source function according to Donelan et al. (2006) (a),
Donelan (1999) (b) and Hsiao and Shemdin (c) (solid lines) for the Donelan
spectra at different stages of wave development with the inverse wave age
U10 / cp = {5.8 (plain lines), 2.7 (lines with crosses), 0.83 (lines with dots)}
at wind U10 = 10 m/s..
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Figure 4.8

Comparison of wind source function according to Donelan et al.
(2006) (solid line with dots), Donelan (1999) (solid line with crosses)
and Hsiao and Shemdin (solid line) for the Donelan spectrum for the
inverse wave age U10 /cp = 2.7 (fp = 0.43Hz) and the wind speed
U10 = 10 m/s.

Figure 4.9

Comparison of wind source function according to Donelan et al.
(2006) computed for the JONSWAP spectra (solid line) and for the
Donelan spectra (solid line with dots) at different stages of wave
development U10 /cp = {5.8, 2.7, 0.83} for wind U10 = 10 m/s.

In the present study, a new approach was developed based on strong consistency to the
physical constraints of wind-wave processes. This approach will be discussed in detail in the
following section.
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4.1.2

V ALIDATI.G THE W I.D I .PUT S OURCE T ERM

One of the main objectives of the present study was to determine an advanced
parameterisation form for the wind input source term Sin based on the new understanding of
the physics of air-sea interactions provided by Donelan et al. (2006). Furthermore,
this parameterisation form must satisfy the physical constraints and reflect wind-wave
interaction processes in a wide range of air-sea conditions.
This section describes the physical constraints used as a conceptual basis for
this investigation and a new method developed to meet the objectives of the present study.
Moreover, this section reviews a number of aspects of wave modelling including the shapes
of wave spectra and the spectral saturation.

4.1.2.1

Stresses during Wind-Wave Interaction

The flux of momentum in the wind-wave interaction is the most significant exchange across
the air-sea interface. It plays an important role in wind-wave coupling, reflecting the
strength of the air-sea interaction. Therefore, in the present study, the flux of momentum
was considered as the key boundary parameter for the investigation of the wind input source
function.
Among the different types of stresses (see stress balance Equation 2-27) occurring during
the air-sea interaction, the wave-induced stress is directly related to the energy exchange
between the wind and the waves and is used as an important characteristic for the wind
input source term.

τ w = τ −τ v
where

(Eq. 4-1)

τw

is the wave-induced stress

τ

is the total wind stress computed from (2.3-9) and

τv

is the viscous stress.

On the other hand, the wave-induced stress is determined by the wind momentum input
spectrum as:
τ w ' = ∫ M ( f )df

(Eq. 4-2)

where M(f) is the wind momentum input spectrum.
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In its turn, the wind momentum input spectrum M(f) is determined by the wind input source
function Sin(f) using the following equation:
M ( f ) = ρw g

S in ( f )
c( f )

(Eq. 4-3)

where c(f) is the wave phase speed.
Substitution of the momentum flux (Eq. 4-3) into (Eq. 4-2) yields:
τw '= ρw g ∫

S in ( f )
df
c( f )

(Eq. 4-4)

Hence, the wave-induced stress τ’w computed by Equation 4-4 from experimental data
cannot exceed the τw computed from the balance of stresses at the water surface (Eq. 4-1).
Based on that, the wave-induced stress τw becomes the main physical constraint for the wind
input source term, which must meet the following condition:
τw '= τw

(Eq. 4-5)

The fulfilment of this criterion (Eq. 4-5) determines the credibility of a parameterisation
form for the wind input source term Sin. The present study considered this criterion as the
main physical framework for the investigation of the parameterisation for the wind input
source term.
Wave-induced stress is highly dependent on the upper limit of the integral in Equation 4-4.
The contribution of momentum fluxes at short-wave scales plays a significant role in stress
estimation. The higher the upper limit of the integral, the more precise is the magnitude of
wave-induced stress. Therefore, the upper limit of fmax = 10Hz was selected for the integral
(Eq. 4-4) to achieve computational accuracy in stress analysis.
The partial weights of the wave-induced stress τw and viscous stress τv depend on the air-sea
conditions (Donelan, 1998; Banner and Peirson, 1998). Banner and Peirson (1998)
investigated the relative contribution of the viscous stress, mentioned as the tangential
stress, in the total wind stress. The measurements were performed in a laboratory windwave flume. However, the researchers extrapolated the laboratory measurement results to
open sea conditions. They concluded that the mean viscous stress level persists at an
appreciable level and its relative contribution to the wind stress depends on the stage of
wave development. The results of their study indicated that for mature wind seas, the
relative contribution of the viscous stress decreases as the wind speed increases.
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For transient, very young wind seas, the relative contribution of viscous stress is reduced,
but is still not negligible (Banner and Peirson, 1998).
The present study included the viscous stress level in the stress analysis according to the
results of Banner and Peirson (1998). Substitution of τ (Eq. 2-27) and τv using
2
τ v = ρ a CV U 10
, where CV is the viscous drag coefficient (Banner and Peirson, 1998),

into Equation 4-4, yields:
τ w = ρ aU 102 (C D − CV )

(Eq. 4-6)

Banner and Peirson (1998) showed the qualitative trend of the viscous stress relative to the
wind speed. However, the quantitative dependence of the viscous drag on the wind speed
was not presented in the empirical formula. In the present study, the data of Banner and
Peirson’s (1998) Figure 12 were quantified and parameterised as a function of wind speed
U10. In this parameterisation, the viscous drag was represented in the form:
CV = −5 ⋅ 10 −5 U 10 + 1.1 ⋅ 10 −3

(Eq. 4-7)

The present study considered the discrepancy among the drag coefficients CD previously
proposed by different researchers. A number of experimental studies had resulted in a
situation where various researchers were divided in their opinions, and were suggesting that
the drag coefficients CD could be present as a function of wind speed U10 and also as wind
forcing conditions U10 /cp. Both types of drag coefficient CD were taken into consideration in
the present study.
Drawing from the experimental results of Garratt (1977), the drag coefficient was used for
the wind dependent drag coefficient CD(U10). The wave-age dependent drag coefficient
CD(U10/cp) was computed according to the formula proposed by Guan and Xie (2004)
corresponding to the recent results reported by Drennan et al. (2003). The results of this
current study were obtained using five field data sets for pure wind sea conditions.
According to Guan and Xie (2004) the general parameterisation of the wave age dependent
drag coefficient can be represented by:
C D = [0.78 + 0.475 ⋅ f (δ) ⋅ U 10 ] × 10 −3

(Eq. 4-8)

where
f (δ) = 0.85 B A1 / 2 δ − B
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where δ = Hω 2p / g

-

is the wave steepness

H

-

is the significant wave height

ωp

-

is the radian peak frequency

A = 1.7 and B = -1.7 are the parameters determining the correspondence of
CD (Eq. 4-12) to the results of Drennan et al. (2003).
The results of computations of wave-induced stress τ’w using Equation 4-4 were compared
to the magnitudes of wave induced stress τw estimated with the use of Equation 4-6 for both
type of drag coefficient CD. The computations were performed for the JONSWAP and
Donelan spectra at different stages of wave development and are illustrated in Figure 4.10
and Figure 4.11, respectively.
Figure 4.10 shows the results of computations of wave-induced stress τ’w using
parameterisation forms of the wind input source term Sin according to different researchers.
All parameterisations, except those of Snyder (1981) and Donelan et al. (2006) for young
waves, give larger values of wave-induced stress than expected from the stress balance
equation (Eq. 4-6). This means that all these parameterisation forms, as they were originally
proposed, require further elaboration and validation, particularly at high frequencies and for
young waves. Wave-induced stress increases with wave development until the inverse wave
age reaches U10 / cp = 1.5, whereupon a decreasing trend is clearly shown. The kink shown
in Figure 4.10 is the result of applying the wave age dependence suggested by Babanin and
Soloviev (1998) to the JONSWAP spectral shape parameters of energy density spectra.
The magnitudes of the stress τ’w computed for Sin by Donelan et al. (2006) is more than two
times greater than the expected value of wave induced stress τw for U10 / cp = 1.5.
Figure 4.11 shows remarkably larger differences between stresses τ’w and τw for the Donelan
spectra. Furthermore, the stresses τ’w computed for Sin by Donelan et al. (2006) have the
largest values, indicating more inconsistency according to the criterion (Eq. 4-5). This fact
is predetermined by the nonlinear dependence of Sin (Donelan et al. [2006] on the wave
spectrum F(f), [see Equation 2-24]).
Summarising the results of comparisons between wave-induced stresses, it was concluded
that the wind input source function proposed by Donelan et al. (2006) required certain
corrections to be consistent with the wave-induced stress τw -- the physical constraint chosen
for the present study. However, the considerable difference between wave-induced stresses
τ’w computed for the JONSWAP and Donelan spectra for the same stage of wave
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development makes questionable the credibility of certain types of wave spectra and some
aspects of wave modelling. These considerations were taken into account and are discussed
later in results Section 4.1.3, when high frequency tails are considered.
4.1.2.2

A .ew Approach for the Correction of S in

As discussed in Section 2.3.2 when wind-wave coupling was considered, the wind-wave
coupling effect plays a significant role in the determination of momentum fluxes from wind
to waves. The wind-wave coupling effect is based on the fact that surface shear stresses are
determined by wind speed and the wave spectrum (Janssen, 1991). Under a constant forcing
wind, the wave spectrum changes as waves change their physical properties. Therefore,
the surface shear stresses change with wave development. On the other hand, the integral of
the wind input spectrum Sin must be consistent with the criterion (Eq. 4-5) independent of
the wave spectral shape or wave development stage. Therefore, the stress consistence
condition (Eq. 4-5) must be checked at every stage of wave development in order to
determine whether the wind input source term needs correction.
Correction of the wind input spectrum can be performed by applying a correction coefficient
to the wind input spectrum, thus increasing or reducing the integral value in Equation 4-4.
For the invariant consistency of Sin to the criterion (Eq. 4-5), the ratio of wave-induced
stresses τ w τ' w can be used as the correction coefficient for the wind input spectral
magnitudes.
This stress ratio shows the rate of suppression required for a correction of the wind input
source term to be consistent to the physical constraint (Eq. 4-5). According to this,
the correction represents the scaling of the spectral magnitudes of the wind input source
term by the ratio τ w τ' w , which varies with wave development.
Figure 4.12 and Figure 4.13 show the ratio of wave-induced stresses τw/τ’w as a function of
wind forcing parameter U10 / cp for the JONSWAP and Donelan spectra, respectively.
These figures show that the shape of wave spectra has a significant influence on the
behaviour of the ratio τw/τ’w with wave development. The JONSWAP spectra require less
suppression than the Donelan spectra. Initially it was assumed that the correction coefficient
τw/τ’w applied to the wind input spectrum over the entire frequency space if the spectral grid
were defined. At this stage, τw/τ’w < 1 reduces and τw/τ’w > 1 increases the spectral
magnitudes of the entire Sin spectrum.
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However, in Section 4.1.1, when discussing growth rate, it was concluded that the
operational frequency domain for the numerical study is the high frequency range.
Therefore, the correction coefficient should be determined in the range of frequencies
starting from f0 > fp, which is the lower boundary of the operational frequency domain in
which the correction can be applied. Because of this, the correction coefficient will be
dependent on the choice of f0 rather than simply the stress ratio τw/τ’w. In that way the
defined correction coefficient is named as the correction factor X. It is desirable that a
choice of f0 does not interfere with the dominant wave scales where the experimental data
(Donelan et al. 2006) are measured. The dominant waves are considered within the spectral
band of 0.7 fp and 1.3 fp. Therefore, the lower frequency f0 for the operational frequency
domain is chosen as f0 = 1.35 fp.
To correct the wind input source term, the correction factor X must be known. Therefore,
the range of integration in Equation 4-2 was split into two ranges, [fmin, f0] and [f0, fcut],
where fmin = 0.05Hz and fcut = 10Hz:

τ w' =

f0

f cut

f min

f0

∫ M ( f )df +

∫ M ( f )df

(Eq. 4-10)

For convenience we assign these two integrals:
f0

S1 =

∫ M ( f )df

f cut

S2 =

and

f min

∫ M ( f )df

(Eq. 4-11)

f0

According to the considerations discussed previously, the correction factor X can be applied
to the second interval S2. Taking into account Equation 4-5, Equation 4-10 and
Equation 4-11, we have:
τ w = S1 + X ⋅ S 2
 '
τ w = S1 + S 2

(Eq. 4-12)

Solving this system (Eq. 4-12) for X, we have:
τ w − τ 'w
X = 1+
S2
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Figure 4.10 Comparison of wave-induced stresses τ’w computed for wind source
functions according to Donelan et al. (2006) (solid line with dots),
Donelan (1999) (solid line with asterisks) Hsiao and Shemdin (1983)
(solid line with crosses) and Snyder (1981) (solid line with circles) for the
JONSWAP spectra with wave-induced stress τw from the stress balance
(Eq. 4-1) [bold line for CD(U10) and bold dashed line for CD(U10 / cp)].

Figure 4.11 Comparison of wave-induced stresses τ’w computed for wind source
functions according to Donelan et al. (2006) (solid line with dots),
Donelan (1999) (solid line with asterisks) Hsiao and Shemdin (1983)
(solid line with crosses) and Snyder (1981) (solid line with circles) for
the Donelan spectra with wave-induced stress τw from the stress balance
(Eq. 4-1) [bold line for CD(U10) and bold dashed line for CD(U10 / cp)].
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Figure 4.12 Ratio of the wave-induced stress, τw (Eq. 4-6), to the wave-induced
stress, τ’w (Eq. 4-4) computed for the wind input source function
according to Donelan et al. (2006) for the JONSWAP spectra at
different stages of wave development at wind speed, U10 = 10 m/s,
for both type of drag coefficients CD.

Figure 4.13 Ratio of wave-induced stress, τw (Eq. 4-6) to the wave-induced stress,
τ’w (Eq. 4-4) computed for the wind input source function according
to Donelan et al. (2006) for the Donelan spectra at different stages of
wave development at wind speed, U10 = 10 m/s, for both type of drag
coefficient CD.
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The difference between the stresses τw and τ’w in Equation 4-13 determines the increase
(X > 1) or reduction (X < 1) of Sin spectral magnitudes. However, it is possible for X to have
negative values, but a case with negative X cannot be admitted because the wind input
source term then becomes contrary to its definition and describes the negative flux of energy
for high frequency waves. This situation would contradict the experimental observations
and alter the physical meaning of the wind input source term. To compute the correction
factor X, additional considerations were therefore taken into account.
The boundary conditions were determined where X was positive. From Equation 4-13 we
have:
1+

τ w − τ 'w
>0
S2

(Eq. 4-14)

The condition (Eq. 4-14) can be modified into the form:
S 2 > τ 'w − τ w

(Eq. 4-15)

Taking into account that S 2 = τ 'w − S1 . Substituting for S2 we have:
S1 < τ w

(Eq. 4-16)

In most cases of wave development the condition (Eq. 4-16) is true. However, for reliable
results, to have the condition (Eq. 4-16) true for all cases, a correction was required to
readjust the operational frequency domain in order to apply the correction factor X.
The integral S1 depends on the choice of the starting frequency f0. Therefore, the limitation
(Eq. 4-16) was translated into the limiting condition for the choice of the starting frequency
f0. For cases when X < 0 the starting frequency f0 instead of 1.35 fp was chosen as the closest
frequency to 1.35 fp for which the condition (Eq. 4-16) is still true.
Figure 4.14 and Figure 4.15 show the correction factor X as a function of the wind forcing
parameter U10 / cp computed for the JONSWAP and Donelan spectra, respectively.
These figures show that there are different magnitudes and behaviours of the function
X(U10 / cp) for different types of spectra. The effect of flow separation is clearly seen in both
figures as a step in the range of the wind forcing parameter U10 / cp = [4, 5].
Furthermore, most suppression is required in the spectral range of non-separated wind flow
for wind forcing U10 / cp < 4.
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Figure 4.16 shows a comparison of the wind input source terms computed for the
JONSWAP and Donelan spectra before and after correction by means of the correction
factor X. As the result of applying X to the wind input source functions computed for the
JONSWAP and Donelan wave spectra, the wind input source functions after correction have
a sensible jump at the frequency f0. Figure 4.16 shows that this jump in magnitude of the
wind input spectrum is greater for the Donelan wave spectrum than for the JONSWAP
spectrum, because of the required rate of suppression. However, in nature, sudden changes
of air pressure over a wavy surface can hardly be observed and the probability of such
a state in a wind-wave system is very low, especially for the spectral components close to
the dominant waves. Therefore, it was decided to have a smooth transition at the frequency
f0 .
As shown, for a smooth transition at the frequency f0, the correction factor X cannot be
a function of only the wind forcing parameter U10 / cp. The physical consistency of the wind
input source term requires that X must be a function of frequency, too, X(f, U10 / cp).
Accordingly, for each stage of wave development with certain wind forcing U10 / cp there is
a corresponding function X(f). In the present study, this function was termed L(f)
the correction function to differentiate it from the correction factor X(U10 / cp) which was
used later in the correction routine for the wind input source term.
The selection of a correction function was based on its meeting the specific requirements:


The correction function L(f) must be a monotonic continuous function.



L(f) must have smooth transition at the frequency f0: L(f0) = 1.



The wave induced stress τ’w, computed for L(f)Sin(f) must be consistent with τw.



The magnitudes of L(f)Sin(f) for very small scale waves must be comparable to
the spectral magnitudes of the wave spectral dissipation function Sds. Otherwise,
the dissipation will prevail at high frequency spectral components, which can
cause singularities during wave development.
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Figure 4.14 Correction factor X (Eq. 4-13) for stress correction of the wind input
source function according to Donelan et al. (2006) computed for the
JONSWAP spectra, for both type of drag coefficient CD and wind
speed, U10 = 10 m/s.

Figure 4.15 Correction factor X (Eq. 4-13) for stress correction of the wind input
source function according to Donelan et al. (2006) computed for the
Donelan (1985) spectra, for both type of drag coefficient CD and wind
speed, U10 = 10 m/s.
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Figure 4.16 Comparison of wind source function according to Donelan et al.
(2006) before and after applying the coefficient X for the JONSWAP
(solid line and line with dots, respectively) and Donelan (dashed line
and line with crosses, respectively) spectra, with spectral parameter,
γs = 3.3, at wind U10 = 10 m/s.

After a series of attempts to find the best suitable function, which satisfied the requirements
outlined above, the following function was selected:
f −f 
L( f ) = exp 0
⋅ η 
 f


(Eq. 4-17)

where η is a correction rate which is computed from the stress correspondence condition
(Eq. 4-15). This parameter determines the slope of the wind input spectral tail in the range
of frequencies f > f0 and depends on wind forcing conditions U10 / cp.
Hence the stress corresponding condition (Eq. 4-15) can be written in terms of the
correction function L(f) and the correction factor X:
f max

∫ L( f )M ( f )df

f max

=X

f0

∫ M ( f )df
f0
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The physical correction of the wind input function, therefore, lies in the determination of the
L(f) function when the condition (Eq. 4-18) is true. In its turn, the correction function L(f) is
uniquely determined by the correction rate η. Therefore, determining the correction function
L(f) comes down to the picking the magnitude of η when the condition (Eq. 4-16) is true.
This scheme was implemented as part of the routine in the operational wave model.
Different values were assigned to η by iteration through the range of chosen values and
checking the feasibility of condition (Eq. 4-16). The selection of the correct value for η was
based


∆I =  X



on

the

criterion



M ( f )df − L( f ) M ( f )df 

f0
f0


f max

∫

f max

∫

considering

the

case

when

the

difference

2

takes its minimum value. The precision of this criterion

is dependent on the starting boundary value of the range and the number of iterations which
determine the number of values in this range. For a fast search for the correct value of η, the
dynamic adjustment scheme was implemented in the wave model. The negative values of η
correspond to an expansion of the integral of the wind input source function, while positive
η values correspond to suppression.
Using this scheme, the first boundary value ηo = -1 and iteration step ∆ηo = 1 were set up.
The selection of this value for ηo was determined by the aim to encompass both cases:
expansion and suppression of the integral of Sin. The next ηi value following ηo was
ηi = ηo + i∆ηo. The number of iterations was selected as 1000. Whenever the difference ∆I
changes an order (becoming less), the iteration step is dynamically changing to 0.1∆ηo, thus
increasing the resolution of the numerical scheme. The acceptable precision was set as the
order of 0.01 and when achieved the iteration ceased.
However, despite of simplicity of this method it has one drawback. This drawback lies in
the fact that the boundary value ηo is set up by guess. Moreover, ηo is dependent on wind
speed and wind forcing conditions and requires careful estimation for each case.
If the value of ηo is too low or too high the precision of this scheme becomes lower.
Therefore, another better scheme was developed for determination of correction rate η.
The alternative scheme includes a self-determination routine for the first boundary value of
η for the given frequency domain of L(f). According to the mean value theorem, if L(f) and
M(f) are differentiable and continuous in the range [f0, fmax], there is at least one point
fi between f0 and fmax such that:
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f max

∫ L( f ) M ( f )df

f max

= L( f i ) ∫ M ( f )df

f0

(Eq. 4-19)

f0

Figure 4.17 shows the graphical representation of this theorem for computation of the
correction rate η.
Taking into account the right hand side of Equation 4-19, we have:

 L( f 0 ) = 1

 L( f i ) = X

(Eq. 4-20)

Substituting L(f) in the lower equation in Equation 4-20 by Equation 4-17 for frequency fi,
we have:

 f − fi 
η  = X
exp 0
 fi


(Eq. 4-21)

Solving Equation 4-21 relative to η we have:
η=

f i ln X
f0 − fi

(Eq. 4-22)

The formula (Eq. 4-22) represents an implicit solution for η because of the uncertainty of fi.
The correction rate η (Eq. 4-22) can be determined by iteration through the range of
frequencies [f0, fmax] and checking each frequency in order to establish that it meets the
condition expressed by Equation 4-19. In this range of frequencies there is only one
frequency fi, which satisfies the condition (Eq. 4-19). To prove this, assume that we have
multiple frequencies fi which satisfy Equation 4-19. According to Equation 4-17, each
frequency fi uniquely determines the correction function Li(f).
Thus the corresponding correction rates ηi depend on frequencies fi (Eq. 4-22) and the
function ηi(fi) decreases with increasing fi. Hence, the corresponding integral
f max

∫ L ( f )M ( f )df increases with increasing fi and reaches the maximal value when fi = fmax.
i

f0

Considering this integral as a monotonic function of fi,, there is only a single frequency fi
that can satisfy the condition (Eq. 4-22). For each stage of wave development, therefore,
there can be found a single value of η which satisfies the condition expressed by
Equation 4-19.
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Figure 4.17 Comparison of wind source function according to Donelan et al.
(2006) before and after applying stress correction function L(f)
(Eq. 4-17). Computations were performed for the JONSWAP
(solid line and line with dots, respectively) and Donelan (dashed line)
spectra for the average developed waves with U10 / cp = 2.7 and
the wind speed U10 = 10 m/s.

According to this routine, the computation of η depends on the resolution of the frequency
scale. For low frequency resolution the accuracy of the numerical computation is low.
This fact impedes the accuracy of model computations. Therefore, in the present study, the
independent frequency grid for the correcting routine computations was implemented in the
wave model. In order to do this, the range of frequencies [f0, fmax] was divided into
a certain number of small equal intervals with frequency resolution independent from the
spectral grid of the wave model.
The number of these intervals was chosen by the following optimum criteria:


the optimal accuracy of computations



the optimal computational time.
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Optimal accuracy is the accuracy of computations which cannot be increased by a further
increase in the number of frequencies in the range of [f0, fmax]. Considering accuracy as a
function of the number of frequencies, this function reaches saturation for the certain
number of frequencies. Optimal computational time means there is no significant time delay
during the model computations. In the present study, on the basis of the analysis of a series
of numerical experiments, the optimal number of frequencies in the range of [f0, fmax] was
found to be 1000. This number fits well with the optimum criteria and provides great
precision for numerical computations. The outlined dynamic self-correction routine was
implemented in the wave model WAVETIME-1.

4.1.3

R ESULTS

The new method developed in the present study for the correction of the wind input source
term was implemented using the wave model WAVETIME-1. The results of this approach
are discussed in the current section. The new method performed as a dynamic
self-correction routine for numerical wave modelling – termed dynamic because the
correction routine is applied to the computation of the wind input source term at every stage
of wave development. The dynamic correction routine includes computations of
wave-induced stress at each stage of wave development and the outcome is a corrected wind
input source term.
The correction was applied to the wind input source function suggested by
Donelan et al. (2006) and computed for the JONSWAP and Donelan spectra at different
stages of wave development. Furthermore, the spectra of the growth rate γ(f), computed for
the JONSWAP and Donelan spectra, were analysed as a result of the applied correction
routine.
Figure 4.18 shows the comparison of the wind input source term Sin before and after the
correction routine by means of the correction function L(f) (Eq. 4-17) performed for the
JONSWAP and Donelan wave spectra. The corrected wind input source functions computed
for the JONSWAP and Donelan spectra do not differ significantly, as shown in
Figure 4.16. This relative equality of the spectral magnitudes is determined by the
correspondence of the integrals of the corrected wind input source terms computed for both
wave spectra, to the wave-induced stress occurring at this stage of wave development.
Furthermore, Figure 4.18 shows that the wind input source functions computed for different
wave spectra have different rates of frequency dependence in the high frequency domain.
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This can be observed in the difference between the high frequency spectral slopes of
the JONSWAP and the Donelan spectra.
Figure 4.19 shows the growth rate spectra before and after stress correction computed for
the JONSWAP wave spectrum of average-developed waves. As shown in this figure,
the frequency dependence rates are changed having a reduced spectral slope. Almost similar
results were obtained by Chalikov (personal communication). Chalikov, based on numerical
simulations of the air-sea interaction, found that the growth rate is a linear function of
frequency in the high frequency range.
A similar trend of change of frequency dependence rates was obtained for growth rates
computed for the Donelan spectrum. Figure 4.20 shows the comparison of the original and
corrected growth rates for average-developed waves.
In this case the change of frequency dependence is greater than for the JONSWAP
spectrum. After the stress correction, the frequency dependence of γ for the Donelan
spectrum comes close to the rate of γ for the JONSWAP spectrum. Therefore, it can be
concluded that the stress correction results in a reduction of the frequency dependence rate
of the growth rate spectrum.
Figure 4.21 shows the results of the correction of the wind input source functions at
different stages of wave development for the JONSWAP spectra. The spectral tails of the
wind input spectra have similar slopes, except in the case of the full development stage.
For fully-developed waves, the wind input spectrum has a reduced slope. The magnitudes of
the wind input spectrum are determined by the magnitudes of the energy density spectrum
(the JONSWAP spectrum in this case), which are determined by the spectral parameters.
In this study, the Babanin and Soloviev (1998) parameterisations for the spectral shape
parameters of the JONSWAP spectrum were used to compute the JONSWAP spectra at
different stages of wave development. Therefore, the relative disposition of wind input
spectra in Figure 4.21 is not a fundamental result but only a particular case.
The transition from full-separated flow to non-separated during wave development is
located in the narrow range of frequencies near ft = 1Hz. Figure 4.21 shows that the energy
flux from wind to wave is strongest for average-developed waves with wind forcing
U10 / cp = 2.7.
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Figure 4.18 Comparison of wind source function according to Donelan et al. (2006)
before and after applying stress correction function L(f) (Eq. 4-17).
Computations were performed for the JONSWAP (solid line and
line

with

dots,

respectively)

and

Donelan

(dashed

line

and line with crosses, respectively) spectra for the average developed
waves with U10 / cp = 2.7 and the wind speed U10 = 10 m/s.

Figure 4.19 Comparison of growth rate spectra before and after applying stress
correction function L(f) (Eq. 4-17). Computations were performed for
the JONSWAP spectrum for the average developed waves with
U10 / cp = 2.7 and the wind speed U10 = 10 m/s.
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Figure 4.20 Comparison of growth rate spectra before and after applying stress
correction function L(f) (Eq. 4-17). Computations were performed
for the Donelan spectrum for the average developed waves with
U10 / cp = 2.7 and the wind speed U10 = 10 m/s.

Figure 4.21 Wind source function according to Donelan et al. (2006) computed
with applying stress correction function L(f) (Eq. 4-17). Computations
were performed for the JONSWAP spectra at different stages of wave
development with U10 / cp = {5.8 (plain lines), 4.5 (line with circles),
2.7 (lines with crosses), 0.83 (lines with dots)} for the wind speed
U10 = 10 m/s.
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Figure 4.22 shows the corrected wind input spectra computed for the Donelan wave spectra
at different stages of wave development for wind speed U10 = 10 m/s. In this case the slopes
of the spectral tails are different at each stage of wave development. However, at high
frequencies (f > 3Hz) the spectral tails of the wind input spectra are close to each other for
all stages of wave development.
Figure 4.23 shows the correction rate η as a function of wind forcing. The function
η(U10 / cp) shows the rate of suppression of the wind input spectrum which is the result of
the stress correction at different stages of wave development. The results of computations
shown in Figure 4.23 were obtained for the JONSWAP spectra at different stages of wave
development. As shown, the behaviour of this function depends on the type of drag
coefficient selected for the computations of wave-induced stress (Eq. 4-6). For waves with
U10 / cp > 1.6 the suppression is higher using CD(U10) and has a generally decreasing trend.
The opposite behaviour for η is obtained for CD(U10 / cp). For the drag coefficient
CD(U10 / cp) the maximal suppression of wind input function happened at U10 / cp = 1.6
(well developed waves), while for CD(U10) it was at U10 / cp = 4.1 (young waves).
For both type of drag coefficient there is a jump at U10 / cp = 4.5, which corresponds to the
transition of wind flow from fully-separated to non-separated.
Different correction rates η are obtained for the Donelan spectra at different stages of wave
development, which are shown in Figure 4.24. The figure shows the significant influence of
the type of drag coefficient used on the correction rates η. Furthermore, the values of η
(i.e. required suppression) are much greater compared to the case of the JONSWAP
spectrum. For CD(U10 / cp), the correction rate remains almost constant during the wave
development if we do not consider the step when the wind flow is changing from
fully-separated to non-separated.
4.1.3.1

High Frequency Tail

The present study shows more evidence supporting the existence of composite wave spectra
with the transition from f

– 4

to f

– 5

dependence. This evidence is strongly based on the

physical constraints considered in this study. The results of computations of wave-induced
stress, τ’w (Eq. 4-4), using the wind input source term from Lake George (Donelan et al.
2006) for f – 4 wave spectra (Donelan 1985) show a large excess over the total wind stresses
τ exerted on the waves (see Figure 4.11).
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Figure 4.22 Wind source function according to Donelan et al. (2006) computed
with applying stress correction function L(f) (Eq. 4-17). Computations
were performed for the Donelan (1985) spectra at different stages of
wave development with inverse wave age U10 / cp = {5.8 (plain lines),
2.7 (lines with crosses), 0.83 (lines with dots)} for the wind speed
U10 = 10 m/s.

Figure 4.23 Comparing the parameter, η of the stress correction function L(f)
(Eq. 4-17) computed for wind source function according to Donelan
et al. (2006) for the JONSWAP spectra for CD(U10 ) (line with dots)
and for CD(U10 / cp) (line with asterisks).
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The shape of the wave spectrum used in these computations has a significant influence on
the results because of the nonlinear dependence of the wind input source function
on the wave spectrum (see Equations 4-1, 4-2 and 4-3). Moreover, the computations of
wave-induced stress τ’w (Eq. 4-4) include integration up to very high frequency scales,
fmax = 10Hz, which increases the importance of the spectral shape. The remarkable
difference

shown

in

Figure

4.25

indicates

that

wave

spectra

with

f – 4 dependence should have a transition to f – 5 dependence in the high frequency range.
Otherwise, the integral in Equation 4-4 becomes very large and wave-induced stress τ’w
significantly exceeds the estimated value for wave-induced stress τw, which seems
inconsistent with the actual processes. This fact unambiguously supports the plausibility of
the existence of composite spectra. Therefore, in the present study, composite wave spectra
have been taken into consideration and termed the Combi spectra, as it is a combined
spectrum.
The Combi spectra were modelled on the wave spectra from Donelan et al. (1985).
However, a transition to f

– 5

dependence was achieved by introducing an additional

dimensionless coefficient fT / f into Donelan’s (1985) spectra for frequencies f > fT where fT
is the transition frequency (Eq. 2-29). The Combi spectrum can be represented in the form:


  f  −4  exp  −( f − f P )2 
g2
−1 − 4
 F ( f , θ) = β
f p f exp−   .γ D  2σ 2 f P2 
4
f ≤ fT

(
)
2
π
  f P  


  f  − 4  exp  −( f − f P )2 

g2
−1 −5
f f f exp−   .γ D  2 σ2 f P2  f > f T
 F ( f , θ) = β
4 T p
(2π)
  f P  

According to this model, the wave spectra with f

– 5

(Eq. 4-23)

dependence correspond to young

waves with wind forcing U10 / cp > 5. As waves approach the fully-developed state, the
part of the spectrum with f – 4 dependence enlarges towards lower frequencies.
The Combi spectrum for U10 = 10 m/s is shown in Figure 4.25. Similar analysis of wind
stress and computations of the wind input source function (Donelan et al. 2006) using the
method discussed previously were performed for the Combi spectra in the present study.
The results of these computations are discussed in Section 4.2.1.
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4.1.3.2

Wave Steepness

As it was demonstrated in Section 2.2.3, the shape of the wave spectrum has a significant
impact on the magnitudes of the spectral saturation in the high frequency range.
These differences in the high frequency spectral components create remarkable
inconsistencies in stress computations for the JONSWAP and Donelan spectra, even if they
correspond to the same state of the sea surface. To solve this dilemma an alternative
parameterisation form for the spectral saturation was devised. The idea consisted of the
development of a dimensionless empirical form for the spectral saturation, which would
give a saturation level at high frequencies for most types of wave spectra. This alternative
form of spectral saturation was represented as:

T ( f ) = (2π) 4 f pn +5 f

−n

F ( f ) / 2g 2

(Eq. 4-24)

where n is the power-law of the high frequency spectral tail. This alternative function of
the spectral saturation was named the saturation transformer T(f). The relationship between
the saturation transformer T(f) and the spectral saturation B(f) can be simply derived from
Equations 4-24 and 2-29. The saturation transformer relates to the spectral saturation
through the following mathematical expression:
 fp 

T ( f ) = 

 f 

n +5

 fp 

B ( f ) = 

 f 

n +5

A −1 ( f ) Bn ( f )

(Eq. 4-25)

According to Equation 4-25, the saturation transformer becomes identical to the spectral
saturation when n = -5 (the JONSWAP spectrum). For the Donelan spectrum, when

 fp 
n = - 4, the saturation transformer is T ( f ) =   B ( f ) .
 f 
Figure 4.26 shows the results of computations of the saturation transformer T(f) according to
Equation 4-24 at different stages of wave development. The computations were performed
for the JONSWAP and Donelan spectra. The figure shows that for both types of wave
spectra the spectral steepness has saturating levels in the range of high frequencies.
In contrast to the spectral saturation B(f) (see Figures 2.4 and 2.5), Figure 4.26 shows the
close spectral magnitudes of T(f) for both types of wave spectra at every stage of wave
development. The use of the saturation transformer T(f) diminishes the inconsistencies of
stress computations for different spectra when using B(f).
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Figure 4.24 Comparing the parameter, η of stress correction function L(f) (Eq. 4-17)
computed for wind source function according to Donelan et al. (2006)
for the Donelan (1985) spectra for CD(U10 ) (line with dots) and for
CD(U10 / cp) (line with asterisks).

Figure 4.25 Combi spectrum for the average developed waves with
U10 / cp = 2.7 and the wind speed U10 = 10 m/s. JONSWAP and
Donelan spectra are also shown (solid line for the JONSWAP
spectrum and dashed line for the Donelan spectrum).
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The term f 5 F ( f ) in the formula (Eq. 2-18) of the spectral saturation is represented by the
term f pn + 5 f

−n

F ( f ) having the same dimensional units as f 5 F ( f ) . The spectral saturation

B(f) becomes a particular case of T(f) when n = -5 (JONSWAP spectrum). The only
difference is the dependence of T(f) on the spectral peak frequency, fp. This dependence has
strong observational support from the experimental study at Lake George (Babanin et al.,
2001). One of the most important findings of that study was the influence of long scale
waves on the breaking events of shorter waves (Babanin et al., 2001).
This influence may result in the increase of the steepness of short waves beyond some
threshold of steepness which results in the breaking of these waves. The threshold value for
wave steepness was found from the experimental studies of Banner et al. (2000) and
Babanin et al. (2001). Thus, the dominant waves have an influence on the steepness of
shorter waves. This phenomenon was included in the formulation of the saturation
transformer.
In the present study, the computations of the saturation transformer were performed for the
Combi spectra. Figure 4.27 shows the results of these computations. The saturation level of
the high frequency range increases with wave development.
It is worth mentioning that the steepness of the short waves increases as the steepness of the
dominant waves decreases with wave development. Furthermore, the transition from
f

–4

dependence to f

–5

in the Combi spectra is clearly shown by the starting frequency of

the saturation range, which is the transition frequency fT = 0.78Hz mentioned in
Section 2.2.1, Equation 2-9. The following computations of the wind input source function,
performed for the Combi spectra, include the saturation transformer T(f) as a convenient
alternative form for the spectral saturation B(f).

4.1.1 C OMPUTATIO.S OF S I . FOR THE C OMBI S PECTRA
As discussed earlier, there is much evidence for the existence of the Combi spectra in
nature. Moreover, it is believed that wave spectra do not have a universal value for a powerlow dependence on wave frequency along the frequency scale. On the other hand,
observational limitations in the high frequency range result in inconsistencies in the
resulting spectral datasets. Therefore, based on the available evidence (see Section 2.2.1) of
the existence of the Combi spectra, computations of the wind input source function
(Donelan et al., 2006) were performed for this type of wave spectra.
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Figure 4.26 Comparison of the saturation transformer, T(f) (Eq. 4-24) for
the JONSWAP (solid lines) and Donelan (lines with dots) energy
density spectra at different stages of wave development with inverse
wave age U10 / cp = {5.8, 2.7, 0.83} for the wind speed
U10 = 10 m/s.

Figure 4.27 Comparison of the saturation transformer, T(f) (Eq. 4-24)
with n = -5 for the Combi energy density spectra at different
stages

of

wave

development

with

inverse

wave

age

U10 / cp = {5.8 (plain line), 2.7 (line with crosses),
0.83 (line with dots)} for the wind speed U10 = 10 m/s.
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All computations were performed in accord with the methods developed in the present study
for correcting the wind input source function. Furthermore, the saturation transformer T(f)
was included in these computations as an alternative form of spectral saturation B(f).
Primarily, the wave-induced stress τ’w, computed from the momentum flux according to
Equation

4-4

was

analysed

against

the

estimating

wave-induced

stress

τw

(Eq. 4-6) for different types of drag dependence on the wave age.
Figure 4.28 shows the increasing trend of wave-induced stress τ’w with the development of
waves. This trend is determined by the increasing part of f

– 4

-dependence in the Combi

spectra as waves approach full-development stage. However, in contrast to Figure 4.11,
the wave-induced stress computed for the Combi spectra has a lower magnitude than for the
Donelan spectra.
Figure 4.29 provides a comparison of wave-induced stresses computed for the Combi
spectra using T(f) and for the JONSWAP and Donelan spectra using B(f). The magnitudes of
wave-induced stress computed for the Combi spectra are approximately ten times less than
wave-induced stresses computed for the Donelan spectra.
For young waves, the wave-induced stresses computed for the Combi and JONSWAP
spectra are similar in magnitude. This agreement is determined by the similar high
frequency spectral tail rates for both spectra. However, the difference is determined by the
different empirical spectral forms of these spectra.
Figure 4.30 shows correction factor X computed for the Combi spectra at different stages of
wave development. For young waves, the values of X for the Combi spectra have the same
order of magnitude as those for the JONSWAP spectra (see Figure 4.14), as demonstrated
by the form of the Combi spectrum introduced previously. In the early stages of wave
development this form includes a f -5 dependence. The spectral tail of the Combi spectrum is
close to that of the JONSWAP for young dominant waves. Therefore, the results of the
computations of the correction factor X are close for the Combi and JONSWAP spectra.
In keeping with the method developed during this study, the correction function L(f)
(Eq. 4-17) was determined using the correction factor X and applied to the wind input
source term computed for the Combi spectrum.
The resultant corrected wind input source function Sin is shown in Figure 4.31 together with
those computed for the JONSWAP and Donelan spectra. Figure 4.31 shows that all these
spectral functions are close in terms of their spectral magnitudes. However, the wind input
source function for the Donelan spectrum has different spectral slope in the high frequency
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range where f > 2Hz. In the range close to the dominant waves the wind input source
functions, computed for the Combi and Donelan spectra, coincide.
Figure 4.32 shows a comparison of wind input source terms computed for the Combi spectra
at different stages of wave development when the drag coefficient is a function of wind
speed only. The different rates of suppression of wind input function at different stages of
wave development are clearly shown in Figure 4.32.
This effect is shown as the slope variation of wind input spectral tails. It is remarkable that
the spectral magnitudes of the wind input source function for young waves and for fully
developed waves have close spectral magnitudes in the high frequency spectral range.
This variation of the high frequency spectral slopes is determined by the magnitudes of
correction rates η in the correction function L during wave development.
According to these results, the energy input from the wind to high frequency waves is
higher for young, dominant and fully-developed waves than in the middle stages of wave
development. At the same time the wind energy input into dominant waves is higher in the
middle stages of wave development.
A different picture for the wind input source functions is obtained for the case when the
drag coefficient is dependent on the inverse wave age, CD(U10 / cp). As shown in
Figure 4.33, the spectral slopes of the wind input source functions in the high frequency
range remain almost similar during wave development. The figure shows a decreasing trend
of the spectral magnitudes in the high frequency range. According to this, the energy input
from wind to high frequency waves does not have such remarkable variation during wave
development as was shown in Figure 4.32. The main variation of wind energy input during
wave development is obtained in the range of dominant waves.
More recent observational studies have shown an increasing support for a wave age
dependent drag coefficient. The results obtained in the present study support this trend as
well. Comparison of Figure 4.33 and 4.32 shows the behaviour of the wind input source
function at different stages of wave development.
This variation is clearly exposed when considering the correction rate as a function of wind
forcing η(U10 / cp), as shown in Figure 4.34. The correction rate η is a very useful parameter
for the estimation of the suppression rate of the wind input source function as a result of the
stress correction methodology developed in the present study.
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Figure 4.28 Comparison of wave induced stresses τw computed for wind source function
according to Donelan et al. (2006) for the Combi spectra using T(f)
(line with dots) with wave induced stress computed from total wind stress
by formula(Eq. 4-6) (bold line for CD(U10) and dashed bold line for
CD(U10 / cp).

Figure 4.29 Comparison of wave-induced stresses computed for the Combi spectra
using T(f) (line with asterisks), for the JONSWAP (line with dots) and
Donelan (line with crosses) spectra using B(f) relative to the wave induced
stress computed from total wind stress by formula (Eq. 4-6) (bold line for
CD(U10) and dashed bold line for CD(U10 / cp).
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Figure 4.30 Comparing correcting coefficient X (Eq. 4-13) for stress correction
of the wind input source function according to Donelan et al.
(2006)

computed

for

the

Combi

spectra

using

T(f)

(solid line with asterisks), for CD(U10) (line with dots) and
CD(U10 / cp) (line with asterisks) for wind speed U10 = 10 m/s.

Figure 4.31 Comparison of corrected with L(f) (4.17) wind source function
according to Donelan et al. (2006) computed for different type of
energy

density

spectra.

Computations

were

performed

for

the JONSWAP (solid line), Donelan (line with crosses) and
Combi (line with dots) spectra for the average developed waves
with inverse wave age U10 / cp = 2.7 and the wind speed U10 = 10 m/s.

97

4.1 The .ew Wind Input

CHAPTER 4 METHODS AD RESULTS

Figure 4.32 Wind source function according to Donelan et al. (2006) computed
with applying stress correction L(f) (Eq. 4-17) for CD(U10).
Computations were performed for the Combi spectra at different
stages of wave development with U10 / cp = {5.8 (plain line),
4.5 (line with circles), 2.7 (line with crosses), 0.83 (line with dots)}
for the wind speed U10 = 10 m/s.

Figure 4.33 Wind source function according to Donelan et al. (2006) computed
with applying of stress correction L(f) (Eq. 4-17) for CD(U10 / cp).
Computations were performed for the Combi spectra at different
stages of wave development with U10 / cp = {5.8 (plain line),
4.5 (line with circles), 2.7 (line with crosses), 0.83 (line with dots)}
for the wind speed U10 = 10 m/s.
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In the case of a wave age dependent drag coefficient, η remains almost constant during the
wave development stage (has the same order values). So, the rate of suppression of the wind
input spectrum is almost constant.
Figure 4.34 clearly shows in which cases the suppression of the wind input source term is
larger. According to the results shown in this figure, in the case of wind dependent drag
coefficient CD(U10 ) there is a larger suppression of the wind input source function.
Moreover, the correction rate for CD(U10 ) reaches a maximal value at an inverse wave age
U10 / cp = 3.6 when the growth rate magnitudes of dominant waves have maximal value
corresponding to non-separated wind flow over the dominant waves (see Figure 4.3b).
Consequently, the correction rate η is the parameter which describes the suppression rate in
the stress correction routine for wind input source function.
The developed method for correction of the wind input source term by wave-induced stress
was applied to other parameterisations of wind input according to Donelan (1999),
Hsiao and Shemdin (1983) and Snyder (1981). The mentioned parameterisation forms were
computed for the Combi spectra at different stages of wave development. As a result of
applying this method, the correction rate η was obtained for each parameterisation form at
different stages of wave development. The computations of the correction rate η were
performed for both types of wave age dependency of drag coefficient. Comparisons of the
obtained values of η clearly show that the suppression rates required for the wind input
parameterisation forms correspond to the wind stresses applied to the sea surface. According
to the definition of correction rate η, the best correspondence of wind input function to wind
stress is when η = 0. This means that neither suppression nor expansion is necessary for the
wind input source term to correspond to the wind stress. In cases in which the correction
rates η are negative, they correspond to expansion of the wind input source term.
Figure 4.35 shows a comparison of the correction rate η as a function of the inverse wave
age for different parameterisation forms of the wind input source term. The figure shows the
results corresponding to stress computations with wind dependent drag coefficient CD(U10 ).
The figure represents the suppression rates required for correction of the parameterisation
forms. The comparison shows that the suppression rates for well developed waves, where
U10 / cp < 1.5, are almost similar for all parameterisation forms. However, for younger
waves there is a big difference.
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Figure 4.34 Comparing the correction rate parameter, η of the stress correction
function L(f) (Eq. 4-17) computed for wind source functions according
to different authors for the Combi spectra and CD(U10 ).

Figure 4.35 Comparing the correction rate parameter, η of stress correction
function L(f) (Eq. 4-17) computed for wind source function according
to Donelan et al. (2006) for the Combi for CD(U10 ) (line with dots) and
for CD(U10 / cp) (line with asterisks).
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This comparison shows that the least suppression is required for the Snyder (1981)
parameterisation form, which shows the best correspondence to the wind stresses computed
for the Combi spectra at different stages of wave development. The magnitudes of the
correction rate η obtained for the wind input source term according to Donelan et al. (2006)
are close to the correction rates for the parameterisation of Hsiao and Shemdin (1983) for
young waves with U10 / cp > 4 and close to correction rates for the parameterisation of
Donelan (1999) for average-developed waves with U10 / cp < 3.8.
Correction rates, η, for different parameterisation forms of the wind input source term for
the case of the wave age dependent drag coefficient CD(U10 / cp ) are shown in Figure 4.36.
In this case, the suppression rates applied to the wind source function according to Donelan
et al. (2006) are close to the suppression values required for Donelan (1999) and Hsiao and
Shemdin (1983). In the early stages of wave development the suppression rates required for
Donelan et al. (2006) are less than for Donelan (1999) and Hsiao and Shemdin (1983).
This fact demonstrates that the wind input source term according to Donelan et al. (2006)
has a better correspondence to wind stresses occurring on the air-sea boundary for very
young waves with U10 / cp > 5.
Taking into consideration the fact that experimental data from Lake George (Donelan et al.,
2006) were obtained in shallow water conditions, where wave spectra are represented
mostly by young waves, it is obvious that Donelan et al. (2006) offer the best
correspondence of wind input parameterisation for the early stages of wave development.
As the waves are growing, the parameterisation form by Donelan et al. (2006) requires more
suppression to correspond to the wind stress. Using the method adopted to correct the wind
input source term, the correction is applied to the high frequency spectral range.
The parameterisation of the dominant waves is not changed. Further experimental
elaboration is, therefore, required in deep water conditions to obtain the best correspondence
to the wind stress, wind input parameterisation in light of the new physical phenomena
discovered in the Lake George experiments (Donelan et al., 2006).
In both cases of the dependency of the drag coefficient on wave age, the correction rates for
Snyder’s (1981) parameterisation form have the closest magnitudes to η = 0 in comparison
to correction rates for the parameterisation forms of other authors. On the basis of these
comparisons, the parameterisation according to Snyder (1981) has the best correspondence
to wind stress. However, Snyder’s (1981) parameterisation form was developed
on the basis of experimental data obtained in very light wind speed conditions
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(high viscous stresses) and its applicability for the strong wind seas is questionable.
The parameterisation from Lake George (Donelan et al., 2006) has a more advanced
physical background than the others. It includes the new physical phenomena revealed in
the Lake George experiment (see Section 2.3.2, the discussion of wind input).
The preferences of choice in wave modelling should be based on physics rather than the best
fitting parameterisation form. Therefore, the parameterisation according to Donelan et al.
(2006) with the corrections, using the method developed in the current study, is considered
an advanced form of wind input source term.
Figure 4.37 shows the results of computation of the wind input source term according to
Donelan et al. (2006) for the Combi spectra of averaged-developed waves for U10 / cp = 2.73
at different wind speeds in the case of wind-dependent drag coefficient CD(U10 ).
Figure 4.37 shows the rate of the high frequency spectral tails is changing with the wind
speed. For low wind speed U10 = 7m/s the suppression rate is higher than for the other
winds. This fact is determined by the magnitude of the wave-induced stress, which is
computed from the total wind stress, allowing for viscous stress. In low winds the
contribution of viscosity to the stress balance (Eq. 4-1) is greater than at high wind speeds
(Banner and Peirson, 1998). At higher speeds, from U10 = 20 m/s, the suppression rates are
almost similar.
Figure 4.38 shows the results of the computation of the wind input source term according to
Donelan et al. (2006) for the Combi spectra of averaged-developed waves for
U10 / cp = 2.73 at different wind speeds in the case of a wave age dependent drag coefficient
CD(U10 / cp). The figure shows a trend similar to the rate of high frequency spectral tail with
growth in association with wind speed. However, the magnitudes of the rate have less
variation than the wind dependent drag coefficient.
Figure 4.39 shows the comparison of a corrected wind input source term according to
Donelan et al. (2006) with the parameterisation forms of Donelan (1999), Hsiao and
Shemdin (1983), and Snyder (1981) for average-developed waves with U10 / cp = 2.7 in
wind U10 = 10 m/s, using the wave age dependent drag coefficient CD(U10 / cp).
It should be mentioned that for dominant waves the spectral magnitudes of all these
parameterisation forms, except Hsiao and Shemdin (1983), are close. Moreover,
the parameterisation form of Snyder (1981) shows the best agreement to the wind input
source function suggested by Donelan et al. (2006).
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Figure 4.36 Comparing the correction rate parameter, η of stress correction function
L(f) (Eq. 4-17) computed for wind source functions according to
different authors for the Combi spectra and CD(U10 / cp ).

Figure 4.37 Comparison of wind source function according to Donelan et al. (2006)
after stress correction with L(f) from (Eq. 4-17) for the Combi spectrum
for the average developed waves with the inverse wave age
U10 / cp = 2.7, at different winds U10 = {7 m/s, 10 m/s, 20 m/s, 30 m/s }
for CD(U10 )
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Figure 4.38 Comparison of wind source function according to Donelan et al. (2006)
after stress correction with L(f) from (Eq. 4-17) for the Combi spectrum
for the average developed waves with the inverse wave age U10 / cp = 2.7,
at different winds U10 = {7 m/s, 10 m/s, 20 m/s, 30 m/s } for CD(U10 / cp).

Figure 4.39 Comparison of the wind source function according to Donelan et al.
(2006) after stress correction with L(f) from (Eq. 4-17) for CD(U10)
(bold line), with the wind input source functions of Donelan (1999)
(line with crosses) and Hsiao and Shemdin (solid line) for the Combi
spectrum for the average developed waves with the inverse wave age
U10 / cp = 2.7, at different winds U10 = {7 m/s, 10 m/s, 20 m/s, 30 m/s }.
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Figure 4.40 Comparison of corrected wind source functions for CD(U10 / cp):
Donelan et al. (2006) (bold line), Donelan (1999) (line with crosses)
and Hsiao and Shemdin (solid line) for the Combi spectrum for the
average developed waves with the inverse wave age U10 / cp = 2.7,
at different winds U10 = {7 m/s, 10 m/s, 20 m/s, 30 m/s }.

The distinguishing feature of the spectral shape of Donelan et al.’s (2006) parameterisation
is the step-wise jump determined by wind flow separation over the waves, where the growth
rates of waves are less than suggested by other authors. The figure clearly shows the
remarkable difference in the high frequency spectral tail of Donelan et al.’s (2006)
parameterisation form from other researchers. This difference is determined by the new
physical phenomena included in the new wind input source function offered by Donelan et
al. (2006).
The new correction routine was applied to other parameterisation forms (Donelan, 1999;
Hsiao and Shemdin, 1983; and Snyder, 1981). The results of the correction applied to the
mentioned parameterisation forms were compared with the corrected wind input source
function of Donelan et al. (2006). This comparison is represented in Figure 4.40. As a result
of applying the correction routine, the spectral tails all of these source functions are located
in a narrower range of spectral magnitudes than is shown in Figure 4.39. However, the
slopes of the high frequency spectral tails are different. This difference can predetermine the
different performances of these functions in a numerical model.
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4.1.2

C O.CLUSIO.S

The behaviour of a suggested new parameterisation form for the wind input source term
(Donelan et al., 2006) at different stages of wave development was investigated.
The approach of this present study was based on a strong physical framework.
One of the important physical constraints for wave models is wave-induced stress, which
describes the strength of wind-wave interactions and can be directly measured in wave
observations. The present study showed the remarkable inconsistency of previously
suggested parameterisation forms for the wind input source term to the physics of windwave interactions.
The approach used in the present study, therefore, resulted in the development of a new
method for the correction of wind input source functions in spectral wave modelling.
The method represents a dynamic self-correction routine that is simple enough for
implementation in operational wave modelling. According to this approach, the waveinduced stress is defined as the main physical constraint, which determines the momentum
transfer from wind to waves. One of the advantages of the new method is that the correction
is applied in the range of high frequency scales, which do not interfere with the range of
applicability of the experimental results. Taking into consideration the contribution of very
small scale waves in the wind momentum transfer, the upper limit for the frequency scale
was set at fcut = 10Hz. The suggested correction function L(f) (Eq. 4-17) allows for a smooth
spectral shape transformation of the wind input source function in the wave model to
correspond to the physical constraints. The correction rate η (Eq. 4-28) was defined as the
parameter describing the suppression rate of the integral (Eq. 4-4), which is required for
correction of the wind input source function. The correction methodology is applicable for
any parameterisation form of the wind input source term and can be widely used in wave
modelling.
The results of correcting the wind input source function (Donelan et al. 2006) show that the
growth rate in the high frequency range becomes close to a linear dependency on frequency.
Comparing the correction rates η for different wind speeds, it was found that for higher
wind speeds less suppression is required for the integral (Eq. 4-4). At the same time, the
correction rate is a function of inverse wave age U10 / cp. It was found that the correction
rate is maximal for young waves with U10 / cp = [3.5, 4], when wind flow type is changed
from fully-separated to non-separated over the waves. The range of wind forcing conditions
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where the correction rate η (U10 / cp) is maximal indicates that further experimental
observations are required for these types of waves.
Based on the results of the present study, some aspects of wave spectral modelling were
revised. In this study a new function, the saturation transformer T(f), was suggested as an
alternative form for the spectral saturation B(f). One of the advantages of this function is
that it keeps the saturation level in the high frequency range regardless of which type of
frequency spectrum is used, JONSWAP or Donelan’s (1985).
The saturation transformer includes the effect of the influence of long scale waves on the
steepness of short scale waves. These facts can be considered as an advantage in using this
form in spectral wave modelling.
Another issue of spectral modelling regarding the shape of the wave spectrum was revised
in the present study. Based on the comparisons of the results of stress computations
corresponding to wind input source functions suggested by different authors for different
wave spectra, the Combi spectra were suggested as the plausible wave spectra of
a sea surface. The Combi spectra can be interpreted as the correction to Donelan et al.’s
(1985) spectra. The parameterisation form (Eq. 4-23) of the Combi spectrum, introduced in
this study, was suggested for wide application in operational wave modelling.
It can be concluded that the wind input parameterisation form according to Donelan et al.
(2006) is an advanced form describing the physical nature of wind-wave interactions and
can be widely adopted in different wave models. The performance of the corrected wind
input source function (Donelan et al., 2006) in the wave model is discussed in Section 4.3.4.

4.2

THE EW SPECTRAL DISSIPATIO SOURCE FUCTIO

This section describes the investigation of the new source function for wave spectral
dissipation suggested by Young and Babanin (2006) (Eq. 2-29) and discussed in
Section 2.3. The general form for wave spectral dissipation was proposed on the basis of
wave observations at Lake George (Young and Babanin, 2006) in a limited range of air-sea
conditions. According to Equation 2-29, the wave dissipation source function demonstrates
two-phase behaviour along the spectral frequency scale. The main source of wave energy
loss is the wave breaking, known as the whitecapping. It was found that waves are prone to
break if their steepness exceeds the threshold steepness (Banner et al., 2000 and
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Babanin et al., 2001). This type of wave breaking is termed as inherent wave breaking and
represented by the first term T1(f) (see Equation 2-29 ). In addition to this, wave energy can
dissipate due to turbulent viscosity, which plays a significant role in small scale waves.
In addition, small-scale waves tend to break due to the breaking of the longer scale waves
(Young and Babanin, 2006). Both types of wave energy dissipation are induced by the
breaking of the dominant waves, a situation referred to as forced dissipation, represented by
the second term T2(f) (see Eq. 2-29).
The main purpose of this investigation was to obtain an advanced spectral form for wave
spectral dissipation that could be applied to a wide range of air-sea conditions. There were
many uncertainties regarding the magnitudes and functional dependencies of parameters
a and b (Eq. 2-29) for various wind-sea conditions (Young and Babanin, 2006).
These parameters play an important role in determining the spectral levels of the wave
dissipation function. Furthermore, the threshold spectrum FT(f) requires precise tuning to
allow wave model applications. Moreover, the two-phase behaviour of wave spectral
dissipation creates additional complexity in terms of tuning the dissipation source term for
the wave models. The present investigation addresses as following a list of matters that
arose due to their uncertainty from the experimental studies (Babanin and Young, 2005; and
Young and Babanin, 2006):
1.

Threshold spectrum FT(f)

2.

Coefficient a for inherent wave breaking

3.

Coefficient b for cumulative or forced wave breaking

4.

Behaviour and functional dependences of coefficients a and b in different
wind-sea conditions

5.

Directional spreading of the spectral dissipation function

6.

Comparing to the experimental data

All these issues are addressed in Section 4.2.
The present investigation of the new source function was carried out within the physical
framework based on the experimental results of Donelan (1998), Banner et al. (2000) and
Young and Babanin (2006). A literature review showed that observational studies related to
the wave spectral dissipation source term are very few (Donelan, 2001; Phillips, 2001;
Melville and Matusov, 2002; Hwang and Wang, 2004 (2); Babanin and Young, 2005;
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Young and Babanin, 2006; Gemmrich and Farmer, 2004; Gemmrich, 2005 and
Gemmrich, 2006). The results of two independent studies by Melville and Matusov (2002)
and Gemmrich (2005) were selected for comparison with the results of the present research.
All computations of the wave dissipation source function (Young and Babanin 2006) were
performed for the Combi spectra in a wide range of air-sea conditions. The selection of the
Combi spectra was based on the growing number of facts supporting the credibility of this
type of wave spectra (see Section 4.1.3, the discussion of the high energy tail). The Combi
spectrum is the most general representation of two different types of wave spectra,
JONSWAP (Hasselmann et al., 1976) and Donelan (1985), suggested from experimental
observations. A similar approach to that used with the wind input source term was used to
select the upper frequency of the spectral scale. Taking into account that small-scale waves
play an important role in wave processes, the frequency, fcut = 10Hz, was selected as an
upper limit for the frequency spectral scale.

4.2.1

T HRESHOLD S PECTRUM F T (f)

The concept of the threshold spectrum was introduced by Young and Babanin (2006) on the
basis of recent experimental observations (Banner et al., 2000 and Babanin et al., 2001)
showing that the breaking of waves depends on the excess steepness of the waves above the
threshold steepness at a particular spectral scale. The value of the threshold steepness plays
a significant role in the determination of the spectral level of the threshold spectrum.
The observed values for the threshold steepness were reported in the range
BnT ( f ) = [0.0223, 0.0254] by Babanin and Young (2005) on the basis of wave breaking
data from Lake George. According to Young and Babanin (2006) no wave breaking was
observed for waves which had less steepness than the threshold steepness. Translating this
into the spectral terms, the threshold wave spectrum FT(f) represents the state of the sea
where no wave breaking occurs. Subsequently, the wave energy dissipation is determined
by the magnitude of the spectral exceedance of the wave spectrum over the threshold
spectrum, ∆F = F(f) – FT(f). Hence, the spectral level of the threshold spectrum determines
the magnitude of the residual ∆F.
The investigation of the threshold spectrum FT(f) was carried out using the newly introduced
Combi spectra and the saturation transformer T(f) (analogue to the spectral saturation)
previously discussed in Section 4.1. Babanin and Young (2005) highlighted the fact that the
old representation of spectral saturation B(f) (Phillips, 1984) causes significant scattering of
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the breaking probability of the observed waves. The scattering is present since the spectral
saturation (Phillips, 1984) is the fifth moment of the wave spectrum, which makes it very
sensitive to any variation in the spectral shape, particularly in the high frequency range.
Furthermore, Babanin and Young (2005) concluded that spectral saturation is not the most
suitable parameter for the quantitative dependence of the breaking rates. Young and
Babanin (2006) applied azimuthal normalization to the spectral saturation B(f) by the local
angular spreading width A(f) (Eq. 2-15) of the directional wave spectrum, thus reducing the
variations in the high frequency range. In contrast to that, in the present study, the saturation
transformer T(f) (Eq. 4-24) was proposed as a new alternative form for the spectral
saturation B(f) (see Chapter 4, Section 4.1.3, discussion of wave steepness).
The form (Eq. 4-24) is less dependent on the variations of spectral shape in deep-water
conditions. Therefore, in the present study, computations of the threshold spectrum FT(f)
were performed using the saturation transformer T(f) instead of the spectral saturation B(f).
The threshold spectrum FT(f) was determined using Equation 4-24. Solving Equation 4-24
relative to F(f) and assigning it as the threshold spectrum FT(f), the following equation
emerges:

FT ( f ) = 2 g 2 (2π) −4 f p− ( n +5) f nTT ( f )

(Eq. 4-26)

where n is the exponent of the high frequency spectral tail and TT(f) is the threshold
saturation transformer. The threshold spectrum FT(f) is mainly determined by the value of
the threshold saturation transformer TT(f). Therefore, the value of TT(f) which is used for the
computations of the threshold spectrum is very important.
Babanin and Young (2005) suggested the following range of threshold values
BnT ( f ) = [0.0223, 0.0254] for the directionally normalised spectral saturation.
To adapt the experimental values for the computation of the threshold spectrum it was
necessary to convert the spectral saturation BnT(f) into the saturation transformer TT(f).
Using Equation 4-25, the corresponding values of the saturation transformer are:
 fp 
TT ( f ) =  
 f 

n +5
2

−

1
2

A ( f ) BnT ( f ) . Substituting TT(f) in Equation 4-26 with the given

expression for the saturation transformer, Equation 4-26 for the threshold spectrum
becomes:
FT ( f ) = 2 g 2 (2π) −4 f
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A −1 ( f ) BnT ( f )

(Eq. 4-27)
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Equation 4-27 shows that the threshold spectrum FT(f) is independent of the spectral slope n
of the wave spectrum. The experimental values of Babanin and Young (2005) for
directionally normalised spectral saturation were tested in the wave model computations to
satisfy the physical framework of the wave breaking processes occurring during wave
development.
The determination of the threshold spectrum FT(f) can be used to validate the experimental
values for directionally normalised spectral saturation because of their correspondence to
the observational findings, which can be used as physical constraints for the modelling of
wave dissipation. One of the findings of Young and Babanin (2006) indicates that the
breaking probability of fully developed dominant waves (U10 / cp ~ 0.83) is significantly
small. This fact was used as the physical constraint to determine the correct experimental
value for the threshold of the spectral saturation, BnT(f). In spectral terms, this physical
constraint can be introduced as the residual between the values of the wave spectrum and
the threshold spectrum at the spectral peak: ∆Fp = F( fp ) - FT( fp ). To maintain the
consistency of the wave observations for fully developed seas (Young and Babanin, 2006),
the following condition must be true:
∆Fp ≤ 0

(Eq. 4-28)

The condition (Eq. 4-28) was used as the physical constraint to select an appropriate
threshold

value

for

the

spectral

saturation

from

the

experimental

data

(Young and Babanin, 2006).
In the present study the threshold spectrum FT(f) was computed for the Combi spectra of
fully developed dominant waves for various wind speeds U10 = 7m/s, 10 m/s, 15 m/s and
20 m/s. The condition represented by Equation 4-28 was verified for the threshold values of
the range

BnT ( f ) = [0.0223, 0.0254] (Babanin and Young, 2005) for selected wind

speeds. The results showed that the value of the residual ∆Fp was greater than 0, indicating
the breaking of the dominant waves. The corresponding spectral comparison of the wave
spectrum against the threshold spectrum showed the values of F( fp ) exceeded the values of
FT( fp ). Since the magnitudes of threshold spectrum FT(f) are directly proportional to the
spectral saturation BnT(f) (see Equation 4- 28), the higher possible values for BnT ( f ) were
tested to minimise the residual ∆Fp and satisfy the physical constraint (Eq. 4-28).
At the same time, the threshold values of

BnT ( f ) were carefully selected on the basis of

the experimental data from Lake George (Babanin and Young, 2005). The main criterion for
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this selection was that the breaking probability must be small enough. After a number of
tests, it was determined that the threshold value

BnT ( f ) = 0.035 was the optimal value

when the breaking probability was still small and the residual ∆Fp was minimal among the
feasible values of

BnT ( f ) .

Figure 4.41 shows the relative disposition of the Combi-type energy spectrum of
fully developed waves to the threshold spectrum FT(f). The shadowed area of the spectrum
relates to the dissipating wave energy. The wave dissipation energy is proportional to the
shadowed area of the spectrum above the threshold spectrum FT(f).
Figure 4.42 shows the ratio of residual ∆Fp to the energy density F(f) for each spectral
component. Figure 4.42 demonstrates the distribution of the wave energy dissipation along
the frequency scale of the spectrum. Figure 4.412 shows that wave dissipation rates are
highest for the intermediate-scale waves. The peak of the graph, for the waves with the
relative frequency f / fp ~ 6, corresponds to the highest rates of the wave energy dissipation
mentioned in the previous paragraph. This fact is in good agreement with the results of
existing observational data (Gemmrich 2005).
Figure 4.42 shows the non-zero energy loss for the dominant waves (f / fp = 1), an
observation that does not correlate well with the experimental findings. However, the choice
of the threshold value for the spectral saturation

BnT ( f ) = 0.035 was firmly based on the

experimental data from Lake George (Babanin and Young, 2005). It should be noted that
these experimental data were processed for the spectral saturation B(f) and not for the
saturation transformer T(f) being used for this current study. Furthermore, the scattering of
the experimental data can complicate unambiguous identification of the threshold value.
To address the issues that emerged in relation to the breaking of the fully developed
dominant waves, a novel approach was developed in the present study. This approach will
be discussed further in Section 4.2.2. According to the new approach, the wave spectral
dissipation of fully developed dominant waves becomes zero due to specific features
developed as part of the present study. Furthermore, in operational wave modelling, the
choice of the threshold value

BnT ( f ) is a matter of the performance of the spectral

dissipation source term in the wave model. This issue will be addressed in Section 4.3.
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Figure 4.41 The threshold spectrum FT(f) computed for the Combi spectrum of the
fully developed waves (fp = 0.13Hz) with the inverse wave age
U10 / cp = 0.83, for the wind speed U10 = 10 m/s. The shaded area is
showing dissipating part of the wave energy spectrum.

Figure 4.42 Ratio of the dissipating wave energy to the spectral energy density as
a function of the relative frequency computed for the spectral saturation
threshold value

BnT ( f ) = 0.035. The computations were performed

for the Combi spectrum of the fully developed waves (fp = 0.13Hz) with
U10 / cp = 0.83 for the wind speed U10 = 10 m/s.
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4.2.2

D ETERMI.ATIO. OF C OEFFICIE.TS a A.D b

The spectral level of the wave dissipation source term is determined by coefficients a for the
inherent wave breaking term and b for the forced dissipation term (Eq. 2-29). The two-phase
behaviour of the wave dissipation source function represented by these two terms (Eq. 2-29)
creates additional complexity when trying to determine the correct levels of dissipating
wave energy because of the need to ascertain the relative contribution of each of these
terms. On the other hand, the magnitudes of coefficients a and b should be consistent with
the experimental estimation given by Young and Babanin (2006). According to those
researchers, the enforced-linear-fit estimation of the single record of the dominant waves
(U10 / cp = 6.6) shows that aexp ≈ 0.0065. However, coefficients a and b are not necessarily
constant and may vary according to environmental conditions.
Preliminary computations of the spectral dissipation function (Eq. 2-3-10) were performed
for the Combi spectrum of the average-developed waves (U10 / cp = 2.7) for the wind speed
U10 = 10 m/s. Both coefficients a and b were assumed to be a = b = 0.0065. The threshold
value for the threshold spectrum was

BnT ( f ) = 0.035. The results of these computations

are presented in Figure 4.43. The spectra of the inherent breaking term T1(f) and the forced
dissipation term T2(f) are also shown. The spectral shape of the wave dissipation source
function is the result of the linear superposition of these two terms T1(f) and T2(f) (Eq. 2-29).
As illustrated in Figure 4.43, long-scale waves up to the size of dominant waves do not
experience forced dissipation under the influence of the longer waves and for waves this
size T2(f) = 0. The contribution of the forced dissipation into the total energy of the wave
dissipation increases towards the higher frequencies and reaches a constant magnitude.
This transition is present due to the integral of the forced dissipation term T2(f)
(see Equation 2-29).
Figure 4.43 shows that short waves mostly experience forced dissipation under the influence
of longer waves. Coefficients a and b determine the spectral level of the wave dissipation
source term, as well as the relative contributions of the two different types of
wave breaking. Therefore, to achieve the correct level of wave dissipation energy in the
wave model, it is necessary to determine the correct values for these coefficients.
The investigation of coefficients a and b is outlined in this section of Chapter 4.
To address the issues outlined above, it is necessary to estimate the amount of wave energy
dissipating during wave development. A novel approach was proposed in the present
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research to achieve this estimation. This method of determining wave energy dissipation
was based on the fact that wave breaking relates directly to wind energy input into the
waves. Hasselmann et al., (1973) using the JONSWAP data as a base, found that 95% of the
momentum delivered from wind to waves is transferred locally to underlying currents.
On the basis of wave observations, Donelan et al. (1998) reported that from the total
momentum transferred from the wind to the waves, the larger fraction is transferred to the
underlying water mass either through the viscous drag or through the dissipation of the
amplified waves. This fraction was estimated as more than 90% and increases to 100% as
the waves approach the full development stage. All these facts support the idea of the
dependence of the wave dissipation source function on the wind input source term.
There is no information that tells us about the relationship between the energy transfer from
the wind to the waves and the wave dissipation energy along the frequency scale. Measuring
the relationship is complicated by the presence of the wave-wave nonlinear interaction
source term Snl. However, even in this case, a solution can be found for the regions of the
wave spectrum where the nonlinear term Snl is negligibly small relative to the wind input
source term Sin and the wave dissipation term Sds. Donelan (2001) showed that for young
dominant waves the spectral magnitudes of the nonlinear source term Snl are close to zero
and can be ignored.
On the other hand, the relationship between these two source terms can be defined in terms
of the total energy delivered from the wind to the waves and the total energy dissipated in
the spectral range of the waves. Since the wave-wave nonlinear interaction source term is
conservative in terms of the redistribution of energy between the waves, the contribution of
this term into the total energy balance can be ignored. In spectral terms, it means that the
integral of the wave dissipation source term along the considered spectral range
D = ∫ S ds ( f )df relates to the integral of the wind input source term W = ∫ S in ( f )df .
Thus, the dissipation energy D can be determined from the total energy W transferred from
the wind to the waves. However, to achieve this, it is necessary to know the functional
relationship between the two integrals W and D.
In the present study, the functional relationship between W and D was determined on the
basis of the existing experimental data observed by Donelan (1998). Figure 4.44 is a
replot of Figure 6 from Donelan (1998). Donelan demonstrated the fraction of momentum
retained by the waves and the fraction of energy that is delivered to the currents during
wave development in the range of the wind forcing conditions U10 / cp = [0.83, 4.5].
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In other words, this data shows the relationship between the wave dissipation energy and the
energy transferred from the wind to the waves. Hence, the dissipating fraction of the energy
transferred from the wind to the waves can be described by the ratio: D/W. Therefore,
a new parameter, the dissipation rate, R, was introduced as the ratio between the wave
dissipation energy and the energy transferred from the wind to the waves:

R=

∫S
∫S

ds

( f )df

in

( f )df

(Eq. 4-29)

According to Donelan (1998), the dissipation rate takes values in the range R ~ [0.95, 1].
For fully developed waves (U10 / cp = 0.83), the dissipation rate is R = 1. According to
Donelan’s (1998) data, the dissipation rate R is a function of the inverse wave age U10 / cp.
In the present study, the experimental data obtained by Donelan (1998) was quantified and
parameterised as a linear approximation function of the inverse wave age U10 / cp.
According to this parameterisation the dissipation rate R is:

Rlinear

− 0.12 U 10 c p + 1.52,

0.0031 U 10 c p + 0.96,
=
− 0.052 U 10 c p + 1.043,

1,

4.5 < U 10 c p ≤ 5.8
1.5 < U 10 c p ≤ 4.5
0.83 < U 10 c p ≤ 1.5

(Eq. 4-30)

U 10 c p = 0.83

As noted previously, the upper limit for the wind forcing conditions U10 / cp from
Donelan’s (1998) data was U10 / cp = 4.5. The parameterisation (Eq. 4-30) includes the range
of very young dominant waves U10 / cp = [4.5, 5.8]. For this range of wind forcing
conditions,
the dissipation rate R was determined on the basis of the significant level of consistency
between the model results for the variance of the energy density spectra and the
experimental data of Babanin and Soloviev (1998).
On the basis of the model computations, it was found that for very young waves the
dissipation rates are small compared to the dissipation rates for mature waves.
For very young waves with U10 / cp = 5.8, the dissipation rate takes the value Rlinear = 0.82.
This topic will be discussed later in Section 4.3.
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Figure 4.43 The spectral dissipation function Sds(f) (Eq. 2-29) (bold line) with the two
terms T1(f) (line with dots) and T2(f) (line with asterisks) with coefficients
a = b = 0.0065. The computations were performed for the Combi
spectrum of the average-developed waves (fp = 0.13Hz) with
U10 / cp = 0.27 for the wind speed U10 = 10 m/s.

Figure 4.44 Figure 6 from Donelan (1998) showing the fraction of momentum
(dashed line) and of energy (plain line) from the wind is delivered to
the surface waters.
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The shown parameterisation form (Eq. 4-30) of the dissipation rate R is not a monotonic and
smooth function. Application of this function in operational wave modelling is fraught with
the numerical instabilities of some wave models. Therefore, for convenience in wave
modelling, an alternative smoothed parameterisation form for the dissipation rate R was
developed in this study:

R smooth

0.97 − 0.07 × (1 + tanh[3( U 10 c p − 5.2)]), 2 < U 10 c p ≤ 5.8

= 0.97 + 0.015 × (1 − tanh[5( U 10 c p − 1.1)]), 0.9 < U 10 c p ≤ 2

0.83 ≤ U 10 c p ≤ 0.9
1,

(Eq. 4-31)

For the range 2 < U10 / cp < 5.8, the numerical parameters in Equation 4-31 can vary
depending on the type of wave model. These parameters need to be tuned to achieve
consistency between the results of the model computations and the observed data of wave
growth (e.g. Babanin and Soloviev, 1998).
Figure 4.45 shows the dissipation rate R as a function of the inverse wave age U10 / cp
represented by different parameterisation forms as Rlinear (plain line) and Rsmooth (bold line)
given by Equation 4- 30 and Equation 4-31, respectively. The dissipation rate R was
defined on the basis of the existing observational data (Donelan, 1998) and has a strong
physical background. As it can be observed in Figure 4.45, there were three distinct ranges
of values for the dissipation rate during wave development. For very young and
well-developed waves (U10 / cp > 4.5 and U10 / cp < 1.5, respectively) the dissipation rate
increases. However, for the range of the wind forcing conditions U10 / cp = [1.5, 4.5], the
dissipation rate Rlinear slightly decreases during wave development. The smooth
approximation is constant Rsmooth = 0.97 for this range of wind forcing conditions.
Using Equation 4-29, the wave dissipation energy can be determined as follows:

∫S

ds

( f )df = R ∫ S in ( f )df

(Eq. 4-32)

Therefore, the right part of Equation 4-32 represents the physical constraint for the
computations of the wave dissipation function. This physical constraint ensures that the total
amount of energy dissipation corresponds to the energy transferred from the wind to the
waves.
According to the defined physical constraint (Eq. 4-32), computations of the wave
dissipation source term include the results of the computations of the corresponding wind
input source term discussed in Section 4.1. Thus, the computations of the wave dissipation
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source term, like the computations of the wind input source function, must be performed in
the entire range of the spectral components. As it was mentioned in Section 4.1.1, the smallscale spectral components play a significant role in wave development processes. Therefore,
the computations for the wave dissipation source term were performed in the spectral range
up to fcut = 10 Hz in much the same way as the wind input computations described in
Section 4.1.
As mentioned earlier, the two-phase behaviour of the wave dissipation source term creates
additional complexity when estimating coefficients a and b. Prior to beginning the
determination of these coefficients, it was reasonable to introduce temporary notations for
these coefficients to differentiate their temporal operational forms from the final forms for
Equation 2-29. Therefore, coefficients a and b were identified temporarily as a0 and b0,
respectively.
Before going on to determine coefficients a and b, the following notations were introduced
to avoid the cumbersome mathematical expressions:
fp

W = ∫ S in ( f )df , W1 =

∫ S in ( f )df , W2 =
f min

f cut

∫S

in

( f ) df

fp

D = ∫ S ds ( f ) df , S1 = ∫ T1 ( f ) df , S 2 = ∫ T2 ( f ) df
fp

S11 =

∫ T1 ( f )df , S12 =
f min

(Eq. 4-33)

f cut

∫ T ( f )df
1

fp

Figure 4.46 shows the schematic illustration of the above-mentioned notations introduced in
Equation 4-33.
Knowledge of the total energy of the wave dissipation gleaned from Equation 4-32 does not
provide a straightforward answer for these coefficients primarily due to the concurrent
presence of the two terms. The solution lies in a distinct feature of the wave dissipation
source function, which is the fact that the dissipation of waves longer than dominant waves
is represented only by the inherent breaking term T1(f) (i.e. T2(f) = 0) (refer to Figure 4.43).
Thus, for the waves in the spectral range f < fp, the wave dissipation source term can be
represented in the form:
S ds ( f ) = a 0 ⋅ T1 ( f )
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Figure 4.45 Two parameterisation forms of the dissipation rate: Rlinear (Eq. 4-30) and
Rsmooth (Eq. 4-31). The computations were performed for the Combi
spectra at the different stages of the wave development for the wind
speed U10 = 10 m/s.

Figure 4.46 Schematic illustration of the notations (4-33) for the computations of
coefficients a and b of the spectral dissipation function Sds(f) (bold line)
with its two phase terms T1(f) (dashed line) and T2(f) (solid line).
The wind input source function Sin(f) (line with dots) is also shown.
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Subsequently, substituting the wave dissipation source term under the integral in
Equation 4- 32 by the expression from Equation 4-34, we have:
fp

∫a

f min

fp
0

⋅ T1 ( f )df = R ∫ S in ( f )df

(Eq. 4-35)

f min

where the integration was performed in the range of frequencies [fmin, fp].
It should be noted that Equation 4-32 is true when integration includes the entire spectrum
of waves. For a discrete spectral component, the energy fluxes due to the wave-wave
nonlinear interactions must be considered. On the other hand, for young waves the spectral
magnitudes of the wind input source term are significantly larger than the magnitudes of the
nonlinear interaction source term, particularly at the spectral peak (Donelan 2001).
Figure 4.47 compares the integral values of the wind input source term and the wave-wave
nonlinear interaction source term in the spectral range of long waves [fmin, fp].
The computations were performed for the wind speed U10 = 10 m/s.
According to Figure 4.47, for young waves (U10 / cp > 4.5) the difference between the
integral values is in the order of magnitude of 2. Therefore, for young waves, the energy
fluxes due to the wave-wave nonlinear interactions can be disregarded when compared to
the energy exchange between the wind and the waves. Equation 4-35 is true for young
waves, therefore. Thus, coefficient a0 may be assessed from Equation 4-35 and verified as
consistent with the experimental findings of Young and Babanin (2006).
To determine coefficient a0, it was assumed that coefficient a0 is constant for the entire
range of spectral components and has no functional dependence on the spectral frequency.
Hence, coefficient a0 can be taken out of the integral sign in the left part of Equation 4-35.
Solving Equation 4-35 for coefficient a0 using the notations from Equation 4- 33 looks like:

fp

RW1
a0 =
=
S11

R ∫ S in ( f )df
f min

(Eq. 4-36)

fp

∫ f ⋅ A( f ) ⋅ ( F ( f ) − F

T

f min
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Figure 4.47 Comparison of integral values of the wind input source function Sin(f)
(bold line) with the wave-wave nonlinear interaction source term Snl(f)
(plain line) for long-scale spectral components. Integration was performed
in the range [fmin, fp].

On the right hand side of Equation 4-36 all parameters are known to determine coefficient
a0. Furthermore, most of these parameters are dependent on the wind forcing conditions
U10 / cp. Subsequently, coefficient a0 is a function of the wind forcing conditions and
changes its values during the wave development.
According to Equation 4-36, coefficient a0 has values in the spectral range where
the spectral residual (F(f) – FT(f)) is a positive number. Otherwise, for (F(f) – FT(f)) ≤ 0, no
wave breaking is occurring and coefficient a0 is assumed to be zero. Thus, coefficient a0 is
always positive when wave breaking is occurring. As waves come close to their full
development stage, wind transfers energy to the short scale waves and the integral in the
numerator from Equation 4-36 becomes zero. Therefore, for mature waves (U10 / cp ≤ 1),
coefficient a0 = 0. This implies that without wind energy input, dominant waves are not
prone to breaking in deep-water conditions. This feature is completely consistent with the
existing observational data. At this stage the dominant waves continue to develop due to the
nonlinear energy transfer from the short scale waves to the longer waves known as the effect
of the direct cascade (Pushkarev et al., 2002).
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Subsequently, in this case, the wave dissipation source function is represented only by the
forced dissipation term T2(f) in the high frequency range of the wave spectrum. At this stage
of wave development, short scale waves modulated by longer waves are experiencing
increased breaking intensity due to the straining action of the longer waves (Donelan 2001).
The average steepness of modulated short waves exceeds the threshold steepness, resulting
in the breaking of the waves. Thus, for mature dominant waves the energy dissipation is
mainly occurring in the high frequency domain of the wave spectrum.
Once one of coefficients was known, the task to determine the other coefficient became
simpler. As with coefficient a0, coefficient b0 was assumed scale independent. Integrating
the new parameterisation form for the wave dissipation source term (Eq. 2-29) and
combining with the physical constraint (Eq. 4-32), the following system of equations took
place:

 D = RW

 D = a 0 S1 + b0 S 2

(Eq. 4-37)

Solving this system regarding coefficient b0, we have:

b0 =

RW − a 0 S1
S2

(Eq. 4-38)

Using Equation 4-36 coefficient b0 proved to be a function of the inverse wave age U10 / cp
since the all parameters on the right hand sides of these equations are dependent on the
inverse wave age.
Figure 4.48 shows coefficients a0 (Eq. 4-36) and b0 (Eq. 4-38) as functions of the wind
forcing parameter U10 / cp. The magnitudes of these coefficients are compared with the
experimental value aexp = 0.0065 suggested by Young and Babanin (2006). As shown,
the magnitudes of coefficients decrease with wave development. This trend indicates a
reduction of the wave dissipation energy of the dominant waves as they develop.
Figure 4.48 shows that coefficients a0 and b0 differ in order of magnitude for young and
average-developed waves (U10 / cp > 2). However, this difference reduces with wave
development until the wind forcing parameter becomes U10 / cp ~ 1.2. At this stage
coefficients are equal a0 = b0. Afterwards, coefficient a0 rapidly decreases towards zero and
coefficient b0 gradually reduces its values compared to coefficient a0. As was discussed
earlier this trend shows a shift of the dissipation rates into the high frequency domain
according to Donelan (2001).
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Figure 4.48 demonstrates the domination of one of the two terms of the spectral dissipation
source function (Eq. 2-29) over the other at different stages of wave development:
from young waves to the fully developed. It shows that for young and average-developed
waves, inherent wave breaking dominates forced dissipation. However, as the dominant
waves approach their full development stage, the inherent breaking tends to vanish
(coefficient a0 declines to zero) and the spectral dissipation function is mainly represented
by the forced dissipation term T2(f) of the short scale waves. The latter result is consistent
with the existing observational data (Donelan, 2001).
Figure 4.48 shows encouraging agreement between the computed coefficient a0 (Eq. 4-36)
and the experimental value aexp for the average-developed waves with the wind forcing
U10 / cp ~ 2.6. As shown, coefficient b0 is less than aexp during all the time of wave
development. The closest value of coefficient b0 to the experimental value aexp was obtained
only for very young waves with U10 / cp ~ 5.8.
Figure 4.49 shows the resultant dissipation source function Sds(f) (Eq. 2-29) with
coefficients a0 (Eq. 4-36) and b0 (Eq. 4-38) computed for the Combi spectrum of the
average-developed waves U10 / cp = 2.7 under the wind speed U10 = 10 m/s. The figure
shows the wave dissipation spectrum together with the corresponding wind energy input
spectrum Sin(f) computed for the same wind forcing conditions. Although, according to the
physical constraint (Eq. 4-32), the total dissipation energy is consistent with the wind energy
input across the entire range of the spectral components. However, in the local spectral scale
this consistency is not retained.
The wind energy input prevails for the dissipation of waves with the frequencies
fp < f < 2 fp. For short scale waves (f > 4 fp), there is significant exceedance of wave
dissipation spectral magnitudes over the wind energy input spectral levels. Furthermore,
it should be noted that the shown spectra are integrated over the directional space.
Therefore, taking into account the peculiarities of the directional distribution of these
spectra, there is no direct answer regarding the spectral levels of the shown spectra.
To the best of my knowledge, there has been no experimental evidence obtained regarding
the relative spectral levels of the wind input and the wave dissipation source terms in the
high frequency range of the wave spectrum. The credibility of such a spectral tail for the
dissipation source term, as shown in Figure 4.49, was assessed by the performance of this
spectral dissipation source function in the wave model. This topic will be discussed further
in Section 4.3.
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Figure 4.48 Coefficients a0 (Eq. 4-36) (line with asterisks) and b0 (Eq. 4-38)
(line with dots) as the functions of the wind forcing parameter U10 / cp
computed for the Combi spectra at the different stages of the wave
development for the wind speed U10 = 10 m/s. The experimental
coefficient aexp = 0.0065 (bold line) is shown.

Figure 4.49 The spectral dissipation function Sds(f) (line with dots) with coefficients
a0 (Eq. 4-36) and b0 (Eq. 4-38). The corresponding wind input source
functions Sin(f) (plain line) is also shown. Computations were performed
for the Combi spectrum of the average-developed waves with wind
forcing U10 / cp = 2.7 for the wind speed U10 = 10 m/s.

125

4.2 The .ew Spectral Dissipation

CHAPTER 4 METHODS AD RESULTS

However, the exceedance of the wave dissipation spectral magnitudes over the wind energy
input and nonlinear source terms may contradict the present understanding of the windwave coupling theory. As was mentioned in Section 2.3.2, in the discussion on wind-wave
coupling, most of the energy fluxes from the wind to the waves occurred at the high
frequency range of the wave spectrum in the main direction of wave propagation. The short
scale waves in this range of the wave spectrum cannot maintain their growth. Furthermore,
the so called direct cascade (Pushkarev et al., 2002) representing the energy transfer from
the short waves to the long waves due to the nonlinear interactions between the waves, may
not exist when the significant wave energy dissipates in the high frequency range of the
wave spectrum.
In this case, due to the nonlinear interactions between the waves, the energy will be
transferred from the longer waves to the short waves and the peak frequency will move
towards the high frequencies during wave development, which totally contradicts the
existing observational data (Hasselmann, 1973). On the other hand, the remarkable loss of
the wave energy in the high frequency range is fraught with model instabilities.
All the emerged issues, due to the enormous dissipation of wave energy in the high
frequency spectral range, puts into doubt the credibility of such a dissipation spectral shape
as that shown in Figure 4.49. Therefore, it may be necessary to apply a correction of the
high frequency spectral tail for the dissipation source function.
As was shown in Figure 4.43, wave dissipation for the short scale waves is represented
mostly by the forced dissipation term T2(f). Since the forced dissipation term is represented
f cut

in the integral form

∫ A( f ) ⋅ ( F ( f ) − F

T

( f )) df , the spectral shape of the wave dissipation

fp

function exhibits a distinct transition from the decreasing exponential curve to the flat
spectral tail (see Figure 4.43). In its turn, this flat spectral tail remarkably exceeds the
spectral magnitudes of the wave spectrum. This contrast raises questions about whether
coefficient b0 is scale independent. It is more likely that coefficient b0 requires correction to
maintain the spectral magnitudes of wave dissipation Sds(f) in reasonable proximity to the
spectral magnitudes of the wind input spectrum Sin(f) within the limits of the physical
framework.
To find an alternative form for coefficient b, it was decided to apply to coefficient b0 an
exponential function of the spectral frequency Z(f). Furthermore, within the limits of the
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physical framework, this functional dependence was required to meet the following specific
requirements:
1.

The function Z(f) is dimensionless

2.

The magnitudes of the wave dissipation source function are in reasonable
proximity to the magnitudes of the wind energy input and nonlinear source
terms, Sds(f) ~ Sin(f) + Snl(f).

After a series of attempts, the best suitable function was found to be the following form:
 f 
Z( f ) =  
f 
 p

µ

(Eq. 4-39)

where µ is the exponent of the high frequency spectral tail of the wind energy input source
term Sin(f). According to Equation 4-39, the exponential function Z(f) is the decreasing
function, having a similar slope to the wind input source term Sin(f) in the high frequency
spectral range. The resulting coefficient for the forced dissipation term T2(f) can be
presented as follows:
b = b0 ⋅ Z ( f )

(Eq. 4-40)

The functional dependence of coefficient b(U10/cp, f) on the spectral frequency strengthens
the dependence of the wave dissipation on the wind energy input. The impact of wind
energy transfer on wave dissipation is reflected not only in terms of total energy by the
integration over the spectral range, but in terms of the spectral magnitudes of both functions.
By applying the corrected coefficient b(U10/cp, f) to the forced dissipation term T2(f), the
high frequency spectral tail of the wave dissipation source term adjusts to the wind input
source function. As a result of this application, the magnitudes of coefficient b0, shown in
Figure 4.48, are changed. This alteration is determined by the fact that in the computation of
coefficient

b0

(Eq.

4-38)

the

value

of

the

integral

in

the

denominator

(see Equation 4-38) is changed. Now instead of the integral S 2 = ∫ T2 ( f ) df in the
denominator, it is S 02 = ∫ Z ( f )T2 ( f ) df due to the correcting function Z(f) retained under the
sign of the integral. Therefore coefficient b0 (Eq. 4-38) is modified into the form:

b=

RW − a 0 S1
S 02
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As the correcting function Z(f) (Eq. 4-39) is a decreasing exponential function along the
frequency scale, the integral S02 is less than integral S2. Since the integral S02 < S2, the
resulting magnitudes for coefficient b (Eq. 4-41) are expected to be larger than those shown
in Figure 4.48.
Figure 4.50 shows the magnitudes of coefficient b (Eq. 4-41) computed at different stages of
wave development. The magnitudes of coefficient a0 (line with asterisks) and b0
(dashed line) are also shown for comparison. The values of these coefficients are shown
relative to the experimental value aexp = 0.0065 (bold line) suggested by Young and Babanin
(2006).
Obviously, the magnitudes of coefficient a0 are not changed as the correction was applied in
the high frequency range. Figure 4.50 shows that the magnitudes of coefficient b (Eq. 4-41)
are remarkably larger than the magnitudes of coefficient b0 (Eq. 4-38). Moreover, for young
waves (U10 / cp = 4.3) and average-developed waves in the range of the wind forcing
U10 / cp = [2.4, 2.7], coefficient b is consistent with the experimental value aexp.
Figure 4.50 shows that the magnitudes of coefficient b are close to coefficient a0,
particularly for very young waves with U10 / cp = 5.7 and average-developed waves
(U10 / cp = [2.4, 2.7]). Figure 4.50 demonstrates a distinct agreement between the results of
the computations for coefficients a0 and b and the value aexp suggested by Young and
Babanin (2006).
As it was mentioned earlier, for fully developed waves coefficient a0 = 0. Therefore,
considering Equation 4-41 for fully developed waves, coefficient b becomes the following
form:
b=

RW
S 02

(Eq. 4-42)

Another distinct feature of coefficient b is the difference (RW – a0S1) in the numerator from
Equation 4-41. The question as to whether this difference becomes a negative number has
been addressed in the present study.
To investigate the behaviour of the difference (RW – a0S1), coefficients a0 and b were
computed for different types of wave spectra (JONSWAP, Donelan (1985) and Combi) at
different stages of wave development and for different wind speeds U10 = {7m/s, 10m/s,
15m/s and 20m/s and 30m/s}.
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Figure 4.50 Coefficients a0 (Eq. 4-36) (line with asterisks) and b0 before (Eq. 4-38)
(dashed line) and after the correction in the high frequency spectral tail
(Eq. 4-41) (line with dots) of the wave dissipation source term
computed for the Combi spectra at different stages of the wave
development for the wind speed U10 = 10 m/s. The experimental
coefficient aexp = 0.0065 (bold line) is also shown.

Figure 4.51 (a, b and c) shows the results of these computations, where subplot (a) shows
the results of the computations for the JONSWAP spectra, subplot (b) shows the results for
the Donelan (1985) spectra and subplot c shows the results for the Combi spectra for the
above mentioned wind speeds.
Figure 4.51 demonstrates wind dependent behaviour for coefficient b in contrast to
coefficient a0, which is almost the same in all subplots. The dependence of coefficient b on
the wind speed U10 is particularly high for young waves. As the waves approach their full
development stage, this dependence becomes negligible, a situation clearly pronounced for
the Donelan (1985) spectra (see subplot [b]).
As shown in Figure 4.51, coefficient b appears as a negative number for the light winds over
the young waves, when the viscous drag is significantly high. Furthermore, the values of
coefficient b computed for the Donelan (1985) spectra (see the subplot [b]) are remarkably
lower than those are shown for the JONSWAP and Combi spectra.
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Figure 4.51 Results of computations of coefficients a0 (bold line in all subplots) and
b (Eq. 4-41) for the JONSWAP spectra (subplot [a]), the Donelan (1985)
spectra (subplot [b]) and the Combi spectra (subplot [c]), at different
stages
U10
15m/s

of
=

the

wave

{7m/s
(line

with

development

(plain

line),

asterisks),

at

different

wind

speeds

(line

with

dots),

10m/s

20m/s

(line

with

circles)

and

30m/s (line with crosses)}. The experimental coefficient aexp = 0.0065
(bold dashed line) is shown.
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This indicates the effect of the spectral shape of the wave spectrum F(f) on the wave energy
source functions Sin(f) and Sds(f), and will be addressed later in this section. For strong
winds, when the wave breaking rates are high, this difference (RW – aS1) is a positive
number during wave development. The results illustrated in Figure 4.51 lead to questions
regarding the underlying physical processes in situations where coefficient b is a negative
number, which corresponds to a positive flux of energy on short scale waves.
To explain the origin of the positive energy flux, we refer to the results of the recent
experimental study at Lake George (Donelan et al., 2006). One of the important findings of
the Lake George study was the influence of wave breaking on the energy transfer from the
wind to the waves. The researchers reported that in terms of high breaking rates, the effect
of wave breaking has the potential to double the energy transfer from the wind to the waves
due to the increase in the roughness of the sea surface.
It is tempting, therefore, to speculate that the case when b < 0 corresponds to the same
process reported by Donelan et al. (2006). Additionally, this observation may indicate that
the process of generating short scale waves is a result of wave breaking (Hwang and Wang,
2005) which leads to an increase in the roughness of the sea surface, which enhances the
energy exchange between the wind and the waves. However, as shown in Figure 4.51, the
incidence of b < 0 appears only for a certain range of wind forcing conditions
(3 < U10 / cp < 5), those corresponding to young waves under light winds only
(U10 < 10 m/s), when the breaking rates are lower relative to breaking rates in higher winds.
This observation contradicts the experimental findings of Donelan et al. (2006), according
to whom the higher the breaking rates, the stronger the influence of wave breaking on
wind-wave interaction. Due to limited related experimental data, this problem remains open
for future investigations. Therefore, the incidence of b < 0 is not relative to the effect of
wave breaking on the energy exchange between the wind and the waves.
On the other hand, when b < 0, the forced dissipation term T2(f) becomes a negative number.
Since, dissipation source term has negative sign in Equation 2-21, the result will be an
increased wave energy in the high frequency range of the wave spectrum.
In this situation, the dissipation of short scale waves ceases. This result contradicts the
experimental findings of Young and Babanin (2006). Therefore, the incidence when
coefficient b is a negative number is groundless within the physical framework.
Thus, coefficient b must be a positive number for any air-sea conditions.
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To avoid the incidence when b < 0, it was decided to determine necessary conditions for
coefficient b to be a positive number. In order for that, the forced dissipation term T2(f) may
contribute in the wave dissipation processes, the difference (RW – aS1) must be a positive
number:

RW − aS1 > 0

(Eq. 4-43)

Substituting the integral S1 with the sum S11 + S12 and W with the sum W1 + W2 using
Equation 4-33 and performing a mathematical transformation with consideration of the
Equation 4-36, the condition represented by Equation 4-43 can be presented as follows:

a<

RW2
S12

(Eq. 4-44)

The condition described by Equation 4-44 represents the limiting conditions for coefficient
a, with the upper limit RW2 / S12. With regard to the condition described by Equation 4-44,
the term RW2 is the upper limit for the spectral magnitudes of the inherent breaking term
T1(f) in the high frequency range of the wave spectrum. In terms of the physical processes
occurring in nature, the same equation indicates that for inherent wave breaking the
dissipation energy of the short scale waves must be less than the energy transferred from the
wind to the waves. This fact is in excellent agreement with the existing observational data
from Donelan (1998).
On the other hand, as described earlier in the current section, the term T1(f) was adjusted to
the wind input source function by coefficient a only in the long scale range of the wave
spectrum (see Equation 4-36), while the high frequency range remained unadjusted.
On this basis, it may be concluded that the unadjusted high frequency part of the term T1(f)
is the cause of the negative values for coefficient b shown in Figure 4.51. This interpretation
is supported by the remarkable difference of the values of coefficient b for different types of
the wave spectra, particularly for the Donelan (1985) spectra (see Figure 4.51).
As shown in Figure 4.51 the wind input source term computed for the Donelan (1985)
spectra requires the highest rates of the suppression parameter η in order to comply with the
physical constraint (Eq. 4-5). On the other hand, the inherent breaking term T1(f) computed
for the same wave spectrum remains unadjusted to the wind input source function in the
high frequency range of the wave spectrum. This inconsistency between the wind input
source function Sin(f) and the inherent breaking term T1(f) generates the negative values of
the difference (RW – aS1) in computations for coefficient b (Eq. 4-41).
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In the present study, it was decided to maintain only the positive values for coefficient b by
applying the correction to coefficient a0 for the inherent breaking term T1(f) in the high
frequency range of the wave spectrum. In terms of spectral modelling, Equation 4-44
describes the disposition between the high frequency spectral tails of the wind input Sin(f)
and the inherent breaking dissipation source term T1(f).
In order to meet the conditions implied by the equation, for any air-sea state, it is necessary
to reduce the integral value S12 by decreasing the spectral magnitudes of the inherent
breaking term T1(f) in the high frequency range. For this purpose, the correction function
Z(f) (Eq. 4-39) was applied to coefficient a0 only in the high frequency range (f > fp),
a = a0·Z(f). Therefore, the final form for coefficient a is:
f ≤ fp
a 0 ,
a=
a 0 ⋅ Z ( f ), f > f p

(Eq. 4-45)

As noted above (see Equation 4-39), the function Z(f) is the decreasing exponential function.
Therefore, the magnitudes of coefficient a are less than a0 in the high frequency range of the
wave spectrum. The correction function Z(f) (Eq. 4-39) was preferred among the other
exponential functions on the basis of the fact that it includes the exponent µ which allows
the high frequency spectral magnitudes of the inherent breaking term T1(f) to remain
sensitive to the wind input source function. As a result of this correction, for the dominant
waves coefficient b became larger than before the correction of coefficient a due to the
reduction of the integral value of S1 in Equation 4-38. On the other hand, coefficient a
remained unaffected in terms of peak frequency, since the correction was applied only in the
high frequency range of the wave spectrum.
Figure 4.52 (a, b and c) shows the results of the computations of coefficients a and b for
dominant waves with the correction (Eq. 4-39) applied in the high frequency spectral range
of the inherent wave breaking term T1(f). As is clearly shown, coefficient b has positive
number values for different types of wave spectra for any air-sea conditions. As noted
previously, the correction (Eq. 4-39) of the inherent breaking term T1(f) resulted in the
increase of the magnitudes of coefficient b, which is shown in Figure 4.52. This increase is
significant, particularly for the Donelan (1985) spectra (subplot [b]) of young waves.
Figure 4.52. demonstrates the relationship between coefficient b and wind speed U10.
For young waves, as wind speed increases, coefficient b is remarkably increased, while for
well-developed waves there is no significant difference in its values.
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This result leads to the conclusion that as the wind becomes stronger, the forced dissipation
rates move higher. This conclusion is in excellent agreement with the existing observational
data (Melville and Matusov, 2002; Young and Babanin, 2006; and Gemmrich, 2005).
Remarkably, coefficient a is almost the same for each type of wave spectra, as shown in
Figure 4.52. This fact demonstrates that the inherent breaking of waves relates only to their
steepness.
In all three subplots, the pronounced steplike increase of coefficient a at the early stages of
wave development (U10 / cp = [4, 4.5]) is clearly shown. A similar feature at the same stage
of wave development was found for the wave growth rate in Section 4.1, in the discussion
on growth rate. As discussed previously, the origin of this feature is the transition of the
wind flow over the dominant waves from fully separated to non-separated. It seems that the
effect of the change of the type of wind flow over the waves is pronounced for inherent
wave breaking.
Figure 4.53 shows the sequential increase of the magnitudes of coefficient b as a result of the
corrections applied to the wave dissipation function as described earlier in the current section.
As is shown in Figure 4.53, the correction resulted in reducing the difference between
coefficients a and b for young waves U10 / cp > 3.
Furthermore, coefficient b (noted as b’corr - bold line with dots see Figure 4.53) becomes
less sensitive to the step-like increase of coefficient a, in contrast to that, bcorr, previously
computed (see Figure 4.53 – line with dots and dashed line with dots) before the correction
of the inherent breaking term T1(f). Before, bcorr had a pronounced drop of its values at
U10 / cp ~ 4 corresponding to the increase of coefficient a.
Figure 4.54 shows the wave dissipation source function Sds(f) with the corrected coefficients
a and b in the high frequency range of the wave spectrum at different stages of wave
development. The figure clearly shows the correspondence of the spectral slopes of the high
frequency tail between the wave dissipation source term and the wind energy input spectrum
in the high frequency range of wave spectra. For average-developed waves, the spectral
magnitudes of the wave dissipation dominate the magnitudes of the wind energy input in the
high frequency range. This issue can be understood in terms of the peculiarities of the
directional spreading of the wave dissipation source function revealed in the experimental
studies at Lake George (Young and Babanin, 2006). This topic will be discussed further in
Section 4.2.4.
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Figure 4.55 shows the wave spectral dissipation source functions computed for the averagedeveloped waves for different wind speeds U10 = {7, 10, 15, 20, 30} m/s. The figure clearly
demonstrates the increase in the spectral level of the wave dissipation with increasing wind
speed.
Furthermore, the contribution of the forced wave breaking into the total wave dissipation
slightly increases with increasing wind speed, as shown by the small reduction of the high
frequency spectral slope of the wave dissipation spectra with the increasing wind speed.
The higher the spectral magnitudes in the high frequency range relative to the magnitudes
for the dominant waves, the greater is the contribution of the forced dissipation term T2(f) to
the total wave dissipation. This trend is clearly shown in the comparison between the wave
dissipation source terms computed for U10 = 7 m/s and U10 = 10 m/s.
According to the data for the average developed waves (U10 / cp = 2.7) illustrated
in Figure 4.55, the stronger the wind, the higher the rates of inherently breaking waves and
the forced dissipation of short scale waves under the influence of long waves. This
observation agrees with the present understanding of wave dissipation processes and the
existing experimental data (Babanin et al., 2001; Melville and Matusov, 2002; Young and
Babanin, 2006; Gemmrich, 2005).
Wave dissipation energy relates to the wind input energy from the wind to the waves by
means of the dissipation rate R (see Equation 4-32). This relationship was described in terms
of the integral values of the spectral functions Sds and Sin. Therefore, the selection of the
threshold steepness

BnT ( f ) cannot affect the integral value of the wave dissipation source

term. However, the threshold value

BnT ( f ) may affect the magnitudes of coefficients a

(Eq. 4-45) and b (Eq. 4-41). Therefore, different values for threshold steepness were
examined to determine the effect of various measures of threshold steepness

BnT ( f ) on

the magnitudes of coefficients a (Eq. 4-45) and b (Eq. 4-41).
Figure 4.56 shows the magnitudes of coefficients a and b that result from applying different
values for the threshold steepness

BnT ( f ) . It is clear from the results that with increasing

values of threshold steepness the values of both coefficients increase.
This trend is determined by the response of the residual ∆F = F(f) – FT(f) on the change of
the threshold magnitudes. As the threshold value increases, the residual ∆F decreases,
resulting in a decrease of the spectral magnitudes of the dissipation function.
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Figure 4.52 Results of computations of the coefficients a (Eq. 4-45) (bold line in all
subplots) and b (Eq. 4-41) after the correction with the function Z(f)
(Eq. 4-39) for the JONSWAP spectra (subplot [a]), the Donelan (1985)
spectra (subplot [b]) and the Combi spectra (subplot [c]), at different
stages
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Figure 4.53 Coefficients a (Eq. 4-45) and b (Eq. 4-41) after the applied correction
using the exponential function Z(f) (Eq. 4-39). Coefficient b before the
correction is also shown as borig (Eq. 4-38) (dashed line). Coefficient b
after the correction of the inherent breaking term T1(f) (Eq. 4-45) is
noted as b’corr. Computations were performed for the Combi spectra at
different stages of the wave development for the wind speed
U10 = 10 m/s The experimental coefficient aexp = 0.0065 (bold dashed
line) is also shown.

Figure 4.54 The spectral dissipation source function Sds(f) (Eq. 2-29) computed with
coefficients a (Eq. 4-45) and b (Eq. 4-41). The corresponding wind input
source functions Sin(f) are also shown. Computations were performed for
the Combi spectra at different stages of the wave development with the
wind forcing conditions: U10 / cp = {5.7 (bold line), 2.7 (bold line with
crosses), 0.83 (bold line with dots)}, for the wind speed U10 = 10 m/s.
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Figure 4.55 Dissipation source term Sds(f) (Eq. 2-29) computed with coefficients
a (Eq. 4-45) and b (Eq. 4-41) for the Combi spectra of the averagedeveloped waves (U10 / cp = 2.7) for the different wind speeds
U10 = {7m/s (plain line), 10m/s (bold line), 15m/s (line with dots),
20m/s (line with crosses) and 30m/s (line with circles)} and wind forcing
parameter, U10 / cp = 2.7.

Figure 4.56 Coefficient a (Eq. 4-45) (continuous lines) and b (Eq. 4-41) (dashed lines)
computed for different values of the threshold steepness

BnT ( f ) as a

function of the wind forcing parameter U10 / cp. Computations were
performed for the Combi spectra at different stage of the wave development
for the wind speed U10 = 10 m/s.
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On the other hand, the spectral dissipation function must meet the physical constraint
(Eq. 4-32). Therefore, coefficients a and b adopt the corresponding magnitudes to maintain
this constraint (Eq. 4-32).
Figure 4.56 shows that, the differences for both coefficients are significant for the young
waves rather than the well developed ones. Furthermore, the effect of the changing
threshold steepness is more pronounced for coefficient a than for coefficient b. The different
values of threshold spectral steepness do not significantly affect the consistency of the
corresponding values of coefficients a and b with the experimental value aexp = 0.0065
(Young and Babanin, 2006).

4.2.3

D IRECTIO.AL SPREADI.G

In the present study an attempt has been made to model the least known feature of the
spectral dissipation function, which is its directional behaviour. Previously, the unimodal
directional shape was assumed for the dissipation source term. However, the recent
experiment at the Lake George (Young and Babanin, 2006) revealed that the major
dissipation of the wave energy occurs at angles oblique to the main wave propagation
direction.
In terms of spectral modelling, this fact can be interpreted as the bimodal shape of the
directional spreading for the spectral dissipation function (Eq. 2-29). Therefore, it was
decided to develop a new directional spectral function which had a distinct bimodal shape in
the angular space.
After a number of attempts, a new directional spreading function was developed as a
superposition of two Gaussian functions. According to the experimental results of Young
and Babanin (2006), there is no clear indication of the angles where the maximum
directional dissipation rates were observed. Therefore, to investigate this issue,
the new directional spreading function was provided with certain features giving the
function the flexibility to modify the spectral shape in both spectral spaces, directional and
frequency. The new directional spreading function includes the ability to:


symmetrically shift the locations of the peaks along the directional scale



vary with the height of its middle trough



vary the cross-sectional shapes along the spectral frequency scale



vary with different wind forcing conditions
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Taking into account listed above features, the new directional spreading function
V(θ, f, U10 / cp ) has the following general form:
V (θ, f , U 10

V1 (θ, f , U 10 c p ) = A( f ) ⋅ exp(− p (θ + θ p ) 2 ), θ < 0
cp ) = 
2
V2 (θ, f , U 10 c p ) = A( f ) ⋅ exp(− p (θ − θ p ) ), θ ≥ 0

where p = p(f, U10 / cp)

(Eq. 4-46)

is the trough parameter, which determines the depth of the
middle trough

θp = θp(f, U10 / cp)

is the angle (in radians) of the maximum dissipation rates
relative to the main propagation direction of the waves, and

θ

is the angle (in radians) relative to the main propagation
direction of the waves.

The A(f) is the spectral width defined as A( f )

−1

π

=

∫ K ( f , θ)dθ

(Babanin and Soloviev,

−π

1998),

where

K ( f , θ) = exp(− p (θ ± θ p ) 2 ) ,

satisfying

the

normalisation

π

condition: ∫ V ( f , θ)dθ = 1 . If the angle is θp = 0, the directional spreading has a unimodal
−π

shape.
As mentioned before, the directional spreading function V(θ, f, U10 / cp ) was determined as
the cross-section of the spectrum F(f, θ) at a particular frequency and in a particular wind
forcing condition. Therefore, the parameters p(f, U10 / cp) and θp(f, U10 / cp) can linearly vary
along the frequency scale and with the changing wind forcing conditions. Their functional
dependencies can be determined on the basis of the correlation of the wave model results to
the experimental data, to be discussed later in Section 4.3.
Initially, the parameter p was assumed as the constant value p = 0.5. This value was
determined on the basis of the performance of the wave model. For the angle θp(f, U10 / cp),
initially, the linear dependence was assumed to be:

( f − fs )

θ p ( f ) = θ p ( f p ) + ∆θ f ( f − f )
cut
s


θ (U / c ) = θ ( f ) + ∆θ (5.7 − U 10 / c p )
p
p
ucp
 p 10 p
(5.7 − 0.83)
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where

∆θf

is the total increment of the peak angle along the frequency scale

∆θucp is the total increment during the wave evolution
fs

is the frequency where spreading is started.

The total increments ∆θf and ∆θucp can be positive as well as negative, corresponding to the
increase or decrease of the angle θp, respectively. It is worth mentioning that, based on the
experimental findings of Young and Babanin (2006), θp cannot be a large angle and the
reasonable limits are -90o< θp ± (∆θf , ∆θucp) < 90o relative to the main propagation direction
of the waves.
Figure 4.57 shows the resulting directional spreading function V(θ, f, U10 / cp ) (Eq. 4-46)
with different values for the parameters p and θp. For the convenience of the comparisons,
all the directional spreading functions are normalized by the maximum value at the angle θp,
i.e. V(θp, f, U10 / cp ) = 1. Figure 4.57 shows that as the angle θp increases, the lobes of the
directional spreading function are moving apart, increasing the depth of the trough between
them.
The increase of the parameter p reduces the widths of the lobes, increasing the depth of the
trough between them. As is shown, the variation of the parameters p and θp results in
different directional spreading. These parameters provide the necessary flexibility to
conduct further research of the wave spectral dissipation function.
Figure 4.58 shows the two-dimensional spectral dissipation function Sds(f, θ) with the
bimodal directional spreading function V(θ, f, U10 / cp ) (Eq. 4-46), with θp = 20o, p = 1 and
∆θf = 10o with fs = 3fp. The computations were performed for the Combi spectrum of the
average-developed waves (U10 / cp = 2.7) for the wind speed U10 = 10 m/s.
Figure 4.58 shows the distinct trough of the dissipation spectrum Sds(f, θ) at the main
direction of the wave propagation at θ = 0o. At the upper frequency fcut the spectral peaks
are located symmetrically to the main propagation direction at the angle θp = 30o.
Thus, the parameters of the newly developed directional function (Eq. 4-46) together with
Equation 4-47 can vary the spectral shape of the two-dimensional dissipation function
Sds(f, θ).
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Figure 4.57 Directional spreading function V(f, θp) (Eq. 4-46) with different values of
the parameters θp and p.

Figure 4.58 Two-dimensional dissipation spectrum Sds(f, θ) with the bimodal
directional spreading V(f, θp) (Eq. 4-46) (θp = 20o, p = 1 and ∆θf = 10o with
fs = 3fp) computed for the Combi spectrum of the average-developed
waves with the inverse wave age U10 / cp = 2.7 for the wind speed
U10 = 10 m/s.
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As it was mentioned in Section 4.2.2, the directionally integrated one-dimensional
dissipation spectrum Sds(f) exceeded the spectral levels of the wind energy input spectrum
Sin(f). However, the bimodal directional spreading of the dissipation spectrum reduces the
probability of the exceedance over the spectral magnitudes of the directionally unimodal
wind energy input spectrum at the main propagation direction.
Thus, the application of the bimodal directional spreading to the dissipation source function
reduces singularities in the operational wave modelling caused by the exceedance of
spectral magnitudes of the wave dissipation source term over the wind input spectral level in
the high frequency range.

4.2.4

C OMPARI.G

TO THE

E XPERIME.TAL D ATA

Performance of the corrected new wave dissipation source function Sds (Eq. 2-29) was
examined against the observed wave breaking data of Melville and Matusov (2002) and
Gemmrich (2005). The observed wave breaking data relates to the energy dissipation due to
wave breaking only, Sbr, which is a constituent of the total wave energy dissipation.
In the open ocean, the wave energy dissipates due to the turbulent viscosity of the fluid
(Babanin and Young, 2005). It is believed, however, that turbulent viscosity dissipation is
minimal for dominant waves and significant for short scale waves, where the induced
dissipation phenomenon was observed by Young and Babanin (2006) and Manasseh et al.,
(2005).
One of the origins of induced dissipation can be enhanced turbulent viscosity due to the
breaking of the dominant waves. Therefore, consistence between the computational results
of the new spectral dissipation function Sds (Eq. 2-29) and the observational data, Sbr, was
expected only for the dominant waves. Thus, the main purpose of these comparisons was to
determine whether the new spectral dissipation function (Eq. 2-29) could reconcile
computational results with the observed wave breaking data for the dominant waves.
The average length of breaking crests per unit area per unit speed interval Λ(v)
(Phillips, 1985) was the main criterion used for any comparisons, where v is the crest
propagation speed which is different from the phase speed of the breaking wave.
The field measurements (Phillips et al., 2001; Melville and Matusov, 2002) suggest that
v = 0.8c, where c is the phase speed of the wave.
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Towed hydrofoil experiments (Duncan, 1981) have established that the rate of energy
dissipation per unit length of breaking crest is proportional to v5. Therefore, the spectral
energy dissipation function due only to wave breaking is:
S br (v ) = bbr ρ w g −1v 5 Λ (v )

(Eq. 4-48)

where bbr is a non-dimensional coefficient which reflects the strength of the wave breaking.
The value of coefficient bbr is uncertain. The reported values of bbr, applicable to the ocean
-5

waves ranged from bbr ~ bG05 = 2 × 10 (Gemmrich, 2006) to bbr ~ bMM02 = 8.5 × 10−3
(Melville and Matusov, 2002) and were assumed to be independent of the wave scale.
The reason for this discrepancy is not clear yet and requires further experimental
investigation.
On the other hand, the breaking crest length spectrum can be computed from the dissipation
source term Sds using Equation 4-48 and substituting Sbr with Sds:
Λ m (v ) = bbr−1ρ −w1 gv −5 S ds (v )

(Eq. 4-49)

where Λm(v) is the model for computing the breaking crest length spectrum and the spectral
dissipation source term Sds(v) is given in the crest propagation speed domain
( S ds (v ) =

0 .8 g − 2
v S ds ( f ) ). It is worth noting that in the current section, the wave dissipation
2π

spectra Sds are considered dimensional (i.e. Sds(f) = ρwgSds(f)) for the dimensional
consistency of the comparisons, particularly with the results of Melville and Matusov
(2002). It is important to emphasize the fact that Λm(v) (Eq. 4-49) is not valid for short scale
waves due to the dissipation function Sds(v) in addition to the fact that the wave breaking
encompasses other dissipative processes (turbulent viscosity) significant in the high
frequency range of the wave spectrum.
As was shown, coefficient bbr was included in the computations for Λm(v) (Eq. 4-49) and the
wave breaking spectrum Sbr (Eq. 4-48). Since coefficient bbr is uncertain, it creates
complexity for the comparison between the computed and observed data. Therefore, to
reduce the degree of uncertainty caused by coefficient bbr, a novel approach was developed
in the present study. It was decided to determine a value of coefficient bbr, which provides
consistency between the model results for the Λm(vp) and the observed data Λ(vp) at the
spectral peak (Λm(vp) = Λ(vp)). The resultant value of coefficient bbr was compared to other
values suggested by various authors (Phillips, 2001; Melville 1994; Melville and Matusov
2002 and Gemmrich, 2006). Following this, coefficient bbr was computed from
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Equation 4-48 using the observed data Λ(vp) = ΛMM02(vp) (Melville and Matusov, 2002) or
ΛG05(vp) (Gemmrich, 2006), giving:
bbr =

g S ds (v p )
ρ w v 5 Λ (v p )

(Eq. 4-50)

The advantage of a novel approach was that no preferences were given to any previously
reported values for coefficient bbr.
4.2.4.1

Comparing to Melville and Matusov (2002)

In a field study Melville and Matusov (2002) investigated the breaking crest length spectra
Λ(v) for well developed waves in various wind speeds U10 = {7.2, 10, 13.6} m/s.
The authors experimentally obtained the spectral distribution of Λ(v) from the wave
breaking data represented by the post-breaking signature of a visual signal of air
entrainment (whitecapping).
They found a scaling factor of (10 / U10 )3 to collapse their data sets approximately into the
single exponential curve:
Λ MM 02 (v ) = Λ (v )(10 / U 10 ) 3 = 3.3 × 10 −4 e −0.64 v

(Eq. 4-51)

To compare the computed value for coefficient bbr (Eq. 4-50) with the experimental value
bMM02 = 8.5 × 10−3 of Melville and Matusov (2002), the spectral dissipation function Sds(v)
was weighted with the term (10 / U10) 3 due to the weighted magnitudes of ΛMM02(vp).
The observational data by Melville and Matusov (2002) were presented in terms of the
wavenumber spectrum. Therefore, the comparisons to the results of Melville and Matusov
(2002) were performed in the wavenumber domain k. Using transformation Jacobian
jv 2 k =

0 .8
gk −3
2

based on the relationship between the wavenumber and the crest

propagation speed in the deep water: k = (0.8)2gv – 2, the breaking crest length spectrum Λ(v)
can be converted into a wavenumber spectrum Λ (k )(10 / U 10 ) 3 =

0 .8
gk −3 Λ (v )(10 / U 10 ) 3 .
2

To obtain a correct picture of the comparison, it is necessary to have the same wave
spectrum as was observed experimentally. Therefore, for the computations of a
corresponding wave dissipation source function (Eq. 2-29), the closest wave spectrum
having a similar spectral level and spectral slope of the high wavenumber tail to the
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observed spectrum by Melville and Matusov (2002) (their Figure 4.3a) was selected.
The modelled spectrum is shown in Figure 4.59.
It was found that the Combi spectrum of well developed waves (U10 / cp = 1.3
for U10 = 13.6 m/s) was the most appropriate for modelling the observed spectrum Ψ(k)
(Melville and Matusov, 2002). The selection of the Combi spectrum was based on the
distinct transition of the high wavenumber slope from k

-5/2

to a k

-3

mentioned by Melville

and Matusov (2002). As noted, the Combi spectrum has a similar transition of its slope in
the high wavenumber space, which is clearly shown in Figure 4.59. The spectral dissipation
function Sds(f) (Eq. 2-29) was computed for the modelled Combi spectrum (Figure 4.59)
of mature waves with a wind forcing parameter U10 / cp = 1.3 at the various wind speeds of
U10 = 7.2, 9.8 and 13.6 m/s, correspondingly. The resulting dissipation source term was
weighted according to Melville and Matusov (2002) with the term (10 / U10)3. Coefficient
bbr was computed by substituting the Λ(vp) in Equation 4-50 by ΛMM02(vp) (Eq. 4-51)
observed by Melville and Matusov (2002). The results of these computations showed that
the consistency between the computed value Λm(vp) and the observed value ΛMM02(vp)
(Eq. 4-51) at the spectral peak was achieved when coefficient bbr = 0.001. The obtained
value bbr = 0.001 was close to the value bbr = 8.5 × 10−3 used by Melville and Matusov
(2002). Moreover, Melville (1994), based on the experiments, suggested the range of values
for coefficient bbr ~ [3 × 10−3, 1.5 × 10−2], which is close to the findings of the present study.
The corresponding breaking crest length spectra Λm(k) were computed for the different wind
speeds U10 = 7.2, 9.8 and 13.6 m/s, using the value bbr = 0.001.
Figure 4.60 shows the comparison of the weighted breaking crest length spectra
Λm(k)(10 / U10)3 computed by Equation 4-49 with the data observed by Melville and
Matusov (2002) ΛMM02(kp) (Eq. 4-51). As it was expected, in the high wavenumber space,
the model computations are remarkably greater than the observational results.
This difference is determined by the fact that the observational data relate to dissipation due
to wave breaking only whereas the computed dissipation function Sds(f) (Eq. 2-29) includes
other dissipation processes of wave energy.
Figure 4.61 compares the computed spectral dissipation function Sds(k) (Eq. 2-29) and
the

dissipation

function

Sbr(k)

according

to

Melville

and

Matusov

(2002).

The comparison shows that both dissipation functions are close to agreement. The results of
the computations of Sbr(k) using bbr = 2 × 10

-5

(Gemmrich, 2005) are also shown in

Figure 4.61 by the dashed line. The results indicate an encouraging agreement between the
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new spectral dissipation source term and the dissipation function according to Melville and
Matusov (2002).
The question as to whether coefficient bbr has a constant value in different wind forcing
conditions has been addressed in the present study. To investigate the behaviour of
coefficient bbr in different wind forcing conditions, the coefficient was computed for the
omnidirectional Combi spectra at different stages of wave development with different wind
speeds U10 = 7.2, 9.8, 13.6, 15, 20, 30 m/s. It should be emphasised that the observed
breaking crest length spectrum ΛMM02(kp) was obtained for well developed waves and for
wind speeds U10 = 7.2, 9.8 and 13.6 m/s particularly.
It has not been discovered whether the observed data would be applicable for different airsea conditions (i.e. stronger winds and young waves). The present study applied the results
obtained by Melville and Matusov (2002) to a wide range of the air-sea conditions.
Furthermore, it is important to consider that the spectral dissipation source term Sds(k) in
Equation 4-52 includes the effect of different dissipative processes together with the wave
breaking, while the breaking crest length spectrum ΛMM02(kp) relates only to wave breaking.
Therefore, the results of computations for coefficient bbr were expected to be greater than
bMM02 = 8.5 × 10−3. The results of these computations showed that for winds U10 ≤ 20 m/s
the computed coefficient bbr was larger for the young and average-developed waves, while
for the mature waves it had fewer values then bMM02. However, for the stronger winds,
coefficient bbr exhibited the inverse behaviour.
Figure 4.62 shows the results of computations of coefficient bbr for the omnidirectional
Combi spectra for different wind speeds U10 = {7.2, 9.8, 13.6, 15, 20, 30}m/s at different
stages of wave development.
In Figure 4.62, coefficient bbr demonstrates different behaviour for different ranges of wind
speed. For wind speeds U10 ≤ 20 m/s, as waves are developing, coefficient bbr exhibits
a reducing trend starting with the values bbr > bMM02 for young waves and reaching value
~ 10 – 3 at full development. However, for very strong winds U10 = 30 m/s, coefficient bbr
remains bbr ≥ bMM02 throughout wave development.
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Figure 4.59 The wavenumber Combi spectrum similar to the wavenumber spectrum
observed by Melville and Matusov (2002) for well developed waves with
wind forcing U10 / cp = 1.3 and wind speed U10 = 13.6 m/s.
Transition from k -5/2 slope to a k -3 is shown.

Figure 4.60 Comparing the

average

length of the

breaking crests spectra

3

Λm(k)(10 / U10) , computed by (Eq. 4-49) using bbr = 0.001, with the
observed ΛMM02(k) (Melville and Matusov, 2002). The computations were
performed for the Combi spectrum for the mature waves with wind
forcing U10 / cp = 1.3 and the wind speed U10 = 10 m/s.
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Figure 4.62 shows that for young waves with U10 / cp > 4, coefficient bbr decreases with
increasing wind speed. As waves are reaching a range of the wind forcing conditions
1.5 < U10 / cp < 2.5, coefficient bbr gradually becomes equal to bMM02 = 8.5 × 10−3
(Melville and Matusov, 2002) for the winds U10 = 30 m/s.
For well-developed waves (i.e.0.83 < U10 / cp < 1.5) including the waves observed by
Melville and Matusov (2002), coefficient bbr takes values in the range [10 – 4, 10 - 3] for the
winds U10 ≤ 20 m/s. Contrary to this, as the waves approach their full development under
the very strong winds U10 = 30 m/s, coefficient bbr increases remarkably.
These processes are not well understood yet and require further investigation. The results of
computations for coefficient bbr shown in Figure 4.62 are consistent with the experimental
value bMM02 = 8.5 × 10−3 suggested by Melville (1994) in the range of the wind forcing
conditions mentioned by Melville and Matusov (2002).
It was interesting to compare the spectral dissipation source term Sds(k) computed for
different wind forcing conditions with the wave breaking spectral function Sbr(k) obtained
by Melville and Matusov (2002). To address this question, the spectral dissipation function,
Sds(k), was computed for the Combi spectra at different stages of wave development
U10 / cp = {0.83, 1.6, 2.7, 4, 5.8} for wind speed U10 = 10 m/s. The results of these
computations are shown in Figure 4.63. For young and average-developed waves the
computed spectral dissipation function Sds(k) exceeds wave breaking Sbr(k) obtained by
Melville and Matusov (2002).
This fact is consistent with the present understanding of wave dissipation processes.
As mentioned above, the computed spectral dissipation source term, Sbr(k), relates to
different dissipative processes in the waves, while Sbr(k) (Melville and Matusov, 2002)
considers wave energy loss due to wave breaking only. For the young waves the effect of
the turbulent viscosity on the wave development is more significant than for the mature
waves due to the fact that more wave breaking occurred in this spectral range. Therefore,
more energy loss occurred due to the turbulent viscosity besides to the wave breaking.
Therefore, the total wave dissipation expressed by the spectral function Sds(k) is larger than
the dissipation due to wave breaking only, Sbr(k). This effect is clearly shown in Figure 4.63.
As waves are approaching their full development stage, the computed spectral dissipation is
less than the experimental. One of the reasons for this discrepancy could be related to the
fact that the experimental results (Melville and Matusov, 2002) are not applicable for this
stage of wave development.
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Figure 4.61 Comparing a new dissipation function Sds(k) (Eq. 2-29) with the dissipation
due to the wave breaking Sbr(k) (Eq. 4-48) (Melville and Matusov, 2002)
using different values of coefficient bbr = {2 × 10

-5

(dashed line),

1 × 10−3 (plain line) and 8.5 × 10−3 (bold line)}. Computations were
performed for the Combi spectra of the well-developed waves with wind
forcing U10 / cp = 1.3 and for the wind speeds U10 = {7.2m/s (line with dots),
9.8m/s (line with crosses), 13.6m/s (line with asterisks)}. The computed
dissipation functions Sds(f) (Eq. 2-29) are weighted by the term (10 / U10)3.

Figure 4.62 Coefficient bbr (Eq. 4-50) as a function of the wind forcing parameter U10 / cp
computed at the spectral peak of the Combi spectra at different stages of the
wave development for the different wind speeds: U10 = {7.2m/s (plain line),
9.8m/s

(line

with

dots),

13.6m/s

(line

with

asterisks),

15m/s

(line with circles), 20m/s (line with crosses) and 30m/s (line with diamonds)}.
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As the researchers have noted, the data in the low wavenumber range are not considered
accurate due to the noise. Therefore, the topic still remains open for further experimental
investigations.
For the dominant waves with U10 / cp = 1.6, Figure 4.63 shows excellent agreement between
the model computations and the experimental results (Melville and Matusov, 2002) at the
spectral peak frequency. It worth mentioning that Melville and Matusov (2002) observed the
waves with the wind forcing U10 / cp = 1.3. The value U10 / cp = 1.6 corresponds to the point
where the computed coefficient bbr coincides with the experimental value of
bMM02 = 8.5 × 10−3 (see Figure 4.62).This agreement led to an investigation of whether a
similar agreement exists for different wind speeds. To address this question, the spectral
dissipation source term Sds(k) was computed for the dominant waves with U10 / cp = 1.6
at different wind speeds U10 = {7.2, 9.8, 13.6, 20 and 30} m/s and compared with the
experimental wave breaking function Sbr(k) (Melville and Matusov, 2002). The results of the
comparison are shown in Figure 4.64. In general, the results indicate close agreement
between the compared spectral functions Sds(k) and Sbr(k) for the dominant waves.
As illustrated in Figure 4.64, the largest difference at the spectral peak is shown for the wind
speed U10 = 7.2m/s. The reasons for this discrepancy are determined by different scopes of
the dissipation processes considered by the spectral dissipation source term Sds(k) and
the wave breaking function, Sbr(k) (Melville and Matusov, 2002).
Since the impact of the viscosity of the fluid on wave development is more significant in
light winds (e.g. U10 = 7.2m/s) than in strong winds (Banner and Pierson, 1998), more wave
energy dissipates through viscous drag rather than through wave breaking. Moreover,
at such winds there may be no breaking of the dominant waves. Therefore, for light winds,
the dissipation source term Sds(k) is greater than the wave breaking term Sbr(k).
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Figure 4.63 Comparing the wave spectral dissipation source functions Sds(f) computed
for the Combi spectra at different stages of the wave development with the
wind forcing conditions: U10 / cp = {5.7 (plain line), 4.5 (line with circles),
2.7 (line with crosses), 1.6 (line with dots) and 0.83 (line with asterisks)},
for the wind speed U10 = 10 m/s. The dissipation due to the wave breaking
Sbr(k) (Eq. 4-48) (Melville and Matusov, 2002) is represented by bold line.
The dissipation functions are weighted by the term (10 / U10)3.

Figure 4.64 Comparing the wave spectral dissipation source functions Sds(f) (2-29)
computed for the Combi spectrum of the mature waves with
the wind forcing parameter: U10 / cp = 1.6 for the different
wind speeds U10 = {7.2m/s (plain line), 9.8m/s (line with crosses),
13.6m/s

(line

with

dots),

20m/s

(line

with

asterisks)

and

30m/s (line with circles)}. The dissipation due to the wave breaking Sbr(k)
(Eq. 4-48) (Melville and Matusov, 2002) is represented by bold line.The
computed dissipation functions are weighted by the term (10 / U10)3.
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Comparing to Gemmrich (2005)

4.2.4.2

The results of computations for the breaking crest length spectrum Λ(v) were compared to
the measured wave breaking data obtained by Gemmrich (2005) during the FAIRS
experiments. In contrast to Melville and Matusov (2002), the observed wave breaking data
from the FAIRS experiment (Gemmrich and Farmer, 2004; Gemmrich, 2005; Gemmrich,
2006) relates to developing wind sea conditions, as well as conditions for mature seas.
Wave breaking data were not previously available for growing wind seas. According to
Gemmrich (2005), the four data sets used offered corresponding measurements of Λ(v).
From these data sets only two were selected for comparison with the results of the model
computations using Equation 4-51: data 1 (U10 = 12 m/s with fp = 0.156 and U10 / cp = 1.2)
and data 3 (U10 = 12 m/s with fp = 0.125 and U10 / cp = 0.98).
The selection of the two datasets was made similar to Banner et al., (2006) in order to
compare the results of the present study with the experimental data of Gemmrich (2005) and
the results of other model computations (Banner et al., 2006). Coefficient bbr = 2 × 10

-5

(Gemmrich, 2006) was used in computations for the breaking crest length spectrum Λ(v) in
Equation 4-52. The results of these comparisons are shown in Figure 4.65. The figure
illustrates the excellent agreement of Λ(v) (Gemmrich, 2005) with the available data for the
dominant waves with the wind forcing U10 / cp = 1.2. However, for mature waves with
-5

-5

U10 / cp = 0.98, the computed results using the same value bbr = 2 × 10 are Λ(vp) = 4 × 10

which is higher than the results of other authors (Gemmrich, 2005 and Banner et al., 2006).
This difference could be caused by the uncertainty of coefficient bbr.
The results of the computations indicate that to match the experimental data
Λ(vp) = 8 × 10

- 6

-5

(Gemmrich, 2005) coefficient bbr must be bbr = 9.5 × 10 which is

comparable with open ocean estimates reported in recent field studies. Moreover, this value
is consistent with the range [8 × 10−5, 1.2 × 10−3] reported by Banner and Song (2002) from
their laboratory experiments. In general, Figure 4.65 shows an encouraging agreement
between the results of the present study and the results of Gemmrich (2005) and
Banner et al. (2006).
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Figure 4.65 Comparing the results of computations of Λm(vp) computed for the Combi
spectra of the waves with wind forcing U10 / cp = 1.2 and 0.98, for the
wind speed U10 = 12 m/s to the corresponding wave breaking data
according to Gemmrich (2005) (ΛG05(vp)) and model computations by
Banner et al. (2006) (ΛB07(vp)).

As noted earlier, previous observational studies reported various values for coefficient bbr
ranging from bbr ~ 2 × 10

-5

(Gemmrich, 2006) to bbr = 8.5 × 10−3 (Melville, 1994 and

Melville and Matusov, 2002). The present study supports the values suggested by Melville
(1994) and Melville and Matusov (2002), even though questions still remain regarding the
reasons for the remarkable discrepancy between the experimental results reported by
Melville and Matusov (2002) and Gemmrich (2006).
To address the question of this disparity in the results, it was decided to carry out an
alternative computation of coefficient bbr to match the experimental value obtained by
Gemmrich (2006). As described in Section 4.2.5 the computations of coefficient bbr were
performed using Equation 4-50. Therefore, this equation was analysed with regard to the
nature of the possible variations in the computations that resulted in the remarkable
discrepancy of coefficient bbr. The dimensional consistency of both sides of this equation
was analysed. Taking into account that bbr is a non-dimensional coefficient, the right hand
side of Equation 4-50 must be non-dimensional:
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(Eq. 4-52)

It should be noted that the weight parameter (10 / U10)3 (Melville and Matusov, 2002) was
omitted from Equation 4-51 as ΛMM02(kp) is already weighted by (10 / U10)3. Equation 4-52
shows that the computations for coefficient bbr were performed correctly. However,
if coefficient bbr (assigned as balt) is computed using the non-dimensional wave dissipation
spectrum in the frequency scale, then ΛMM02(v) (Eq. 4-49) can be represented as follows:
balt =

g S ds ( f )(10 / U 10 ) 3
ρ w v 5 Λ MM 02 (v )

(Eq. 4-53)

Computations using Equation 4-53 showed that coefficient balt correlated with the values
reported by Gemmrich (2006) and it is dimensional:
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This result is a contradiction to the definition of the non-dimensional coefficient bbr.
Therefore, it can be concluded that the computations using Equation 4-53 are erroneous.
Figure 4.66 shows the comparison of the results of computations for coefficient bbr using
Equations 4-50 and 4-53 with the experimental values according to Melville and Matusov
(2002) and Gemmrich (2006). The computations were performed for the Combi spectra at
different stages of wave development under the wind U10 = 10 m/s.
Figure 4.66 shows that the results of both computations (see bbr for [Eq. 4-50]) and balt for
[Eq. 4-53]) are consistent with both reported experimental values (see bMM02 and bG06) for
well-developed waves with U10 / cp = 1.6 (see arrows), respectively. Moreover, Figure 4.66
shows the similar behavioural pattern of two differently computed results (bbr and balt) for
wave development. Furthermore, Figure 4.66 demonstrates convincing coincidence between
the results of two different computations (Eqs. 4-50 and 4-53) with the two experimentally
obtained

discrepant

values

for

coefficient

Gemmrich, 2006).
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Figure 4.66 Comparing coefficient bbr (Eq. 4-50) with coefficient balt for (Eq. 4-53)
computed for the Combi spectra at different stages of the wave
development for the wind speed U10 = 10 m/s. The experimental values
bMM02 for (Melville and Matusov, 2002) and bG06 for (Gemmrich, 2006)
are also shown.

4.2.5

C O.CLUSIO.S

Recently a suggested new parameterisation form for the wave dissipation source term Sds(f)
(Eq. 2-29) (Young and Babanin, 2005) was investigated as it related to a wide range of airsea conditions. Since the spectral level of a wave dissipation source term depends on the
level of the threshold spectrum FT(f), the suggested dissipation source function was
investigated in terms of the threshold wave steepness presented by the newly proposed
function called the saturation transformer T(f) which is an analogue of the spectral saturation
B(f). The threshold level

BnT ( f ) = 0.035 was determined as the optimal value based on

the observational data of Babanin and Young (2005), since breaking can hardly be observed
for the fully developed waves used as the criterion for selection of the threshold value of
BnT ( f ) .
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In the current study a new approach was developed within the strong physical framework
based on recent observations of Donelan (2001) and Young and Babanin (2005). One of the
important physical constraints was the consistency between the wave dissipation and the
wind energy input to the waves. Since the wind input source term varies depending on
wave-induced stress, the wave dissipation source function changes correspondingly.
Hence, wind stress becomes the main physical constraint in operational wave modelling.
The new relational parameter between the wind input and wave dissipation source terms
was introduced in this study as a dissipation rate R. The parameterisation form of the
dissipation rate was presented as a function of the inverse wave age U10 / cp.
The dissipation rate can be widely applied in operational wave modelling to maintain the
correct level of wave dissipation energy in wave models. This approach led to the recording
of a new balance scheme between the energy source terms in the wave models, referred to
as the split balance scheme. The basis of this scheme is the fact that the integral of the wind
input source term is balanced by the corresponding integral of the dissipation source term
while

the

nonlinear

energy

transfer

between

the

waves

is

self-balanced.

This is in agreement with the findings of Badulin et al. (2006).
The two-phase behaviour of the spectral dissipation function was investigated in terms of
the functional dependency of coefficients a for the inherent wave breaking term and b for
the forced dissipation term (Eq. 2-29). The present study found that both coefficients have
functional dependence on the inverse wave age U10 / cp and the spectral frequency.
The dependence on the inverse wave age is mostly determined by the relationship between
the wind energy input and the wave dissipation source terms. Both coefficients are
decreasing with wave development. For well developed waves (U10 / cp < 1) coefficient a
becomes zero, which means that no breaking of the dominant waves occurs. For this stage
of wave development, the dissipation occurs only in the high frequency range of the wave
spectrum. The spectral scale dependence of coefficient a and b is determined by applying
the correction function Z(f) (Eq. 4-39), which ensures that b will be positive at all times.
Moreover it provides the correspondence of the spectral slopes between the wind input
source term and the wave dissipation in the high frequency spectral range.
The correspondence of the slopes is determined by the fact that the exponent in the function
Z(f) (see Equation 4-40) is equal to the exponent of the high frequency spectral tail of the
wind energy input source term Sin(f). This feature is very important, particularly in
achieving the numerical stability of the wave model in the high frequency spectral range.
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According to the observations of Young and Babanin (2006), wave dissipation was maximal
at oblique angles relative to the main propagation direction of the waves. Therefore,
in the present study, a new directional spreading function of a bimodal shape was developed
for the wave dissipation source term. This function includes features that allow the
variations of the directional spectral shape for further research purposes.
The performance of the corrected new spectral dissipation source term was examined to
ascertain whether the new dissipation source term (Eq. 2-29) was able to reconcile
computed breaking crest length spectral magnitudes for dominant waves Λ(vp) with the
experimental data (Melville and Matusov, 2002; Gemmrich, 2005). The findings of the
present study indicate encouraging agreement with the results of both independent studies
(see Figure 4.64). However, a remarkable discrepancy of values for coefficient bbr, which is
used in computations of the breaking crest length spectrum, was observed. This issue was
investigated by computing coefficient bbr using observed Λ(vp) and analysing the results of
these computations against the reported values for coefficient bbr from previous studies
(Duncan,

1981;

Melville,

1994;

Phillips 2001;

Melville and

Matusov,

2002;

Gemmrich 2006). The results of these computations varied depending on the values of the
observed Λ(vp) used.
In addition, the behaviour of coefficient bbr in terms of wave development and for a wide
range of the wind speeds was investigated using ΛMM02(vp), as suggested by Melville and
Matusov (2002). The results obtained shed light on the physical properties of coefficient bbr
in a wide range of air-sea conditions. The results show that for well-developed seas
(U10 / cp < 1.5) coefficient bbr as a function of the inverse wave age becomes very sensitive
to the wave age (see the steep decrease in the range of values bbr ~ [10

- 4

, 10

- 3

]

(see Figure 4.62) for wind speeds U10 < 20 m/s. Moreover, for average-developed waves
(U10 / cp ~ 2.7), good agreement was shown with the value bbr = 3 × 10

- 2

reported by

Duncan (1981) from a laboratory experiment.
The findings lead to the conclusion that the observed discrepancy of the values of
coefficient bbr is caused by its sensitivity to the changing wind forcing conditions during the
wave observations. Summarising the results of the comparisons, it is important to emphasise
that the new spectral dissipation source function demonstrates the ability to predict wave
energy losses consistent with the experimental data.
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It can be concluded that the wave dissipation source function according to Young and
Babanin (2006) is an advanced form composed of the new features of the wave dissipation
processes revealed during recent observations (Young and Babanin, 2006) and can be
widely adopted in operational wave modelling. The performance of the corrected wave
dissipation source function (Young and Babanin, 2006) in evolution runs based on the wave
model WAVETIME-1 is discussed further in Section 4.3.

4.3

MODELLIG SPECTRAL EVOLUTIO

This section presents the results of the numerical experiments designed to validate the newly
proposed parameterisation forms for the wind energy input Sin (Donelan et al., 2006) and the
wave dissipation Sds (Young and Babanin, 2006) source terms discussed in Sections 4.1 and
4.2. These experiments consisted of simulations of duration-limited evolution of
wind-waves, computed using the wind-wave model WAVETIME-1 (Van Vledder, 2004)
with modifications applied in the present study. These modifications included a novel
balance scheme required for the new forms of the source terms Sin and Sds. The model
validation was made against the non-dimensional evolution curves proposed by Babanin and
Soloviev (1998) with asymptotic limits based on Pierson and Moskowits (1964).
The validation strategy aimed to achieve an optimal agreement with the observed
experimental curves.
Section 4.3.1 outlines the setup and preliminary validation of the wind-wave model.
The new balance scheme of the wave model is discussed in Section 4.3.2. Results of the
numerical experiments are reported subsequently in three sections. Section 4.3.3 includes
comparative analyses of the model results against the non-dimensional evolution curves
observed by Babanin and Soloviev (1998). Section 4.3.4 presents the results of assessment
of

the

model

performance

in

terms

of

the

set

of

empirical

parameters

(Banner and Young, 1994) described in Section 4.3.5. Section 4.3.5 provides evaluation of
the model results in terms of the width of the directional spreading of the wave frequency
spectrum.

4.3.1

M ODEL S ETUP

The performance of the new spectral functions of the wind input Sin(f) and the wave
dissipation Sds(f) source terms was assessed using a third generation one dimensional
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research wave model WAVETIME-1 developed by Van Vledder (Alkyon, 2002, personal
communication).
This model includes the EXACT-NL model of Hasselmann and Hasselmann (1985a) using
the WRT method (Webb, 1978; Tracy and Resio, 1982) for computations of nonlinear wave
interactions incorporated by Van Vledder (2005) for the finite depth conditions.
A detailed description of the wave model WAVETIME-1 was provided in Chapter 3.
The model essentially solves the radiative transfer Equation 2-20 either for fetch limited or
duration limited conditions. For the present study only duration limited conditions were
considered: a uniform and steady wind blown over homogeneous deep water waves for a
length of time after a sudden onset. The advection term in Equation 2-20 was excluded.
The time dependent term ∂F / ∂t allows better convergence of model results towards an
equilibrium state. Furthermore, the model showed best performance in the duration-limited
mode during the preliminary validation tests to match the experimental wave growth curves
observed by Babanin and Soloviev (1998).

4.3.1.1

Initial Conditions

The initial conditions for all numerical experiments were represented using the JONSWAP
spectrum with directional spreading as recommended by Babanin and Soloviev (1998).
Parameters for the JONSWAP spectrum were specified according to Babanin and
Soloviev’s (1998) relationships of wave growth. In order to investigate the performance of
the new source functions in the wave model, four different wind speeds (U10 = 7, 10, 15 and
20 m/s) with initial dominant waves with wind forcing conditions U10 / cp = 5.8 were
considered in the experiments. The results of computations discussed in Section 4.3.2 were
obtained for the wind speed U10 = 10m/s with an initial peak frequency fp = 0.9Hz
corresponding to very young waves in wind forcing conditions U10 / cp = 5.8.
4.3.1.2

Output Parameters

The model WAVETIME-1 produced four separate output data files for the one dimensional
wave spectrum F(f, θ) and for associated source terms Snl(f), Sin(f) and Sds(f). Other output
files contained test reports of the model computations as a form of quality assurance for the
operation of the model. The numerical data from the output files were processed using a
specifically developed MATLAB subroutine that was computed using the following
parameters:
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the non-dimensional energy ε = σ2g2/ U10 4, where σ is the variance of the wave
spectrum



the non-dimensional frequency ν = fpU10 /g



the non-dimensional duration ς = gT/U10, where T is the duration of the wave
development



the lobe ratio λ(f) = F(f, θ)max / F(f, θw), where F(f, θw) is the slice of the
spectrum in the wind direction



the Phillips coefficient α - the level of the equilibrium interval computed
according to Bandou et al. (1986)



the average level of the spectral tail αBY and the exponent of the spectral tail
slope n for the directional slice of the wave spectrum in the direction of the main
propagation of the waves



the similarity parameter ξ which is the ratio of the wind direction energy at a
given frequency and wave age to that predicted by Banner (1990)



the spectral spreading parameter A(f) (Babanin and Soloviev, 1998)



the mean spectral width θ

4.3.2

S ELF -C ORRECTI.G W AVE M ODEL

On the basis of new insight into the physical processes associated with wave development, a
new computational routine was implemented in the WAVETIME-1 model. This routine was
identified as self-correcting and suggested for the operational wave modelling.
The self-correcting routine involves the dynamic correction of the computations of the
source terms in order to ensure consistency with the physical constraints during the model
operation.
Wave-induced stress (Eq. 4-6) was selected as the main physical criterion for the model
computations. According to recent experimental results (Anctil and Donelan, 1996;
Drennan et al. 2003 and Donelan et al. 2004) more evidence is currently emerging in
support of wave-age-dependent, wave-induced stress. Therefore, wave-age-dependent wind
stress was considered to be the physical constraint in the present study.
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As was mentioned earlier, the integral relationship (Eq. 4-32) between the wave dissipation
and wind input source functions represents the physical constraint for the dissipation
spectral function. According to this, the wind input and wave dissipation source terms are
coupled separately from the nonlinear interaction source term Snl. Thus, this coupling
between the source terms of radiative transfer Equation 2-20 determines the split balance
scheme. The split balance scheme was integrated into the self-correcting routine of the wave
model shown in Figure 4.67. As can be seen from the figure, for each stage of model
computation, wave-induced stress τw was computed for the wave spectrum that had resulted
from the previous stage of wave development.
The model computed the wave-induced stress using the bulk formula by Guan and Xie
(2004). This wave-induced stress was then used as a physical criterion for the correction of
the wind input source term Sin in order to be consistent with the physical reality.
The consistency was achieved by the correction routine for the wind input source term
introduced in Section 4.1. After that, the spectral dissipation source term Sds was computed
on the basis of the integral relationship (Eq. 4-32) shown in Figure 4.67
(on the low right hand side).

4.3.3

V ALIDATIO. S TRATEGY

Traditionally in wave modelling the main objective of the validation of a source term is to
reproduce the observational results by manually tuning the parameters for the investigating
source term. In most numerical investigations, the validation strategy consists of a series of
experiments applying different values for tuning parameters to improve the performance of
the model. In the present study, this task was complicated by the fact that two new source
terms had to be investigated concurrently. This issue was overcome by a novel
self-correcting computational routine (see Section 4.3.2) applied to the WAVETIME-1
model.
In this way, the wind input source term was corrected by the model during the investigation
of the source terms Sin and Sds, and only the wave dissipation source function needed to be
adjusted to achieve the optimal fit of the model results to the spectral parameters associated
with the observational data from the Black Sea experiments (Babanin and Soloviev, 1998).
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Physical Constraints

Compute τw

τ w = ρ aU102 (CD − CV )

Compute Sin

f max

∫

Correct Sin

f min

Compute Sds

∫S

ds

S in( f )
df = τ w
c( f )

( f )df = R ⋅ ∫ Sin ( f ) df

Figure 4.67 Split-balance scheme integrated with the self-correcting routine of the wave
model WAVETIME-1.
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The adjustment of the dissipation source term was performed using a number of tuning
parameters, including the directional spreading parameters p, θp, ∆θf and ∆θucp altering
bimodal shape along the directions.
The main objective was to reproduce the observed power-law evolution of non-dimensional
energy ε and non-dimensional frequency ν with non-dimensional duration ς within 10% of
approximation range. In addition, the supplementary goal was to obtain wave spectra with
spectral shape properties consistent with the existing observational data including
directional spreading. The performance of the new forms of wind input and wave
dissipation source terms was investigated by the diagnostic method developed in the present
study on the basis of that suggested by Banner and Young (1994).
Assessment of the model results was made on the basis of the following test comparisons of:


the growth curves ε (ν), ν (ς) and ε (ς) against observational data from the Black Sea
experiments of Babanin and Soloviev (1998)



the spectral shape parameters αBY and n as diagnostic for the behaviour of the wind
direction slice of the wavenumber spectrum F(k, θw)



the Phillips coefficient α against the values reported from wave observations



the lobe-ratio λ as a diagnostic parameter for bimodality of the directional shape of
wave spectrum



the spectral spreading function Afp(U10 / cp), A2fp (U10 / cp) and A3fp (U10 / cp) against
the results obtained by Babanin and Soloviev (1998)



the mean spectral width θ against the observational data obtained by Hwang (2000)



the parameter called the similarity parameter ξ as a diagnostic tool for the spectral
energy level.

As was discussed in Section 4.2.2 there is no experimental evidence regarding the relative
spectral levels of the wind input and the wave dissipation source terms in the high frequency
range of the wave spectrum. Therefore, in this study, two types of high frequency spectral
tails for the wave dissipation source terms were considered: one described coefficient b as
constant along the frequency scale (b = b0 (U10 / cp)) and the other described coefficient b as
the frequency dependent function (b = b(f, U10 / cp)). In the second case, the slope of the
dissipation spectrum in the high frequency range was bound with the slope of the wind input
source term.
164

4.3 Modelling Spectral Evolution

CHAPTER 4 METHODS AD RESULTS

The first coefficient b was termed the unconstrained dissipation spectrum and the second
coefficient b was referred to as the constrained dissipation spectrum. The performance of
each type of dissipation spectrum in the wave model was assessed by the diagnostic scheme
already outlined, and the results are discussed in Section 4.3.3.

4.3.4

R ESULTS

This section outlines the results of computations of wave development in deep water
conditions carried out on the model WAVETIME-1. The computations were performed on
AMD Athlon(tm) MP 1800+ server with a dual processor running at 1.5 GHz and
RAM 1GB. The average computational time for the model run with 10000 cycles was 24
hours. The computations were stopped as the trend of the wave growth became apparent.
All computations were carried out for the wind speeds U10 = 7, 10, 15 and 20m/s.
The model runs were assigned on the basis of a selected set of the tuning parameters for the
dissipation source term as follows:
CP0.5A20W10,
where

C / U means the model run for the constrained / unconstrained
dissipation source term
P

is a notation for the trough parameter p

A

is a notation for the angle parameter θp

W

is a notation for the wind speed.

Initially the parameters ∆θf and ∆θucp were set to zero maintaining the θp constant along the
frequency scale and throughout the wave development. The reported results are outlined
according to the diagnostic scheme mentioned earlier for each type of dissipation spectrum.

4.3.4.1

Results for the Unconstrained S d s (f)

Primarily, computations were performed for the unconstrained dissipation spectrum
(when the coefficient b = b0 (U10 / cp)). The computations were performed for the model run
UP0.5A20W10. The results of the computations showed numerical instabilities during the
model runs.
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It was determined that the significant exceedance of the absolute values of the dissipation
function over the magnitudes of the wind input source term in the high frequency range of
wave spectra was the cause of these instabilities. The resulting integral values for the total
source term Stot are shown in Figure 4.68. Moreover, coefficient b of the dissipation source
term takes negative values during wave development.
Figure 4.69 shows coefficients a and b as functions of the inverse wave age during the
model run UP0.5A20W10. As was discussed earlier, coefficient b cannot be a negative
number. As the result of these factors, the wave spectra were taking shapes inconsistent with
the experimental data. The results lead to the conclusion that the unconstrained spectral tail
for the dissipation source function does not produce desirable outcomes during the model
runs. Therefore, the new form of the spectral dissipation source term was henceforth
considered only in terms of the constrained high frequency spectral tail.

4.3.4.2

Results for the Constrained S d s (f)

The main results of the current study are presented in this section. All computations were
performed for the new form of the dissipation source term with the constrained high
frequency spectral tail (bound with the Sin(f) spectral tail). Initially, model validation was
performed for the wind speed U10 = 10 m/s applying different values to the functional
parameters of the dissipation source term mentioned earlier in Section 4.3.1.
After a number of attempts, the best performing set of the parameters was determined and
these values were tested for the other wind speeds mentioned in Section 4.3.1. The model
results were grouped and presented according to the list of output parameters outlined in
Section 4.3.2.
Seeking an optimal fit to the target evolution curves (Babanin and Soloviev, 1998), the
dissipation rate R was adjusted in the range of very young waves U10 / cp = [4.5, 5.5] by
obtaining the variance of the wave spectra within 10% of the range of the target
experimental values. To the best of the researcher’s knowledge, there exists no experimental
evidence

relating

to

the

dissipation

rates

of

very

young

waves.

Therefore,

the dissipation rate of the short scale waves was selected by fitting the variance to the target
experimental data (Babanin and Soloviev, 1998).
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Figure 4.68 The integral of Stot as function of the inverse wave age produced by
the model during the run UP0.5A20W10.

Figure 4.69 Coefficient a and b during the model run UP0.5A20W10.
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Growth Curves. Figure 4.70 shows the growth curves of the model run CP0.5A20W10
compared to the experimental curves of Babanin and Soloviev (1998). The dashed lines
correspond

to

the

10%

approximation

of

the

experimental

curve

(plain line). The growth of non-dimensional energy as a function of non-dimensional
frequency space ε (ν) is presented in Figure 4.70, subplot (a). Subplot (b) shows the
non-dimensional energy growth as a function of inverse wave age ε (U10 / cp).

Figure 4.70b shows the intense growth of wave energy at the early stages of wave
development U10 / cp = [4.7, 3.8]. The maximum difference between the model results and
the observational data relating to the spectral energy was noticed for average developed
waves with U10 / cp = [3.5, 2]. As wave development approaches the full development stage,
wave growth slows. This trend is shown by the gradual change of the slope of the growth
curve towards the lower frequencies (see Figure 4.70a). This trend is consistent with
the wave observations.
The slowing of wave growth is clearly illustrated in Figure 4.71 in subplots (a) and (b)
which show non-dimensional frequency and non-dimensional energy as functions of
non-dimensional duration ν (ς) and ε (ς), respectively. In subplots (a) and (b) this trend is
shown as a transition of the slope into a plateau. The growth curves ν (ς) and ε (ς), presented
in Figure 4.71, are compared with the experimental data obtained by other authors, such as
Kahma (1981), Donelan et al. (1985) and Babanin and Soloviev (1998). The comparison
shows an encouraging agreement between the model results and the presented observational
data for young dominant waves.
For intermediate dominant waves, the model results are close to the experimental data of
Kahma (1981). For well-developed waves, the model produces wave spectra close to the
data reported by Donelan (1985). Only for fully developed waves do the model results
approach the experimental data of Babanin and Soloviev (1998).The trend of energy growth
in the waves is determined by two factors. First, at U10 / cp = 4.7 the wave spectrum is
transformed from a f

– 5

to f

– 4

slope spectral tail and the second is the effect of the

transition of fully separated wind flow to non-separated flow over the dominant waves
(see Figure 4.3, the step-form behaviour of the growth rate of dominant waves.)
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Figure 4.70 Growth curves of the model run CL1P0.5A20W10. The subplot (a) shows
the growth of non-dimensional energy ε as a function of non-dimensional
frequency ν; and subplot (b) shows the growth of non-dimensional energy
ε as a function of the inverse wave age U10 / cp. The model results are
compared with the experimental data of Babanin and Soloviev (1998)
(plain

line)

with

The εPM =3.64*10

10%
-3

approximation

limits

(dashed

lines).

and νPM = 0.13, the magnitudes of the

Pierson-Moskowitz limit are also shown.
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Figure 4.71 Growth curves of the model run CL1P0.5A20W10. The subplot (a) shows
the growth of non-dimensional frequency ν as a function of
non-dimensional time ζ; and subplot (b) shows the growth of
non-dimensional energy ε as a function of non-dimensional time ζ.
The model results are compared with the experimental data of
Kahma (1981) (dashed line), Donelan et al. (1985) (dash-dotted line) and,
Babanin and Soloviev (1998) (plane line). The magnitudes of
Pierson-Moskowitz limit are also shown as εPM, νPM, and ζPM.
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Figure 4.72 Comparing the growth curves computed for the different wind speeds
U10 = 7m/s, 10m/s, 15m/s and 20m/s. with the experimental data of
Babanin and Soloviev (1998) (plain line) with 10% approximation limits
(dashed lines). The magnitude of energy for the Pierson-Moskowitz limit
is also shown as εPM.

In general, the results show that the trend of spectral level α is to decrease. However, the
stepwise increase of the spectral level is clearly shown in the range of average developed
waves U10 / cp = [3, 4.5]. This distinct stepwise increase traces the flow separation effect
included in the new form of the wind input source term. This effect becomes apparent with
the lag due to the delay of the model response in reflecting the stepwise increase in the
growth rate at U10 / cp = [4, 4.5] (see Figure 4.3).
The present study found that the magnitudes of spectral level α relate to the magnitudes of
wave-induced stress. The results indicate that the larger the wind stress, the higher the
spectral level of the resulting wave spectrum. This relationship is due to the selection of
wind stress as a determining factor of the new form of the wind input source term, which
defines the increment of the spectral energy and consequently the spectral level of the
resulting wave spectra. Based on this fact, it can be concluded that in WAVETIME-1 the
magnitude of the wind stress determines the spectral level of the wave spectra which have
been generated.
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Figure 4.72 compares the growth curves of wave development under different wind speeds
U10 = 7, 10, 15 and 20m/s with the experimental data of Babanin and Soloviev (1998).
This comparison shows encouraging agreement between the model results and observations
of Babanin and Soloviev (1998) for all selected wind speeds. The results of computations
indicate that the model is able to reproduce growth curves that are consistent with the
existing observational data, even for very strong winds.

Level of the Equilibrium Interval α. Figure 4.73 presents the values of spectral
level α of the equilibrium interval of wave spectra produced during the model run
CL1P0.5A20W10. The model results were compared with the experimental values of
spectral level α obtained by other authors (Hasselmann, 1973; Donelan, 1985; Bandou,
1986; Evans, 1990 and, Babanin and Soloviev, 1998). The comparisons show an
encouraging consistency of the model results with the experimental values. The general
trend of the spectral level is shown by the linear approximation of the values of α
(bold line). The spectral level can be regulated by other factors which also affect dissipation
rates, including the dissipation rate R, including the directional spreading parameters p, θp,
∆θf and ∆θucp , all of which influence the bimodal shape in all directions.

The Average Level αBY and the Exponent n.

Figure 4.74 shows the values of

the non-dimensional spectral parameters αBY and n for the wind direction slice of the
wavenumber spectra as functions of the inverse wave age U10 / cp. The parameters αBY and n
were computed by applying the least square method to data from the model in the high
frequency range f > 2.5fp.
The model results were compared with the results of Banner (1990) (see the bold lines in
both subplots). Subplot (a) shows encouraging agreement between the model results
(line with dots) and the values suggested by Banner (1990) (bold line). Subplot (b) shows
that in general the modelled spectra have less slope exponent than suggested by
Banner (1990).
Similar results reported by Banner and Young (1994) showed less rapid decay of the
modelled wavenumber spectra than the results of Banner (1990). In general, the results
indicate that the model can produce wave spectra with a spectral level matching the
experimental spectra in high wavenumber regions.
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Figure 4.73 Values of α during the model run CL1P0.5A20W10. The results of
computations are compared with the experimental values obtained by
different studies.

The Similarity Parameter ξ. Figure 4.75 shows the similarity parameter ξ as a
function of the inverse wave age U10 / cp for the model run CL1P0.5A20W10. Figure 4.75
shows the value of ξ = 0.78 evaluated for the wave spectrum at the given wavenumber
k = 0.5cpm for the inverse wave age U10 / cp = 1.64 corresponding to the value cp / u* = 16
from Banner and Young (1994). The obtained value of ξ = 0.78 indicates that for this stage
of wave development the wind direction slice of the wavenumber spectrum has
a wavenumber tail close to that suggested by Banner (1990).
Moreover, the results of computations presented in Figure 4.75 show that the model
produces the wavenumber spectrum suggested by Banner (1990) (when ξ = 1) for the
inverse wave age U10 / cp = 1.2 (see Figure 4.75 the intersection of horizontal bold line with
the curvy line with dots). Furthermore, Figure 4.77 shows that ξ takes values close to 1
several times at different stages of wave development: the first for young waves with
U10 / cp = 4.75; the second for average developed waves with U10 / cp = 2.5; and the third for
well developed waves with U10 / cp = 1.2. For fully developed waves the values of ξ are
retained within 20% of the similarity value ξ = 1.
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Figure 4.74 Values of nondimensional spectral parameters αBY (subplot [a]) and
n (subplot [b]) for wind direction slice of the wavenumber spectra as
functions of the inverse wave age U10 / cp for the model run
CL1P0.5A20W10. The parameters αBY and n were computed by means of
the least square method for the model data in the high-frequency range
f > 2.5fp. The model results (lines with dots) are compared to the results of
Banner and Young (1994) (bold lines).
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Figure 4.75 The similarity parameter ξ as a function of the inverse wave age U10 / cp
computed from the results of the model run CL1P0.5A20W10.

It is worth noting that the values of the similarity parameter ξ are determined by the
magnitudes of the equilibrium spectral level α (see Figure 4.73). It is clearly shown that for
the range of the wind forcing U10 / cp = [2.8, 4.8], the similarity parameter ξ shows the
maximum difference between the spectra produced by the model and that suggested by
Banner (1990). For the same range of wind forcing conditions, the shape parameter α shows
an intensive growing trend in its values which demonstrate a step-like jump
(see Figure 4.73). As was mentioned in the previous section, the step-like jump is related to
the sudden increase of growth rates marking the transition of the wind flow from fully
separated to non-separated from the water surface. On this basis, it can be concluded that the
difference indicated by the similarity parameter ξ in the range U10 / cp = [2.8, 4.8] may be
related to the change of wind flow conditions over dominant waves. This topic will be
discussed further in Chapter 5.

Directional Spreading Function D(f, θ).

Figure 4.76 shows the directional

spreading function at frequencies fp, 2fp and 3fp for intermediate dominant waves with
U10 / cp = 2.7 from the model run CL1P0.5A20W10. This directional function has a
unimodal shape for the dominant waves. In the high frequency range of the spectrum, it has
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a clearly pronounced bimodal shape with its width increasing towards the short scale waves.
More energy is contained in the off-wind direction than in the wind direction. The bimodal
structure was maintained by the directional transfer of energy through nonlinear wave-wave
interactions.
Figure 4.77 shows the directional spreading function at frequencies fp, 0.9fp 0.8fp and 0.7fp
for intermediate dominant waves with U10 / cp = 2.7 from the model run CL1P0.5A20W10.
The results indicate that directional spreading broadens in the range of frequencies below
peak frequency. The bimodality of the spreading is pronounced below 0.8fp.
In the range [0.9fp, fp] the wave spectrum shows unimodal directional spreading.
These results are completely consistent with the observations of directional spreading
reported by various authors (Young et al., 1995; Babanin et al., 1997; Hwang et al., 2000,
and, Wang and Hwang, 2001).
According to the observations, the spreading broadens for frequencies just above and below
the spectral peak frequency. At frequencies of approximately twice the peak frequency,
however, the unimodal spreading becomes bimodal, and more wave energy propagates at an
angle to the wind than in the direction of the wind. The bimodal sidelobes continue to
separate

with

increasing

frequency

and

become

larger

in

magnitude.

The results of the current study indicate that the model can reproduce wave spectra with
directional spreading shapes that match the observational data.

Sidelobe Ratio λ. Figure 4.78 shows the sidelobe ratio λ at the frequencies 2fp and 3fp as
a function of inverse wave age U10 / cp during the model run CL1P0.5A10W10. The results
indicate the presence of sidelobes as part of the directional spectra (λ > 1). The bimodality is
clearly pronounced starting from young waves where U10 / cp = 4.7. Furthermore, the results
show that the bimodal shape is more pronounced for short scale waves at the frequency 3fp
(dashed line). The results computed for waves with this frequency are consistent with the
results of Banner and Young (1994) for their constraint tail run K10CT (their Figure 6).
This match of the results is very interesting in light of the fact that in the present study all
model runs were performed for wave spectra with an unconstrained high frequency tail.
This indicates that the model is able to reproduce a spectral tail matching the prescribed
constrained tail in both shape and spectral level, and even in directional distribution.
The latter attribute is discussed in the next section.
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Figure 4.76 Directional spreading function of the wave spectrum at the average stage
of wave development (U10 / cp = 2.7) from the model run
CL1P0.5A20W10. The computations were performed for the directional
spectral slices at the frequencies fp, 2fp and 3fp. An angle θ = 0 corresponds
to the wind direction.

Figure 4.77 Directional spreading function of the wave spectrum at the average stage of
wave development (U10 / cp = 2.7) from the model run CL1P0.5A20W10.
The computations were performed for the directional spectral slices at the
frequencies fp, 0.9fp 0.8fp and 0.7fp. An angle θ = 0 corresponds to the wind
direction.
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Figure 4.78 The sidelobe ratio λ at the frequencies 2fp and 3fp as a function of
inverse wave age U10 / cp during the model run CL1P0.5A10W10.

Directional Spreading Width A(f).

Figure

4.79a

shows

the

values

of

the directional spreading parameter A as a function of the inverse wave age computed for
the directional spectra at the frequencies fp, 2fp and 3fp during the model run
CL1P0.5A20W10, and compared with the experimental dependences of Babanin and
Soloviev (1998a). The results show a broadening of the wave spectra above the
peak frequency (A(fp) > A(2fp) > A(3fp)). Behavior of the angular spread at the spectral peak
is reproduced well. Figure 4.79a shows the narrowing of the directional spectral width at the
spectral peak of wave development (see increasing trend of the A(U10 / cp) with the
decreasing U10 / cp). For higher frequencies and younger waves, agreement is achieved.
However, for later wave development stages some limitations are still to be addressed.
As is illustrated, the model produces wider spectra in the range of short scale waves than
the experimentally obtained data (see comparisons for A(2fp) and A(3fp)).
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Figure 4.79 Subplot (a) shows comparisons of the model results for the directional
spreading parameter A (lines with dots, crosses and asterisks) with the
experimental data of Babanin and Soloviev (1998a) (bold, plain and
dashed lines).The computations were performed for the directional
spectral slices at the frequencies fp, 2fp and 3fp. Subplot (b) shows the
relative magnitudes of the directional width computed for the model
spectra compared to the experimental values ABS98.

The comparison between the model results and the experimental data can be clearly
demonstrated using the ratio of the compared values. Figure 4.79b shows the relative
magnitudes of the directional width computed for the model spectra compared to the
experimental values ABS98.
It is clearly shown that for young waves where U10 / cp > 3, the directional width is close to
the experimental data (line with dots). However, for well-developed waves (U10 / cp < 2.5),
the wave spectra are broader than experimentally observed. Further investigation was
required to achieve agreement between the modelled directional spectra and the observed
spectra.
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Figure 4.80 Comparisons of the directional spreading parameter A computed for
different wind speeds U10 = 10 (bold lines), 20 (plain lines) m/s.
The computations were performed for the directional spectral slices at the
frequencies fp (plain line), 2fp (dashed lines) and 3fp (lines with crosses).

The effect of broadening the wave spectrum was to influence the directional redistribution
of energy by the nonlinear term Snl. Energy from components in the spectral tail close to the
wind direction is transferred to the larger angles. Such redistribution occurs because the sum
of Sin + Sds is negative at such angles.
The magnitudes of the sum of Sin + Sds at oblique angles are controlled by the parameters of
the directional spreading function (Equation 4-48) of the dissipation source term
Sds (p, θp, ∆θf and ∆θucp). Variation of these parameters results in the alteration of the
directional width of the wave spectra. When the trough parameter p is decreased, the width
of the directional lobes is increased. Consequently the magnitudes of the dissipation source
term are increasing in all directions excluding the directions of the spectral lobes
(Figure 4.57). By increasing the peak angle θp the dissipation source term is decreased in the
direction of the wind and increased at angles larger than θp.
Figure 4.80 shows a comparison of the values of the angular width parameter A( fp )
computed from model runs with different wind speeds U10 = 10m/s and 20m/s.
The results indicate that with increasing wind speed the angular width of the wave spectra
does not change significantly.
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Figure 4.81 Comparison of the correction rates η as functions of the inverse wave
age U10 / cp computed for the model run CP0.5A20W10 (shown as WT1) and for the MATLAB modeled wave evolution for the wind speed
U10 = 10m/s.

Model Results for SI. Source Function.

The method developed to correct the

new wind input source function allowed the degree of adjustment of the function to be
estimated in order to achieve correspondence with the correct value of the wave-induced
stress in terms of the correction rate η introduced in Section 4.1.3.
Figure 4.81 shows the correction rate η as a function of the inverse wave age U10 / cp for the
model run CP0.5A20W10 (shown as WT-1) and for the MATLAB modelled wave
evolution for the wind speed U10 = 10m/s. Using MATLAB, for each stage of wave
development the wind input source term was computed for the Combi-type wave spectrum,
with the spectral parameters corresponding to the observations of Hasselmann et al. (1973),
Donelan (1985), and Babanin and Soloviev (1998) for this stage of wave development.
Therefore, in MATLAB, source functions at each previous stage did not contribute to the
subsequent wave spectrum. This type of modelling of wave development can be called
pseudo-evolution of waves. In contrast to this behaviour, in real-time wave models each
following spectrum is a result of the contribution of the activated source functions computed
for the wave spectrum at the previous stage.
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Therefore, in real-time wave models there is interdependence between the wave spectra and
the source functions. The difference between the results of these two modelling approaches
allows the performance of the real-time wave model to be estimated relative to the
observational data and establishes the source of bias. This method proved very helpful
during the present research.
The correction rate for the model run CP0.5A20W10 shows higher suppression rates than
those for the wind input source term computed for the spectra modeled in MATLAB.
The maximal difference was obtained for average developed waves where U10 / cp = [2, 4].
In particular, in the same range, the spectral level α has an increasing trend as shown in
Figure 4.73. This indicates that the wind input source function exhibits higher growth rates
than can actually be observed in nature. It's quite possible, that the higher growth rates are
related to the transition of the wind flow from fully-separated to non-separated.
In Figure 4.3 (see Section 4.1), the growth rate γ reaches its maximum at U10 / cp = 4.
Based on this observation, it can be concluded that this feature may relate to that shown in
Figure 4.81 difference of correction rates. This difference between the model run
CP0.5A20W10 and the MATLAB results indicates that probably the magnitude of the steplike jump of the growth rate (see Figure 4.3) needs further experimental evaluation.
Moreover, the magnitude of this jump may relate to the magnitude of the wind speed
(discussed later in this chapter).
Figure 4.82 shows the correction rate η as a function of the inverse wave age U10 / cp
computed for the model runs with different wind speeds U10 = 7, 10, 15 and 20 m/s.
The results indicate that light winds require higher suppression rates for Sin(f) than strong
winds. The differences are significant in the same range of U10 / cp = [2, 4] as mentioned
above. This indicates that one of the reasons for this difference could be that the magnitude
of the step-like jump of the growth rate may relate to the magnitude of the wind speed.
As was shown in Figure 4.3, the magnitude of this jump was the same for all the wind
speeds. Further experimental study is recommended to determine the relationship between
the magnitude of the sudden increase of the growth rate and wind speed.
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Figure 4.82 Comparisons of the correction rate η as a function of the inverse wave
age U10 / cp computed for model runs with various wind speeds
U10 = 7m/s, 10m/s, 15m/s and 20m/s.

Model Results for the SDS Source Function.

Figure 4.83 shows coefficients a

and b of the new dissipation source term Sds(f) as functions of the inverse wave age U10 / cp
for the model run CP0.5A20W10 (assigned as WT-1) in both subplots (a) and (b).
The experimental value of aexp = bexp = 0.0065 is shown in both subplots. Coefficients a and
b from the model run CP0.5A20W10 were compared with coefficients of the dissipation
source term computed from the MATLAB pseudo-evolution of the Combi spectra for wind
speed U10 = 10m/s (assigned as MATLAB). Subplot (a) shows an encouraging agreement
between the model run CP0.5A20W10 and the results obtained from MATLAB. Moreover,
coefficient a obtained from the model run CP0.5A20W10 takes the experimental value aexp
=

0.0065

in

the

range

of

average

developed

waves

where

U10 / cp ~ 2.5. The results shown in subplot (a) indicate the excellent performance of the
new dissipation source function in the range of dominant waves. Subplot (b) shows an
encouraging agreement for coefficient b between the results of the model run
CP0.5A20W10 and the experimental value bexp = 0.0065. The agreement between these
results was obtained in the range of U10 / cp = [2.3, 4.3].
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Figure 4.83 Coefficients a and b of the new dissipation source term Sds(f) as functions
of the inverse wave age U10 / cp for the model run CP0.5A20W10 (assigned
as WT-1) in the both subplots (a) and (b). The experimental value of aexp =
bexp

=

0.0065

is

shown

in

both

subplots.

The

coefficients

a and b from the model run CP0.5A20W10 are compared with coefficients
of the dissipation source term computed from the MATLAB pseudoevolution of the Combi spectra for the wind speed U10 = 10m/s (assigned
by MATLAB).

Comparing coefficient b from the model run CP0.5A20W10 with the results of the
MATLAB computations, the discrepancies are pronounced, particularly for well-developed
waves. Identification if the source of this discrepancy is a complex task. The complexity is
based on the specific construction of the model which was discussed in Section 4.3.2.
Based on the model structure, the dissipation source term is computed in such a way as to
correspond to the wind input source term, which is, in turn, corrected to satisfy the current
value of the wave-induced stress.
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As was discussed in Section 4.1, the correction of the wind input source function was
applied in the high frequency range of the wave spectrum. In this range of the wave
spectrum the magnitudes of the dissipation rates are determined by coefficient b. Therefore,
any correction applied to the wind input source term significantly affects the values of
coefficient b.
Since the correction of the wind input source term was described in terms of correction rates
η, coefficient b may exhibit relational dependence on the correction rate. Consequently, the
high level of suppression of the wind input source term results in lower magnitudes of
coefficient b. This relationship is pronounced in the range U10 / cp = [2, 4], where coefficient
b exhibits uneven behavior. For the range of fully developed waves, the reduced values of
coefficient b may be produced by low spectral values, since the dissipation source term
depends on the wave spectrum.
Figure 4.84 shows coefficients a and b as functions of the inverse wave age U10 / cp for the
model runs computed with different wind speeds U10 = 7, 10, 15 and 20 m/s. Subplot (a)
shows that coefficient a remains the same for all winds. This result indicates the magnitude
of the relation between wind energy transfer to the waves and the dissipation energy present
independent of wind speed. The inherent breaking of waves is increased with increasing
wind speed. This increase is due to the increase of the residual between the values of the
wave spectrum and the threshold spectrum ∆F = F(f) - FT(f) corresponding to an increase of
wave steepness at higher wind speeds. Due to this increase of the ∆F, coefficient a remains
the same. This result shows that the dissipation rates relate to the hydrodynamic properties
of the waves.
Figure 4.84b shows that coefficient b for young waves did not exhibit a relationship to the
wind speed similar to the MATLAB results for the Donelan (1985) spectra
(see Figure 4.52b). However, for the Combi spectra (see Figure 4.52c) the MATLAB
pseudo-evolution runs, showed that the values of coefficient b for young waves were
increasing in correspondence with the wind speed. However, both Figure 4.52b and
Figure 4.52c show that these differences are not significant at later stages of wave
development, which supports the WAVETIME-1 results.
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Figure 4.84 Coefficients a and b as functions of the inverse wave age U10 / cp
computed

for

the

model

runs

for

different

wind

speeds

U10 = 7m/s (plain line), 10m/s (bold line), 15m/s (line with dots) and
20m/s (line with asterisk).

In conducting the MATLAB computations, it was agreed that all constraints had to be to be
satisfied, and the model was basically a verification of how the new parameterisations
worked, even though the dependence was not so distinct as it was in the case of the rectified
modelling with MATLAB. Therefore, it was concluded that the forced breaking term of the
dissipation source function (Eq. 2-29) exhibits a nonlinear relationship to the wind speed of
young waves, whereas the inherent breaking term exhibits linear dependence. For the later
stages of wave development both terms of the dissipation source function (Eq. 2-29) exhibit
linear dependence on the wind speed. Furthermore, Figure 4.84 shows that the model results
for both coefficients are in agreement with the experimental value aexp = 0.0065.
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Exponents of the Spectral Tail of Sin(f) and Sds(f).

One of the outcomes of

the novel approach to the interdependence of the wave dissipation and the wind input source
terms was the correlation between their slope exponents µ in the high frequency range of the
spectral tail. Figure 4.85 shows the slope exponent µ computed for both source terms Sin(f)
and Sds(f) as a function of the inverse wave age U10 / cp for the model runs testing different
wind speeds U10 = 7, 10, 15 and 20 m/s shown in the subplots (a), (b), (c) and (d),
respectively. Figure 4.85 shows the correlation between the slope exponents of Sin(f) and
Sds(f) for all winds. For young dominant waves where U10 / cp > 4, the high frequency
spectral slopes of Sin(f) and Sds(f) differ. However, as the waves develop, these exponents
converge. Figure 4.85 clearly shows that the slope µ decreases during wave development for
all wind speeds.
Moreover, as wind speed increases, the range of variation of the slope exponent decreases.
This trend correlates with the variation in the correction rates of the increasing wind speed
(Figure 4.82). This correlation is determined by the degree to which the wind input source
term is suppressed as a result of the correction routine applied at each stage of wave
development. Once again, the correction rate significantly influences the spectral shape
formation of both source functions Sin(f) and Sds(f).
Since the total energy of wave dissipation across the entire wave spectrum is close to the
wind energy input to the waves (see Equation 4-32) which is described by the integral
relationship between the source functions Sin(f) and Sds(f), the spectral magnitudes of these
source functions in the short scale range are comparable. This is an important factor to
consider when attempting to achieve stability in the operational wave model.

Comparing to Melville and Matusov (2002).

The performance of the wave

model in reproducing the observed data related to wave breaking was estimated in terms of
coefficient bbr computed from the results of the model runs. The objectives of this approach
were discussed earlier in Section 4.2.5. The computed coefficient bbr was compared with
experimental values bMM02 = 8.5 × 10−3 (Melville and Matusov, 2002) and bG05 = 2 × 10-5
(Gemmrich, 2006) and the results of pseudo-evolution performed in MATLAB.
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Figure 4.85 Slope exponent µ computed for both source terms Sin(f) (line with dots) and
Sds(f) (line with asterisk) as a function of the inverse wave age U10 / cp for
the model runs with different wind speeds U10 = 7m/s, 10m/s, 15m/s and
20m/s shown in the subplots (a), (b), (c) and (d), respectively.
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Figure 4.86 shows an encouraging agreement between the results from the model run
CP0.5A20W10 and the experimental value of Melville and Matusov (2002) for welldeveloped dominant waves where U10 / cp = 1.55. Moreover, the model reproduced the
values of coefficient bbr close to the results computed from the MATLAB pseudo-evolution.
Figure 4.87 shows coefficient bbr as a function of the inverse wave age U10 / cp computed for
the model runs with different wind speeds U10 = 7, 10, 15 and 20 m/s. The results computed
from the model data indicate similar behaviour on the part of coefficient bbr as was
presented in Figure 4.62. However, in Figure 4.87 the model results are more converged
those shown in Figure 4.62. This difference may be the result of the difference in correction
rates of the wind input source function shown in Figure 4.82. As waves reach their full
development under wind forcing conditions 0.83 < U10 / cp < 1.5, coefficient bbr gradually
becomes equal to bMM02 = 8.5 × 10−3. In particular, for fully developed waves associated
with wind speed U10 = 20 m/s, coefficient bbr is very close to the experimental value bMM02.
Figure 4.87 shows that in light winds (U10 < 10 m/s) and for well developed waves
(U10 / cp < 1) the model results are close to the results of Gemmrich (2006).
Figure 4.88 compares the dissipation source function computed from model run
CP0.5A20W10 for dominant waves with inverse wave age U10 / cp = 1.55 with the
dissipation function computed by Melville and Matusov (2002) on the basis of their
experimental data. The dissipation of the dominant waves from the model run matches the
experimental magnitude of the dissipation function of Melville and Matusov (2002).
However, in the range of short scale waves there is remarkable difference. This difference is
to be expected due to the fact that the dissipation function of Melville and Matusov (2002)
relates only to breaking waves, while the dissipation source function of Babanin and Young
(2006) includes all dissipation processes occurring in the waves. Therefore, it is consistent
that the model results are greater than the experimental data. However, the magnitudes of
difference in the range of short scale waves still require more experimental verification.
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Figure 4.86 Coefficient bbr as a function of the inverse wave age U10 / cp computed
from the model run CP0.5A20W10 (assigned as WT-1) (bold line).
The model results were compared with the experimental values
bMM02 = 8.5 × 10−3 (Melville and Matusov, 2002) (plain line) and
bG05 = 2 × 10-5 (Gemmrich, 2006) (dashed line) and the results of
pseudo-evolution performed in MATLAB (line with dots).

Figure 4.87 The coefficient bbr as a function of the inverse wave age U10 / cp computed
for the model runs with different wind speed U10 = 7m/s, 10m/s, 15m/s and
20m/s.
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Figure 4.88 Comparison of the dissipation source function produced by model run
CP0.5A20W10

for

dominant

waves

with

inverse

wave

age

U10 / cp = 1.55 with the dissipation function computed by Melville and
Matusov (2002) on the basis of their experimental data.

4.3.5

C O.CLUSIO.S

The performance of the new wind input and wave dissipation source functions was
investigated using the wave model WAVETIME-1. The investigation of new source
functions with unknown parameters in a radiative transfer equation is a complex task.
Additional complexity was introduced, however, through the concurrent investigation of
two new source functions Sin(f) and Sds(f) which interrelated to one another. Moreover,
it was necessary that these functions reflected the constraints that dictated the physical
framework of the model.
Uniquely, this study developed a unique approach that addressed all aspects of the physical
framework of the wave model. Wave induced stress was selected as the main physical
constraint for the model, which describes the strength of the interaction between the wind
and the waves. Using this approach, the computational routine of the model was changed to
a new one, which was introduced as the split-balance self-correcting routine, which most
closely describes the physical processes of wind-wave interactions known in current wave
modelling. One of the significant advantages of this routine is the dynamic correction of the
wind input source function, which ensures consistency with the existing value of wind stress
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during a model run. Furthermore, the split-balance self-correcting routine can be easily
implemented in other wave models with different forms of the wind input source functions.
The results of the model runs were intensively tested against the observed experimental data
in terms of various spectral parameters (listed in Section 4.3.3). The results of the tests
showed that the model was able to reproduce the experimental data in terms of wave growth
curves and spectral magnitudes of the wave spectra. The model results fit
the experimental growth curves of Babanin and Soloviev (1998) within a 10% range.
Furthermore,

the

model

exhibits

an

energy

saturation

level

approaching

the

Pierson-Moskowitz limit at the full development stage of wave evolution. This feature was
clearly shown in time dependent growth curves in Figure 4.71.
It was found that there was very intense growth during the early stages of wave
development U10 / cp = [4.7, 3.8] due to the transformation from f – 5 to f – 4 of the slope of
the spectral tail and the transition from a fully separated wind flow to a non-separated flow
over the dominant waves. This last mentioned feature was the result of the step-form
behaviour of the growth rate of dominant waves revealed in the observed data of
Donelan et al. (2006).
The spectral level of the model spectra was verified in terms of the spectral parameter α and
the average level αBY. The model results for α were compared to the experimental data
obtained by different researchers (Hasselmann, 1973; Donelan, 1985; Bandou, 1986;
Evans, 1990; and Babanin and Soloviev, 1998). The comparisons showed an encouraging
correlation between the model results and the established experimental values.
The previously mentioned step-form behaviour of the growth rate was traced in the increase
of the magnitudes of α in the range U10 / cp = [3, 4.5]. However, the increased magnitudes of
α

remained

consistent

with

the

experimental

data

(see

Figure

4.71).

The average levels αBY of the model spectra were compared with the results of Banner
(1990). The comparisons also showed agreement between the compared values.
The spectral slope of the model spectra was examined in terms of the exponent slope n in
order to determine the directional slice of the wave spectrum at the point of the main
propagation of the waves. The model results showed that the wave spectra had less slope
exponent than suggested by Banner (1990). Similar results were reported by Banner and
Young (1994) whose research showed less rapid decay of the modelled wavenumber spectra
then the results of Banner (1990).

192

4.3 Modelling Spectral Evolution

CHAPTER 4 METHODS AD RESULTS

The present study showed that the model was able to replicate the observed directional
spreading of the wave spectra. Particularly, the directional slice of the wave spectrum of the
dominant waves had a unimodal shape, while in the low and the high frequency range it had
a bimodal shape. This bimodality of the directional spreading in the high frequency range of
the wave spectrum was clearly confirmed by the sidelobe ratio parameter λ.
The model results for λ were consistent with the results of Banner and Young (1994), even
though the model computations were performed for an unconstrained spectral tail in contrast
to the Banner and Young’s (1994) model setup.
The directional spreading of the model spectra was verified in terms of the spreading width
A(f) (Babanin and Soloviev, 1998). The results showed broadening of the wave spectra
above the peak frequency, which indicates that the model is able to reproduce the observed
behavior of the angular spread. For the high frequency range, the model results were
consistent with the observations at the early stages of wave development. However,
for the later wave development stages the model produced broader directional spectra than
the observed ones and some limitations are still to be addressed.
The behavior of the new source terms Sin and Sds was investigated on the basis of the model
results obtained for different wind speeds. The wind input source function was examined in
terms of the correction rate η. The results indicated that the correction rates are high in the
range U10 / cp = [2, 4] where the transition of the wind flow from fully-separated to
non-separated was occurring. Moreover, the model results showed that light winds required
higher suppression rates than strong winds. Further experimental study was recommended
in order to determine the relationship between the magnitude of the sudden increase in
growth rate and wind speed during the transition of the wind flow from fully-separated to
non-separated.
The behavior of the new dissipation source term was examined in terms of the behavior of
coefficients a and b as the functions of the inverse wave age and wind speed. It was found
that coefficient a for inherent wave breaking does not relate to wind speed, whereas
coefficient b was dependent on the wind speed of young waves only. It was concluded,
therefore, that the forced breaking term of the dissipation source function (Equation 2-29)
exhibits a nonlinear relationship to the wind speed for young waves, whereas the inherent
breaking term possesses linear dependence. For the later stages of wave development both
terms of the dissipation source function (Equation 2-29) exhibit linear dependence on wind
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speed. Furthermore, the model results show that both coefficients are in agreement with the
experimental value aexp = 0.0065.
In general, it was found that both terms of wave dissipation decrease with wave
development. Moreover, the inherent breaking term decreases more rapidly than the forced
breaking term. When the waves approach full development stage, their phase speed is high
enough that the wind cannot transfer more energy to the dominant waves.
On this basis, the dominant waves have zero wave-induced stress. Since coefficient a relates
to wave-induced stress, it becomes zero as well. Consequently, for fully developed waves,
the inherent breaking term vanishes and wave dissipation is represented only by the forced
breaking term, which always exists (Young and Babanin, 2006). These results are consistent
with the observations of Young and Babanin (2005) and Gemmrich (2005).
On the basis of the model results it was found that the major dissipation of wave energy
occurs at oblique angles θ = [20o, 30o] to the main wave propagation direction.
Model stability was achieved when the angle θ broadened from θp = 20o for the dominant
waves towards θp = 30o for the short scale waves.
One of the important findings of the present study was the interrelationship between the new
source terms Sin and Sds in terms of the spectral magnitudes and their slope exponents
particularly in the high frequency range. It was found that for short scale waves, the spectral
magnitudes of Sin should be comparable to the magnitudes of Sds. In the high frequency
range, wave dissipation cannot exceed the other source terms, which implies a very fast
decay of wave energy.
It was shown that the model produced stable results when the spectral tail of the wave
dissipation source term was constrained by the slope exponent of the wind input source
term. Furthermore, their slope exponents were computed from the model results at different
stages of the model run. It was found that during wave development, slope exponents
converge.
The performance of the new dissipation source term in reproducing the observed wave
breaking data (Melville and Matusov, 2002 and Gemmrich, 2005) was evaluated in terms of
coefficient bbr. Coefficient bbr computed from the results of the model runs was compared
with the experimental values bMM02 = 8.5 × 10−3 (Melville and Matusov, 2002) and
bG05 = 2 × 10

-5

(Gemmrich, 2006) from wave observations. The comparison showed an

encouraging agreement between the model results and the experimental value of coefficient
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bbr (see the Figure 4.86) computed for dominant waves with experimental values from
Melville and Matusov (2002).
On the other hand, the present study found that in light winds (U10 < 10 m/s) for well
developed waves (U10 / cp < 1) the model results are close to the results of Gemmrich
(2006). Furthermore, model results for the dissipation of dominant waves matched observed
wave breaking. In the high frequency range, as expected, the model dissipation was larger
than that observed due to the different scope of the dissipation processes considered in the
compared functions. The dissipation function of Melville and Matusov (2002) was defined
only

for

breaking

waves,

while

the

dissipation

source

function

of Young and Babanin (2006) includes all dissipation processes occurring in the waves.
However, the magnitudes of difference in the range of short scale waves still requires more
experimental investigation.
In general is can be concluded that the model incorporating the corrected forms of the
new source functions Sin(f) (Donelan et al. 2006) and Sds(f) (Young and Babanin, 2006) was
able to reproduce the existing experimental data. Therefore, the new forms of the wind input
Sin (Donelan et al. 2006) and wave dissipation Sds (Young and Babanin, 2006) are suggested
as advanced source terms in wave modeling.
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The present study investigated new parameterisation forms for the wind input source term
from Donelan et al. (2006) and the wave dissipation term from Young and Babanin (2006).
Simulations of the duration-limited evolution of wind-waves were conducted using a
modified third-generation two-dimensional research wave model, WAVETIME-1
(Van

Vledder,

2004),

incorporating

the

exact

nonlinear

wave

model

of

Tracy and Resio (1982). The novel approach, developed in this study was based on a strong
physical framework. The model results showed an encouraging agreement with the existing
experimental data. The important findings and conclusions of this study are listed below.

5.1
1.

THE WID IPUT SOURCE FUCTIO SI.
The physical framework of the present study was built on one of the important
physical characteristics of wind-wave interactions – wave-induced stress τw –
which is directly measured using wave observations. Wave-induced stress τ’w
computed via a frequency integration of Sin(f) should not exceed the τw
computed from the balance of stresses at the water surface. Noted during the
present study, this condition was termed the stress consistency criterion and was
used as the main criterion for verifying the consistency of a wind input
parameterisation form in terms of its relationship to the physical processes
occurring in the open ocean.

2.

Previously suggested parameterisation forms (Snyder 1981; Hsiao and Shemdin
1983; Donelan 1990) were tested using the stress consistency criterion.
The results show a remarkable inconsistency on the part of the parameterisation
forms for the wind input source term in relation to the physics of wind-wave
interactions.
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3.

5.1 The Wind Input

A new parameterisation form (Eq. 4-7) for viscous drag was introduced as
a function of wind speed U10 on the basis of the reported data of Banner and
Peirson (1998).

4.

A new method of representing a dynamic self-correction routine, where
wave-induced stress is defined as the main physical constraint determining the
momentum transfer from wind to waves, was developed. According to
this model, the self-correction routine amends the investigated parameterisation
form of the wind input source term in order to achieve consistency in terms of
the physical processes involved in wave development. One of the advantages of
this method is that the correction is applicable in the high frequency range,
where measurements are currently not certain.
This approach does not interfere with the range of applicability of the
experimental results. The high frequency range of wave spectra is suggested as a
domain appropriate for numerical studies of wave processes. In the present
study, the upper limit for the frequency scale was set at fcut = 10Hz, taking into
account the range of capillary waves.
Another advantage of the dynamic self-correction routine is that it is applicable
to any parameterisation form of the wind input source term in operational wave
modelling.

5.

It was found that the correction routine changes the dependency law of the
growth rate γ(f) on the frequency thus reducing a spectral slope. This trend is
consistent with the results obtained by Chalikov (personal communication) on
the basis of numerical simulations of air-sea interaction.

6.

The wind input source function was examined in terms of the correction rate η.
The model results show that light winds require higher suppression rates than
strong winds. Furthermore, the results indicate that the correction rates are high,
in the range U10 / cp = [2, 4], where transition of the wind flow from the
fully-separated to the non-separated type was occurring.

7.

Further experimental study is recommended to determine the relationship
between the magnitude of a sudden increase in growth rate and the wind speed
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5.2 The Wave Dissipation

during the transition of wind flow from the fully-separated to the non-separated
type. In nature a smoother transition may be expected than was obtained
experimentally for wave growth rate.

THE WAVE DISSIPATIO SOURCE FUCTIO SDS

5.2
1.

The parameterisation form of the threshold spectrum FT(f) was introduced on the
basis of the threshold wave steepness in terms of the saturation transformer
TT(f), introduced in the present study, which is an analogue of the spectral
saturation BT(f) (Section 4.2.1).

2.

The threshold level

BnT ( f ) = 0.035 was determined from the experimental

data of Babanin and Young (2005) on the basis of model simulations. The main
criterion for the selection of the threshold value

BnT ( f ) was that the breaking

probability of the fully developed dominant waves (U10 / cp ~ 0.83) was
significantly small (Section 4.2.1).
3.

The present study shows that dissipation rates are highest for intermediate-scale
waves f / fp ~ 6. This fact is in good agreement with the results of
the FAIRS experiment (Gemmrich 2005) (Section 4.2.1).

4.

Since the wave dissipation source function relates to the wind input source term,
which in its turn relates to wave-induced stress, the latter becomes the governing
physical constraint in modelling deep-sea conditions (Section 4.2.2).

5.

The fractional relationship between the energy transferred from wind to waves
and wave dissipation energy is described by the new relational parameter –
the dissipation rate R – introduced in the present study as a ratio between the
wave dissipation energy and the energy transferred from the wind to the waves.
Based on existing experimental data, the dissipation rate takes values in the
range R ~ [0.9,1] (Section 4.2.2).

6.

Based on the experimental data of Donelan (2001), the parameterisation form of
the dissipation rate R was determined as a function of the inverse wave age
U10 / cp. The dissipation rate R (U10 / cp) can be widely used in operational wave
modelling to maintain the correct level of wave dissipation energy in wave
models (Section 4.2.2).
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7.

5.2 The Wave Dissipation

The two phase behaviour of the new dissipation function was investigated in
terms of the functional dependency of the coefficients a for the inherent wave
breaking term and b for the forced dissipation term (Eq. 2-29). The findings of
this study show that both coefficients have functional dependence on the inverse
wave age U10 / cp and the spectral frequency. The dependence on the inverse
wave age was mostly determined by the relationship between the wind energy
input and the wave dissipation source terms. It was found that both coefficients
decrease with the development. This points to a nonlinear relationship between
the dissipation source function and the wave spectrum. The functional
dependence of coefficients a and b on the spectral frequency was determined
using the correspondence between the spectral slopes of the wind input source
term and wave dissipation in the high frequency spectral range (Section 4.2.2).

8.

The present study indicates that for short scale waves the spectral magnitudes of
the wave dissipation source function Sds(f) the wind input source term Sin(f) and
nonlinear source term Snl(f) must be comparable. This feature is very important,
particularly when attempting to achieve numerical stability for the wave model
in the high frequency spectral range (Section 4.2.2).

9.

This study demonstrates that in deep water conditions and in the absence of
current shear, the dominant waves do not break if there is no energy input from
the wind. In this case, the inherent breaking term of the dissipation source
function (Eq. 2-29) vanishes and the dissipation of the waves is presented only
by the forced breaking term (Section 4.2.2).

10. The behavior of the new dissipation source term was examined in terms of the
behavior of coefficients a and b as the functions of the inverse wave age and
wind speed. It was found that coefficient a, representing inherent wave
breaking, does not relate to wind speed, whereas coefficient b is dependent on
wind speed only for young waves. It was therefore concluded that the forced
breaking term of the dissipation source function (Eq. 2-29) exhibits a nonlinear
relationship to the wind speed for young waves, whereas the inherent breaking
term has linear dependence. For the later stages of wave development both terms
of the dissipation source function (Eq. 2-29) exhibit linear dependence on wind
speed (Section 4.2.2).
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11. The model results show that both coefficients are in agreement with the
experimental value aexp = 0.0065 (Section 4.2.2).
12. In general, it was found that both terms of wave dissipation decrease with wave
development. The model results indicate that the inherent breaking term
decreases more rapidly than the forced breaking term (Section 4.2.2).
13. The present study shows that for waves approaching their full development
stage the inherent wave breaking is small, and the wave dissipation is
predominantly represented by the forced breaking of short-scale waves
( f > 4 fp ). It was shown that forced wave breaking should always exist
(T2(f) ≠ 0) during wave development (Section 4.2.2).
14. Experiments with different wind speeds indicated that for young waves the
forced breaking rate is higher as wind speed increases. For medium wave age
(U10 / cp = [2, 3]) stronger wind speeds mean a higher rate of inherent breaking
and higher forced breaking for short waves. However, for well-developed waves
there is not much difference in forced breaking rates. These findings are
consistent with the experimental data of Melville and Matusov (2002),
Young and Babanin (2005), and Gemmrich (2005) (Section 4.2.2).
15. It was found that turbulent viscosity dissipation is more significant in light
winds. With increasing wind speed the dissipation processes due the turbulent
viscosity give place to increasing events of wave breaking (Section 4.2.2).
16. According to the observations of Young and Babanin (2006) wave dissipation is
maximal at oblique angles relative to the main propagation direction of the
waves. In the present study, a new directional spreading function of a bimodal
shape was developed for the wave dissipation source term. For further research
purposes this function includes features allowing transformations of the
directional spectral shape during wave development and along the frequency
scale (Section 4.2.3).
17. Results obtained from the model indicate that the major dissipation of wave
energy occurs at oblique angles θ = [20o, 30o] to the main wave propagation
direction. Stability of the model was achieved when the angle θ was broadened
from θp = 20o for the dominant waves, and to 30o towards the short scale waves
(Section 4.2.3).
200

CHAPTER 5 COCLUSIOS AD RECOMMEDATIOS

5.2 The Wave Dissipation

18. The performance of the corrected new spectral dissipation source term was
examined to determine whether the new dissipation source term (Eq. 2-29) was
able to reconcile computed breaking crest length spectral magnitudes for the
dominant waves Λ(vp) with the experimental data (Melville and Matusov, 2002;
Gemmrich, 2005). The findings of the present study indicate an encouraging
agreement with the results of both these independent studies (Section 4.2.4).
It is worth mentioning that both Melville and Matusov (2002) and Gemmrich (2005)
report a remarkable discrepancy of values for the coefficient bbr used in computations of
the breaking crest length spectrum. This issue was addressed in the present study by
computing the coefficient bbr using the observed data of Λ(vp) and analysing the results
of this computation against the reported values for the coefficient bbr from different
studies (Duncan, 1981; Melville, 1994; Phillips 2001; Melville and Matusov, 2002 and
Gemmrich 2006). The results of these computations varied depending on what values of
the observed Λ(vp) were used. The results provided insight into the physical properties of
Λ(vp) in a wide range of air-sea conditions.
The behaviour of the coefficient bbr in terms of wave development and for a wide range
of wind speeds was investigated using observations by Melville and Matusov (2002)
ΛMM02(vp). The results showed that for well-developed seas (U10 / cp < 1.5) the
coefficient bbr exhibits a highly sensitive relationship to the inverse wave age
(see the steep decrease in the range of values bbr ~ [10

- 4

, 10

- 3

],

for winds

U10 < 20 m/s. Moreover, for average-developed waves (U10 / cp ~ 2.7), good agreement
was shown with the value bbr = 3 × 10

-2

reported by Duncan (1981) from a laboratory

experiment.
On the other hand, the present study found that in light winds (U10 < 10 m/s) the model
results are close to the results of Gemmrich (2006) for well-developed waves
(U10 / cp < 1). These findings lead to the conclusion that the discrepancy of the values of
the coefficient bbr is caused by its sensitivity to changing wind forcing conditions during
wave observations. Furthermore, the spectral levels of the modelled dissipation function
(Young and Babanin, 2006) for dominant waves match those computed by Melville and
Matusov (2002) for the wave breaking function. In the high frequency range, as
expected, the modelled dissipation rates are higher than the observed rates due to the
different scope of the dissipation processes considered in the compared functions.
The dissipation function of Melville and Matusov (2002) is defined only for breaking
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waves, while the dissipation source function of Young and Babanin (2006) includes all
dissipation processes occurring in the waves.
The comparisons demonstrate that the magnitudes of difference in the range of
short-scale waves still require more experimental investigation. Summarising the results
of the comparisons, it is important to emphasise that the new spectral dissipation source
function demonstrates the ability to predict wave energy losses consistent with the
experimental data.

5.3

MODEL PERFORMACE
1.

The model validation strategy addressed all aspects of the physical framework
selected for the present study. The main physical constraint for the model was
wave-induced stress, which describes the strength of interaction between the
wind and the waves. The novel split-balance self-correcting routine was
introduced as computational routine of the model. This routine most closely
describes the physical processes of known wind wave interactions used in wave
modelling. The term ‘split balance’ was used due to the coupling of wind input
and wave dissipation source terms in the energy balance equation. One of the
significant advantages of the routine is the dynamic correction of the wind input
and wave dissipation source functions so that they become consistent to the
physical constraints introduced during the model run. It is suggested that the
split-balance self-correcting routine could be implemented in other wave models
with other forms of wind input and wave dissipation source terms.

2.

The results of the model runs were intensively tested against the observed
experimental data in terms of the various spectral parameters listed in
Section 4.3.3. The results of the tests show that the model was able to reproduce
the experimental data in terms of wave growth curves and spectral magnitudes
of the wave spectra. The model results fit the experimental growth curves of
Babanin and Soloviev (1998) within the 10% range of approximation.
Furthermore, the model exhibits an energy saturation level approaching the
Pierson-Moskowitz limit at the full development stage of wave evolution.
This feature was clearly shown in time dependent growth curves in Figure 4.71.
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It was found that very intense wave growth at the early stages of wave
development U10 / cp = [4.7, 3.8] is due to the transformation of the slope
spectral tail from f

–5

to f

–4

and the transition from fully-separated wind flow

to non-separated flow over the dominant waves. This last mentioned feature is
the result of the step-form behaviour of the growth rate of dominant waves
revealed in the observed data of Donelan et al. (2006).
4.

The spectral level of the model spectra was verified in terms of the spectral
parameter α and the average level αBY. The model results for α were compared to
the experimental data obtained by different authors (Hasselmann, 1973;
Donelan, 1985; Bandou, 1986; Evans, 1990 and, Babanin and Soloviev, 1998).
The comparisons indicate an encouraging consistency in the model results in
relation to the experimental values.

5.

The previously mentioned step-form behaviour of the growth rate was
furthermore traced in the increase of the magnitudes of α in the range
U10 / cp = [3, 4.5]. However, the increased magnitudes of α are still consistent
with the experimental data (see Figure 4.72). The average level αBY of the model
spectra were compared with the results of Banner (1990). The comparisons
show agreement between the compared values.

6.

The spectral slope of the model spectra was examined in terms of the exponent
slope n using a directional slice of the wave spectrum at the point of the main
propagation of the waves. The results showed that the wave spectra had less
exponent slope than suggested by Banner (1990). Similar results later reported
by Banner and Young (1994) showed less rapid decay of the modelled
wavenumber spectra.

7.

The present study confirmed that the model developed for the study is able to
replicate the observed directional spreading of the wave spectra. In particular,
the directional slice of the wave spectrum of the dominant waves demonstrated
unimodal shape, while in the low and the high frequency ranges demonstrated
bimodal shape.
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8.

This bimodality of the directional spreading in the high frequency range of the
wave spectrum was also clearly confirmed by the sidelobe ratio parameter λ.
The model results for λ are consistent with the results of Banner and Young
(1994), even though the model computations were performed for an
unconstrained spectral tail, in contrast to Banner and Young’s 1994 model setup.

9.

The directional spreading of the model spectra was verified in terms of the
spreading width A(f) (Babanin and Soloviev, 1998). The results demonstrate
a broadening of the wave spectra above peak frequency, which indicates that the
model is able to reproduce the observed behaviour of the angular spread.
In the high frequency range, the model results are consistent with the
observations of the early stages of wave development. However, for the later
wave development stages, the model produced broader directional spectra than
the observed ones and some limitations are still to be addressed.

5.4

THE WAVE SPECTRUM

The present study resolved an important issue of spectral modelling regarding the shape of
the wave spectrum. The Combi spectrum was introduced as a probable shape for the wave
spectrum. Based on the analysis of experimental data and the model results, the Combi
spectrum can be interpreted as a correction to the Donelan et al. (1985) spectrum, which has
a f

–4

spectral slope in the high frequency range. The Combi spectrum, on the other hand,

provides for the transition of the spectral slope from f

- 4

to f

- 5

occurring at fT ~ 3fp.

The parameterisation form (Eq. 4-23) of the Combi spectrum, introduced in this study, is
recommended for wider use in operational wave modelling.

5.5

WAVE STEEPESS
1.

The present study revised the parameterisation form of spectral saturation B(f).
The new function – the saturation transformer T(f) – is suggested as an advanced
and alternative form analogous to spectral saturation B(f). One of the advantages
of this function is that it maintains the saturation level in the high frequency
range for both types of frequency spectrum, JONSWAP and Donelan’s (1985).
The saturation transformer includes the influence of long scale waves on the
steepness of short scale waves. These attributes are advantageous when applying
this form to spectral wave modelling.
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2. The investigation presented in this work was based on intensive tests of the new
source functions Sin (Donelan et al 2006) and Sds (Young and Babanin, 2006) for
a wide range of air-sea conditions in deep water. In general, it can be concluded
that the model incorporating the corrected source functions was able to reproduce
the existing experimental data. This result indicates that the new forms of the
wind input Sin (Donelan et al 2006) and wave dissipation Sds (Young and
Babanin, 2006) source terms are able to be used as advanced parameterisation
forms for operational wave modeling.
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