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ABSTRACT

DEVELOPMENT OF A THIRD GENERATION
WIND WAVE MoDEL
AppLICABLE TO FINITE DeEPTHS

ABDALLA, Saleh
Ph.D. in Civil Engineering
Supervisor: Prof. Dr. Erdal Ozhan
June 1991, 160 pages

In this thesis, a third generation model "METU3" for prediction
of wind generated waves is developed. The model solves the radiative
transfer equation, which describes the evolution of the two dimen-
sional wave spectrum, in the wave number space. Themodelreproducw
the physical processes controlling the evolution of wind waves by
using the best available theories, observations and computational
methods. The model simulates wave generation according to the shear
flow theory of Miles [1957], energy transfer due to nonlinear wave
wave interactions by using the theory of Hasselmann [1962], dissipa-
tion due to wave breaking by using the theory of Hasselmann {1974},
and dissipation due to bottom friction according to the theory of
Hasselmann and Collins [1968] in addition to wave propagation,
shoaling and refraction which are represented by several explicit
terms in the radiative transfer equation. The most recent findings

concerning the theories mentioned above are incorporated in the model.
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The model can be used in both the standard Cartesian coordinate system
and the spherical geographical (latitude-longitude) coordinate system.
The model is applicable for arbitrary depth fields as well as for

arbitrary wind fields.

The model was applied for some hypothetical cases and the
results are presented and compared with available theoretical and
experimental findings. Hindcast results for real storms in the Medi-
terranean Sea, Adriatic Sea and Sea of Marmara are presented and com-
pared with the measurements and the predictions of the WAM model.

Satisfactory levels of agreement are observed.

A simplified version of the model is also formulated. This
version is basically similar to the full version except that the
solution is performed at a single location of interest. This version
is applicable for water bodies with arbitrary geometrical shapes and
of deep waters (or finite constant water depths) which are affected by
any wind field. This version was applied to three storms in the
Adriatic Sea and a single storm in the Sea of Marmara. The agreement
with measurements is acceptable. The simplified version can be run

practically on small microcomputers.

Keywords: Ocean Waves, Radiative Transfer Equation, Wave Modeling,

Wave Spectrum, Wind Waves.

Science Code: 624.02.03
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0ZET

SoNLU DERINLIKLERE UYGULANABILEN UgUNcU

Kusak DALGA MODELININ GELiSiMi

ABDALLA, Saleh
Insaat Miihendisligi Doktora Tezi

Tez Ybdneticisi: Prof. Dr. Erdal Ozhan

Haziran 1991, 160 sayfa

Bu tezde, riizgar dalgalarini tahmin eden bir {glinci kusak
matematiksel model "METU3" gelistirilmistir. Model dalga sayis1 uzay:
icinde, iki boyutlu dalga spectrumlarinin gelismelerini Oykiinen enerji
sakiniml denklemini ¢6zmektedir. Bu model, mevcut olan en iyi teori-
leri, gbzlemleri ve hesap metodlarini kullanarak riizgar dalgalarinin
gelisimini kontrol eden fiziksel sliregleri yeniden olugturur. Model,
Miles’in [1957] kayma gerilmeli akim teorisine, Hasselmann’in [1962]
teorik anlatumiyla dofrusal olmayan dalga etkilesimlerinden kaynak-
lanan enerji transferine, Hasslemann’in [1974] teorisini Kkullanarak
dalga kirilmasinin sebep oldugu sOniime, ve Hasselmann ve Collins’in
[1968] teorilerine gore taban siirtlinmesinin yol agti$ s&nlime dayana-
rak dalga olusumunu benzestirir. Buna ek olarak, model, enerjinin
sakinimi denklemindeki bazi acik terimlerle tanimlanan dalga ilerleme-
si, siglasma ve sapmaylr da benzestirmektedir. Yukarida bahsedilen

teoriler {izerindeki en yeni buluslar da modele katilmigtir. Model,



hem standart iki dik eksen koordinat sisteminde, hem de kiiresel cogra-
fik (enlem, boylam) koordinat sisteminde kulla‘nilabilir. Model, her-

hangi bir derinlik alani Véyé riizgar alanina uygulanabilir.

Model bazi varsayilmis durumlara uygulanmis, sonuglar teorik ve
deneysel bulgularla karsilgstlrilar‘ak sunulmustur. Akdeniz, Adriyatik
ve Marmara 'Denizlerindeki gergek firtinalar igin tahminler yapilmis ve
sonuglar, WAM modelinin bulgulari ve &lgimler ile karsgilastirilmistir.

Tahmin sonuglarinin iyi diizeyde uyum g8sterdigi saptanmistir.

Modelin kolaylastirilmis bir bicemi de gelistirilmigtir. Bu
bigem, esas olarak ana model ile aynidir. Ancak ¢6ziim, istenilen tek
bir yer igin elde edilmektedir. Modelin bu bigemi de gelisigiizel geo-
metrik gekillerdeki su kiitleleri ve rilizgar alanlarindan etkilenmis
derin sular (ya da sinirli, degismeyen su derinlikleri) icin
gecgerlidir., Bu bigem Adriyatik ve Marmara Denizlerine uygulanmisgtir.
Olglimlerle olan uygunluk kabul edilir diizeydedir. Bu kolaylastirilmis

bigem, kliglik bilgisayarlarda kullanilabilmektedir.

Anahtar Sozciikler: Okyanus/aalgalari, Riizgar dalgalari, Dalga modelli,
Enerji yayilim denklemi.

Ed

Bilim Kodu : 624.02.03
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1. INTRODUCTION

1.1 STATEMENT OF THE PROBLEM

Human activities, both economical and scientific, in seas and
oceans have increased significantly since the mid of the twentieth
century. Wind waves are the most important phenomenon that interferes
with such activities. To achieve the most optimal and the safest
outcome from those activities, wind wave prediction emerges as a real
need. Coastal areas, with finite water depths, are of special inter-
est because of the huge amount of activities centered in such areas.
Wave hindcasting is very important for both planning and design of
coastal and offshore structures. Wave forecasting is essential during
construction of such marine structures as well as offshore operations.
Accurate forecasting methods and techniques are of crucial importance
as dictated by the economical as well as safety considerations. Other
applications of wind wave prediction, which are less relevant to the
coastal engineering profession, are the scientific interest in the air

sea interactions and the ship routing.

The earliest scientific effort to solve the problem of wind
wave prediction seems to be the well known method which was originally
developed by Sverdrup and Munk during the Second World War. The

method was improved later by Bretschneider (therefore it is known by



the name SMB method) in early fifties to enhance its performance (c.f.
CERC, 1984). This simple parametric method, or any improvement on it,
is based on dimensionless groupings calibrated by the available obser-
vations. The method provides several simple expressions that relate
significant wave height and period to wind speed and fetch length or
storm duration under extrémely simple wave generation conditions.
Such methods do not have any physical basis. Although this group of
methods is still very popular among engineers and oceanographers be-
cause of their simplicity, they are not reliable enough for use in
critical applications. These methods completely fail under compli-
cated generation conditions such as irregular fetch areas and nonhomo-

geneous and nonstationary wind fields.

Simple representation of the wave field through significant
wave height and period is not adequate for many recent advanced appli-
cations. A better description of the sea state can be attained using
the wave energy spectrum. This cor‘xcept assumes that the complicated
random wave field can be well described using a superposition of infi-
nite number of simple sinusoidal wave components. Consequently, wave
spectrum is defined as the distribution of the wave energy with res-
pect to those wave components. Evolution of wave spectra is covered
by the energy conservation principle, or more specifically by the
radiative transfer equation (c.f. Chapter 3). Wave prediction methods
in the forin of models that make use of the spectrum concept together
with the radiative transfer equation started to appear during the late
sixties after the significant progress achieved in understanding of

the physics of wind generated waves. These methods incorporate all



the available mathematical descriptions that represent the physical
processes acting on wind waves and can be used within the limit of

practical computational efforts.

The radiative transfer equation (c.f. Chapter 3), which is a
form of the well known principle of energy conservation, is used to
represent energy balance during wave propagation. Wave generation due
to wind action (c.f. Section 4.1) is usually represented by two com-
plimentary models. The first is the resonance model of Phillips
[1957] while the second is the shear flow model of Miles [1957]. By
themselves, these two models can not account for the observed growth
rates of waves. Therefore they are calibrated using some experimental
results and observations such as the study of Snyder et al. [198l1].
This study is used to calibrate the more important mechanism of shear
flow model. The nonlinear transfer due to wave wave interactions
(c.f. Section 4.2) can be computed exactly using the theory developed
by Hasselmann [1962]. Such computations can not be used in practical
wave prediction models because of the excessive computational efforts
required. Some parameterizations, such as those proposed by
Hasselmann et al. [1985], are used to reproduce this nonlinear trans-
fer in wave models. Energy dissipation due to wave breaking is still
largely unknown. A parameterization was proposed by Komen et al.

[1984] to introduce wave breaking in prediction models.

Wave prediction in finite depth waters faces several special
problems in addition to the problems already mentioned. Evolution of

wind waves in waters of finite depth is too much complicated to be



studied theoretically. Experimental observations are scarce since
long enough fetches of constant finite water depths are usually diffi-
cult to exist. Most of the available models representing different
wave processes are developed under deep water conditions. It is not
known exactly which sort of modif ications must be applied for such
models to be used for finite water depths. Interaction of wind waves
with the bottom topography introduces several additional physical

processes. Some extra problems are associated with these processes.

For finite depth waters, several explicit terms in the radia-
tive transfer equation can be used to represent wave propagation as
well as wave shoaling and refraction. Modeling of wave generation,
nonlinear transfer and wave breaking can be handled in finite depth
waters by using the same models of deep water formulated in the wave
number space as suggested by Kitaigorodskii et al. [1975]. Energy
dissipation due to bottom friction can be represented using the lin-
earized form proposed by Collins [1972] following the theory developed
by Hasselmann and Collins [1968]. Other finite depth processes such
as dissipation due to percolation can be represented in their original
formulations as summarized by Hsio and Shemdin [1978] and Shemdin et

al. [1978].

Solution of the radiative transfer equation incorporating all
the available representations of physical processes is not straight
forward. Analytical solution is out of question. Two numerical
schemes are to be selected properly in order to solve the equation

numerically. The first scheme, which is used to integrate the propa-



gation terms, must possess the traditionally desirable numerical fea-
tures such as stability and convergence in addition of special attri-
butes related to wave propagation problem such as conservation of wave
energy and numerical dispersion. The other scheme, which is used to
integrate the source function representing different physical pro-

cesses, must be stable for practically large time steps.

1.2  ScoPE AND EXTENT OF THE STuDY

The WAM model incorporates the best available physics and nu-
merics. Although this model is considered as the most advanced avail-
able prediction model, it treats the finite depth processes in an
insufficient manner. The model was originally formulated for the deep
water conditions (c.f. the WAMDI Group, 1988) in the frequency direc-
tion space. While this choice is immaterial for deep water areas, it
is preferable to choose the wave number space for the finite depth
conditions as suggested by Kitaigorodskii et al. [1975). ‘Another
problem is the separate treatment of the wave refraction. The WAM
model uses an implicit scheme with a certain simplifying assumption to
integrate the source function. This scheme requires additional compu-

tational efforts as reported by the WAMDI Group [1988].

The principal aim of this study is to develop an efficient and
general in scope third generation wind wave model which can perform
equally well under both infinite and finite water depth conditions as

well as complicated fetch areas and complex wind fields. The deve-



loped model, which is given the name METU3, is an upgrade of the first
generation model developed by Ozhan and Abdalla [1988] under the name
METU model. METU3 makes use of the radiative transfer equation to-
gether with the present state of art of the representation of the
processes acting upon wind waves. The model is formulated in two
different coordinate systems, namely the geographic (the latitudes and
the longitudes) and the standard Cartesian coordinate systems. Wave
propagation is treated in the model through what can be called as "a
step wise ray technique"” which is a sort of the method of characteris-
tics. This technique was proposed by Ozhan and Abdalla [1988] to be
used in the METU model. An efficient simple first order integration
scheme, with special treatment, is used in the model to integrate the

source term.

The model can operate for any water body with arbitrary topo-
graphy and arbitrary geometrical shape and under any kind of wind
fields. The model is global in a sense that no calibration is needed
when it is applied for a new water body. The model is verified using
several hypothetical cases that draw attention to some specific criti-
cal characteristics of the model performance. Several real life storm
cases were also used in the verification process. These cases cover
storms in the Mediterranean Sea, the Adriatic Sea and the Sea of

Marmara.

The main disadvantage of a third generation model was experi-
enced during the model verification phase. This is the fact that the

model requires extensive computational resources. This may rule out



the usage of a third generation model for standard engineering appli-
cations or when only limited computational resources are available.
Therefore, the second objective of the study was the development of a
simplified version of the model which still can be considered, to a
certain extent, as a third generation model. This version, which is
called METU3S, is in principle similar to the original version of
METU3. The only difference is in the simplified treatment of the wave
propagation. While METU3 considers wave propagation from one grid
point to another over the whole generation area, METU3S assumes a
uniform energy gradient along the fetch for each single discrete wave
component (i.e. along the propagation path which is taken as a

straight line).

METU3 constructs two dimensional spectrum at each discrete grid
point. This spectrum can be integrated once with respect to direction
to produce the one dimensional spectrum, which is very commonly used
nowadays by coastal engineers. Furthermore, several integral spectral
parameters can be computed from the spectrum. The most common and -
meaningful parameters are the mean wave period, the significant wave
height and the mean wave direction. All these quantities are computed

at each grid node by the model.

The second chapter of the dissertation presents a condensed
summary of the physical picture of wind wave evolution together with
the historical development of the wave prediction models. The kin-
ematics of the model is introduced in the third chapter of this work

through the radiative transfer equation which represents the framework



of the model. This equation is formulated in the geographic (the
latitudes and the longitudes) coordinate system in the first section,

and in the standard Cartesian coordinates in the second section.

The fourth chapter is devoted to the physics of the model. The
interaction between wind and wave is described in the first section.
The second section presents the nonlinear transfer due to interactions
among wave components. The wave breaking is discussed in the third
section.  Finally, the interaction between waves, their induced flow
and the sea bottom in the finite depth cases are covered in the last

section.

Computational procedures are described in Chapter 5. The
scheme used to integrate the source function is explained in the first
section. Description of the propagation scheme can be found in the
second section. The third section describes the shape of the high
frequency tail to be added to the modeled spectra. The last section
of this chapter presents the development of the simplified version of

the model, METU3S.

Various model applications are presented and discussed in the
sixth chapter. The first section describes and discusses the results
of three different hypothetical tests used during the model verifica-
tion phase. Real life applications, for three storms at the Adriatic
Sea, for another three storms at the Mediterranean Sea and for a
single storm at the Sea of Marmara, together with a discussion on the

model performance for these storms are provided in the second section.



Chapter 7 lists the conclusions obtained from this study.
Several recommendations for further study are included in the eighth
chapter. Derivation of the Hamiltonean properties of a wave field is
given in Appendix A. The radiative transfer equation is simplif ,ied'
and put in suitable forms for the solution in Appendix B. Brief
descriptions of the computer programs used in this study are provided

in Appendix C.



2. LITERATURE REVIEW

2.1 EvoLuTIiON oF WIND GENERATED WAVES

Evolution of wind waves can be divided into five different
stages according to the dominant process contributing to the wave
development. These stages are the linear growth, the exponential
growth, the nonlinear growth, wave breaking and quasi equilibrium
stages as shown in Fig. (2.1). The physical description of the wind
wave evolution is summarized below with reference to widely accepted

theoretical and experimental past studies.

Flow of air in a form of wind is usually associated with eddies
of random sizes traveling with random velocities. These eddies exert
normal pressure fluctuations over the water surface. This results in
the formation of instabilities in the water surface. If the speed and
length of the pressure fluctuations match with those of the formed
instabilities, such instabilities will grow linearly forming the first
visible waves. This resonance mechanism was used by Phillips [1957]

to develop his theory of wave generation.

The waves already formed perturb the mean shear flow in the air
above them. This leads to an air pressure distribution which is maxi-
mal over the troughs and minimal over the crests. This coupled air-

water system transfers energy from wind to waves in an exponential
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Fig. 2.1 Evolution of Wind Waves and Growth of a Wave Component.
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rate. This feedback mechanism was used by Miles [1957] to develop the
shear flow theory of wave generation. During a laboratory experiment,
Plate [1978] found that the frequency of the dominant wave component
almost does not change during this stage as the spectrum further de-
velops. Furthermore, he was able to observe the well known self simi-
lar spectral shape at the end of this exponential growth stage, as
that of a dimensionless model spectrum such as the JONSWAP spectrum of

. Hasselmann et al. [1973].

The third stage takes place when the average wave slope becomes
so large that nonlinearities start to dominate. These nonlinearities
lead to continuous flow of energy among four interacting wave compo-
nents, satisfying some resonant conditions given by Phillips [1960].
These nonlinear wave wave interactions are dominant over the evolution
of the wave field during this stage. Major wind input is transferred
to wave components with frequencies slightly higher than the dominant
spectral frequency (frequency of the spectral peak or simply the peak
frequency). The nonlinear wave wave interactions then act as a pump
that sucks the wave energy from these wave components and transfers it
to lower and higher frequencies. Energy pumped to lower frequencies
is used to build up these wave components while the part pumped to
higher frequencies is usually dissipated through wave breaking. This
picture was clarified during the JONSWAP experiment by Hasselmann et
al. [1973]. This nonlinear mechanism also performs the very important
function of maintaining the self similar spectral shape by wiping out

any instability which may be formed in the spectrum.



If the waves continue to grow, they become steep and thus un-
stable. Waves start to break and white caps are formed as a result.
The wave breaking stage is characterized by the dominant appearance of
these white caps on the sea surface. Usually the energy of the wave
component overshoots to a level higher than the corresponding equilib-
rium energy during the nonlinear growth stage. Then, under the action
of nonlinear sucking of energy and wave breaking, this overshoot is

lowered to the quasi equilibrium level during the wave breaking stage.

During the last stage (the quasi equilibrium), all the effec-
tive physical processes are almost balanced. Therefore, wave compo-
nents do not grow or decay during this stage, but they maintain a
quasi equilibrium level. Phillips [1958] argued on dimensional basis
that the equilibrium energy level of a wave component is inversely
proportional to the fifth power of the frequency of this component.
Later experimental studies by several researchers such as Toba [1973],
Forristall {1981] and Kahma [1981] and theoretical studies by Phillips
[1985] and Kitaigorodskii {1983} showed that the equilibrium energy
level is inversely proportional to the fourth power of the frequency,

rather than the fifth power.

Wave spectrum of pure windsea usually follows the self similar
shape. This shape has a steep forward face at low frequency compo-
nents, and a tail with milder steepness at the high frequency compo-
nents (c.f. Fig. 2.2). During the early stages of wave generation,
the wave spectrum is sharp peaked. As the wave generation continues,

the spectrum grows with its peak moving towards lower frequencies and

13



its shape becomes less sharp. If the storm duration and fetch are
large enough, the wave field reaches a steady state called the fully
arisen (developed) sea state where no more changes in the spectral

shape are encountered.
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Fig. 2.2 Definition of JONSWAP and PM Spectral Parameters.

Several model spectra were proposed to represent the pure wind
sea of the wave field. The most general form of these models is the
JONSWAP spectrum proposed by Hasselmann et al. [1973] for developing

seas. This spectrum can be written as:
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Here a is a factor equivalent to Phillips constant of the fifth power
law (Phillips, 1958), g is the gravitational acceleration, f is the
frequency ,fp is the peak freguency, ¥ is the peak enhancement para-
meter and ¢ is a factor controlling the spectral width, c.f. Fig.
(2.2). The 7y parameter in Eq. (2.1} represents the wave generation
stage. Young windseas, i.e. windseas during the early stages of wave
generation, usually have high ¥ values (as high as 7) while fully
developed seas have low y values (as low as 1). Pierson and Moskowitz
[1964] had proposed earlier their well known spectrum for fully deve-
loped sea state. This spectrum can be written as:

o g2 f 4
EPM“.) = ————-—4——5— exp [ - 125 [—l—] } (2.3)
f

(2n) f

The PM spectrum is seen to be a limiting form of the JONSWAP spectrum,

obtained when the peak enhancement parameter, 7, equals to unity.

15



2.2  MOoDELING oF WIND WAVE EVOLUTION

Wind wave prediction models can be divided into two broad
groups. The first group is the empirical models which are based on
the signif icant wave concept or on any other integrated characteristic
wave properties. SMB method is the most common example for this group
of models (c.f. CERC, 1984). The second group is the spectral models
which incorporate a physical description for wave evolution. This
later group of models is described more in detail in the following
paragraphs since they represent the historical progress behind the

present study.

Wind wave spectral models can be classified according to sev-
eral basis. If each wave component is modeled to evolve independently
of all other components the wave model is termed as a decoupled model.
Otherwise it is called a coupled model. A model is referred to as a
discrete spectral model if it traces the evolution of the discrete
wave components. Typically any discrete spectral model considers sev-
eral hundred wave components. Each component represents a degree of
freedom to be adjusted under the action of wind forcing. Models that
follow the evolution of limited characteristic spectral parameters
such as the peak frequency and the total energy are called parametri-
cal models. A typical parametrical model contains few (usually from
one to six) free parameters or degrees of freedom. These parametrical
models are appropriate only to simulate the windsea. Therefore the
swell, which has negligible interaction with the windsea, is repre-

sented by a decoupled discrete spectral model. Such models, combining
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a parametrical model for windsea with a decoupled discrete spectral

model for swell, are called hybrid models.

2.2.1 First Generation Models

First generation models, which started to appear by the six-
ties, are essentially decoupled discrete models. Each individual wave
component is assumed to evolve independently without any effect from
the other wave components. In general, the wave component is allowed
to grow under the action of wind forcing. When the component reaches
a quasi equilibrium state (usually the fifth power law of Phillips,
1958, or the fourth power law) the wind input is turned off. There-
fore, such models impose restrictions on the growth of short (high
frequency) wave components and force those components to follow a
distribution proportional to f > (or ) as shown in Fig (2.3).
This leaves only the forward face of the spectrum (wave components of

low frequencies} to be modeled in practice.

This group of models usually are not able to reproduce the
overshoot effect (c.f. Fig. 2.1). The most serious shortcoming of
these models is the very crude representation of the nonlinear wave
wave interactions if any. Most of the first generation models neglect
the effect of this process completely. Few of them include rough
parameterization for representing this process. This type of para-
meterization usually produces nonlinear energy transfer rates (Sm)

which are an order of magnitude smaller than the correct rates. This
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(The SWAMP Group, 1985)
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problem was remedied in this group of models by including physically
incorrect representation of the wave generation mechanisms. These
representations include the overall effect of the nonlinear interac-
tions on wave components implicitly since these contributions were not
filtered out during the derivation of these representations. There-
fore the rate of energy input due 1;0 wind forcing (Sm) used in these
models is an order of magnitude larger than the correct rate as can be
recognized by comparing Fig. (2.3) to Fig. (2.4). Earlier examples of
the first generation models are those proposed by Barnett [1968],
Collins [1972] and Golding [1978]. Further examples include the
VENICE model described by Cavaleri and Rizzoli {1978 and 1981} and
Cavaleri and Bertotti [1985], the MRI model described by Uji [1985]
and the METU model described by Abdalla [1986] and §zhan and Abdalla

[1988l.

2.2.2  Second Generation Models

Development of second generation models, that include better
representations of the nonlinear wave wave interactions, was found
necessary after the JONSWAP experiment of Hasselmann et al. [1973].
This experiment proved the important role played by the nonlinear
interactions in the development of the wind waves. However, explicit
inclusion of the exact computations of the nonlinear interactions in a
wave generation model was out of question due to excessiveness of
computational efforts required. Consequently, the second generation

models emerged as parametrical models as originally proposed by

19



Hasselmann et al. [1976]. These parametrical models assume that any
wind wave field can be represented by a model spectrum (such as the
JONSWAP spectrum) if the free parameters in this spectrum are adjusted
in a suitable way. Therefore, the parametrical models trace the evol-
ution of the free parameters of the chosen model spectrum. The effect
of the nonlinear interactions is taken into account through the as-

sumed spectral shape.

Generally, a wave field consists of a superposition of actively
generated windsea and swell components which are no longer actively
generated. Swell components can not be represented by the parametri-
cal approach described above. The interactions among the swell compo-
nents themselves or between swell components and the windsea are very
weak and can be neglected as proved by Hasselmann [1963] and
Hasselmann and Hasselmann [1981]. Therefore, a decoupled discrete
model is sufficient to represent the propagation of the swell compo-
nents. Therefore parametrical models are usually combined with dis-
crete spectral representations of swell components producing what can
be termed as coupled hybrid models. The well known examples of this
group of models are the NORSWAM mode! (Glnther et al., 1978, 1979a and
1979b; Weare and Worthington, 1978; and Ewing et al., 1979), the HYPA
model, which is an extension Qf the NORSWAM model, (Gﬁnther et al.,
1981; and Gilinther and Rosenthal, 1985), the GONO model (Janssen et
al., 1984; and de Voogt et al., 1985), the NOWAMO model (Guddal, 1985)

and the TOHOKU model (Toba et al., 1985).



Hybrid models have been used successfully under a wide range of
conditions (e.g. Ewing et al.,, 1979; and Janssen et al.,, 1984).
Nevertheless, this group of models suffers a serious difficulty when
it is not possible to separate the swell components from the active
windsea. This case is usually encountered whenever there is a signi-
ficant drop in wind speed or a significant shift in wind direction.
Discrete spectral models overcome this difficulty provided that the
nonlinear wave wave interactions can be reproduced to a suitable deg-

ree of accuracy.

The process of the nonlinear wave wave interactions was parame-
terized by using a limited number of integrated spectral parameters.
A survey for some of these parameterizations is given by Hasselmann et
al. [1985]. To develop these parameterizations, a group of exact com-
putations for this process was considered (c.f. Hasselmann and
Hasselmann, 1981; Allender et al., 1985; and Hasselmann et al., 1985).
Therefore these parameterizations can reproduce accurately the exact
computations of the nonlinear interactions for the spectra which are
similar to those used in their derivation. For other conditions, the

accuracy can not be predicted (c.f. Hasselmann et al., 1985).

The use of the discrete spectral representation with the para-
meterized nonlinear interactions leads to the appearance of the
coupled discrete models. The main shortcoming of the coupled discrete
models is the limited number of parameters (degrees of freedom) used
in the parameterization of the nonlinear wave wave interactions.

These parameters, which are usually integrated spectral parameters,
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can not detect and thus, respond to wipe out any local (at the wave
component level) instability in the spectrum. This would make any
instability to grow and to spoil the computed spectrum. The common
practice to solve this problem is to impose several restrictions to
force the spectrum to have a stable shape. One way of doing this is
to transform the computed spectrum (after filtering out the swell
components) to a model spectrum (usually a JONSWAP spectrum) with the
same total energy, peak frequency and probably other spectral para-
meters. The most common examples of this type of wave models are the
BMO model of Golding [1985], the SAIL model of Greenwood et al.,

[1985] and the DNS model of Allender et al. [1985}.

2.2.3 Third Generation Models

An extensive intercomparison study among nine available first
and second generation wave models was conducted under the name of the
Sea Wave Modeling Project (SWAMP) and was documented by the SWAMP
Group [1985]. Seven different cases, ranging in complexity from the
simplest case of swell propagation up to the most complicated case of
the hurricane hindcasting, were considered in that study. The main
outcome of the study was that first and second generation models
suffered from several serious shortcomings and considerable improve-
ments needed to be introduced. This opened the door for the efforts
to develop the third generation models which aim to reproduce the
complete physical picture to the best available accuracy without any

restriction on the spectral shape.



The first step to remove the restrictions applied on the spec-
tral shape was to develop a more reliable parameterization for the
nonlinear wave wave interactions. This parameterization needed to be
as accurate as possible for wide range of spectra and, most important-
ly, must have the same number of degrees of freedom used in the spec-
trum representation. Hasselmann et al. [1985]) achieved a significant
progress by developing a parameterization (called the discrete inter-
action approximation) which possesses both of the desired attributes.
The second step was to complete the physical picture by developing a
mathematical expression to describe wave breaking (c.f. Section 4.3).
An reasonable parameterization for wave breaking was provided by Komen
et al. [1984]. Therefore, third generation models could be developed

as coupled discrete models without any ad hoc assumptions.

Another outcome from the SWAMP study was the formation of the
Wave Modeling (WAM) Group which includes several scientists from sev-
eral international institutes (c.f. Komen, 1987). This group deve-
loped the first third generation model which was called the WAM model
{c.f. the WAMDI Group, 1988). The present work describes a new third
generation model called METU3. An extensive literature survey showed

that no other third generation wave models have been published.

2.2.4_ Finite Depth Models

Wave prediction in coastal areas (i.e. areas with finite depth
waters) is of special importance for coastal engineers. However,

efforts which have been spent to model evelution of wind generated



waves in such areas are far from being satisfactory. This is a direct
outcome of the complications arising from the interaction of waves and
their induced flow with the sea bottom. This interaction modifies
energy input from wind to waves, nonlinear wave wave interactions,
wave breaking and wave propagation. Several additional processes such
as wave shoaling, wave refraction and bottom friction dissipation

complicate the overall mechanism as the result of this interaction.

Theoretical and experimental studies regarding wave generation
have always been conducted under infinite water depth conditions.
Furthermore, the parameterizations of wave breaking and nonlinear wave
wave interactions were also proposed for infinite depth waters. It is
not certain if it may be possible to apply them to regions of finite
water depths.  Kitaigorodskii et al. [1975] suggested that different
formulations representing those processes are applicable to to finite
depths if they are rewritten in the wave number space. Hasselmann and
Collins [1968] developed a theory to predict the wave energy dissipa-
tion due to the bottom friction. Hsiao and Shemdin [1978] and Shemdin
et al. [1978 and 1980] described the effect of several energy dissipa-

tion mechanisms in finite depth waters.

The numerical wave propagation method to be used in finite
depth prediction models must be selected carefully. Usually the ray
technique is used for this purpose (c.f. Collins, 1972; Cavaleri and
Rizzoli, 1978 and 1981; and Abdalla, 1986). This technique provides a
simple and efficient procedure for the first generation decoupled

models. However, this technique can not be used directly for the
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coupled models. Ozhan and Abdalla [1988] developed a special version
of the ray technique and termed it as "stepwise ray technique". This

technique can be implemented easily also for coupled models.

Examples for the first generation models that have been used
for finite depth waters are the models of Collins [1972] and Golding
[1978] besides the VENICE model described by Cavaleri and Rizzoli
[1978 and 1981] and the METU model described by Ozhan and Abdalla
[1988]. The GONO model of Janssen et al. [1984] and the model deve-
loped by Graber and Madsen [1988] are examples for the second genera-
tion (coupled hybrid) finite depth models. Although the third genera-
tion WAM model was developed originally for deep water conditions
(c.f. Hasselmann and Hasselmann, 1985; and the WAMDI Group, 1988), it
was extended later to include several finite depth effects (c.f.
Janssen and Komen, 1986; and Gao, 1986). The wave breaking source
term and the high frequency tail expression were rewritten in terms of
wave numbers rather than the wave frequencies. The nonlinear wave
wave interactions source term was multiplied by a certain scaling
factor for adoption to finite depths. Finally, additional terms were
introduced to represent the bottom friction dissipation and the wave
refraction (which is computed in a separate routine) due to variations
of the water depth. The METU3 model, which is described in this work,
is a general third generation model which is compact and exclusively

applicable in finite depth waters as well as deep waters.



3. THE RADIATIVE TRANSFER EQUATION

It is rather well-known that a random wind-wave field can be
well described by a superposition of infinite number of simple sinu-
soidal wave components. Each wave component has its own frequency,
direction, phase and amplitude (energy density). The distribution of
energy densities, E, of all those components with respect to their
frequencies and directions is called the wave energy spectrum. Thus E
is locally a function of the wave number vector, I-Z, (with components
kx and ky or equivalently the frequency, f, and direction, 6) and may
vary slowly with the position vector, §, and time variable, t. Evolu-
tion of this wave energy spectrum is governed by the radiative trans-
fer equation (other names sometimes used such as energy balance equa-
tion or transport equation). This equation represents the conserva-
tion of wave energy and can be written in its general form as

( c.f. Collins, 1972):
=4+ V.(VE) =S (3.1)

where t is the time variable, ¥ is the normal del operator (diver-
gence) in a given four dimensional space (two spectral, two spatial
dimensions), v is the propagation velocity vector in the same space
and S is a source function that represents all the external sources
and sinks of wave energy. The quantity (; E) can be recognized as the
energy flux of the wave packet. Therefore Eq. (3.1) states that the

inequality between the local rate of change in the energy density of a
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wave component (first term) and the change of energy flux (second
term) may be due to the net rate of external energy input or output

" (the right hand side of the equation).

Wind wave prediction task is simply the solution of Eq. (3.1)
in a suitable space, using proper initial and boundary conditions, for
each wave component kK. The solution will produce the two dimensional
(directional) spectrum at a given site at a certain instant of time.
Unfortunately the solution is not straight forward. Eq. (3.1) needs
to be expanded before any attempt to find its solution. The form of
the expansion depends on the space to be used. A hypothesis that wave
number space is the proper spectral space to be used for wave modeling
in finite water depths (c.f. Kitaigorodskii et al., 1975) is adopted
in this study. For the other two dimensions (i.e. the spatial space),
two alternatives are used here; namely, the spherical geographic

coordinate system and the standard Cartesian coordinate system.

3.1 SPHERICAL GEOGRAPHIC COORDINATE SYSTEM

It is easy to deal with wave propagation on the surface of the
earth by using a spherical coordinate system. This will take care of
the effect of earth-surface curvature. Wave packets follow what is
termed as great circle paths when travelling long distances on the
surface of the earth. A special spherical coordinate system is adop-
ted to describe the earth surface. This is the well known geographic

grid with the latitudes, ¢, and the longitudes, A.
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If the energy density is defined in this coordinate system, it
can be written as E(q),l,kx,ky). Expanding Eq. (3.1) in this phase

space would give:

8E 8 ,- 3 ,: 3 ,: 3 . 8 & _
F T %(qu) + a—A(AE) + -@(GE) + -ﬁ:(kxE) + E(kyl-:) =S (3.2)

Here the dot above the variable refers to the time total derivative of
this variable (i.e. %). The second and third terms on the left hand
side of Eq. (3.2) express the change of energy flux in the direction
of ¢ and A respectively. The fourth term represents the change of
energy flux due to the variation of angle of propagation (measured
counterclockwise with respect to the true east direction in this
study). The last two terms on the left hand side of Eq. (3.2) describe
shoaling and refraction effects on the energy density of the wave

component.

Using some simple manipulations, as shown in Appendix B, the

followings can be written:

¢=R'Vsine (3.3)
A=(Rcos ¢)" Vcos e (3.4)
0=-R tan ¢ V cos @ (3.5)

in which R is the radius of the earth, V = 8w/3k is the group velocity
modulus, w = 2rf is the angular frequency and k is the modulus of the
wave number vector. For gravity waves w and k are related through the

dispersion relation:



w? = g k tanh (k h) (3.6)

where g is the acceleration of gravity and h is the water depth.

E can be redefined in the space (x,y,kx,ky) where x and y are
the two principal axis of the standard Cartesian system. E(¢,A,kx,ky)

is related to E(x,y,kx,ky) through the relationship:
E(¢,A,kx,ky) d¢ da = E(x,y,kx,ky) dx dy
Therefore;
52
E(¢,A,kx,ky) = R" cos ¢ E(x,y,kx,ky) (3.7

Substitution of Eq. (3.7) into Eq. (3.2) and performing some manipula-

tions, as given in Appendix B, would lead to:

8E 8E OoE 8E dE _
ﬁ+v¢ 5?54"'7\ Y %_"'vkﬁ—s (3.8)
with E is used as E(x,y,kx,ky). \4 6’ vA ' Vo and v, are given by:

vy = ¢=R"'Vsine (3.9)

v, = A=(Rcos ¢ Vcose (3.10)
1 8w _. _ Gw _tan ¢ V cos 6

Ve =k [ 3% Sin (] 3y cos @ ] R (3.11)
_ _ | ow ow _.

Vi = {g-icose+ﬁsm9] (3.12)

If Vi vanishes, Eq. (3.8) reduces to the form used by the WAMDI Group

[1988].
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Eq. (3.8) is a general form of the radiative transfer equation
that describes the evolution of the two dimensional spectrum on the
spherical surface of the earth over any water depth. A simplification
of Eq. (3.8) would be achieved if it is written for deep water.
Usually Eq. (3.8) is used for large water bodies (e.g. oceans) where
the deep water assumption is fair enough. Under this assumption Eq’'s

(3.11) and (3.12) will be, respectively:
v. =8 (3.13)

=0 (3.14)

Other simplifications are also achieved implicitly by using the deep
water assumption. An example of such simplifications is the use of

depth independent dispersion relation. Thus Eq. (3.6) takes the form:

W = gk (3.15)

3.2  STANDARD CARTESIAN COORDINATE SYSTEM

Sometimes wind wave prediction is desired over smaller water
bodies on a limited regional basis. The curvature of the earth is not
so significant for such cases. The main disadvantage of the spherical
version described in Section (3.1) is the requirement of using the
geographic coordinate system (latitudes and longitudes). A Dbasin
which is not well aligned with the latitudes and the longitudes (i.e.
its boundaries are not parallel nor perpendicular to the equator) will
be poorly represented in the geographic coordinates. The other alter-
native, the standard Cartesian coordinate system, does not have such a

limitation.
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The energy density is defined in the Cartesian system and thus
it takes the form E(x,y,kx,ky). Expansion of Eq. (3.1) in this space,

viz. (x,y,kx,ky), and dropping this explicit dependence would lead to:

8E a ,: a ,: a8 . d . _
FI3 + EE(XE) + Ei(yE) + a{;{kxE) + 'aT(kyE) =S (3.16)

y
Terms of Eq. (3.16) can be interpreted in the same way as in Eq.
(3.2). The term representing the change of energy flux due to the
variation of the wave-packet propagation-angle with respect to a fixed
reference axis (the x axis is used in this study) is missing here.
Both of the axes in the Cartesian coordinates are independent of each
other. Therefore, a wave packet propagating along a straight line
characteristic will maintain a constant angle of propagation with
respect to the reference axis. Actually there is still variation of
propagation angle hidden in Eq. (3.16) for shoaling waters. This
variation is due to the bottom effect (refraction). Such variation of
propagation angle vanishes in deep water (unlike the fourth term of
Eq. (3.2) which vanishes only for propagation angles parallel to

latitudes or to longitudes).

The equations describing the characteristics followed by a wave

packet can be written as (c.f. Appendix A):

Q

. dxl w
Xl = —d—t- = BT; = Vi (3.17)

. dk‘ 8w
kl = a—t— = - -a-)-{—l (3.18)

where subscript i = 1,2 denotes the two principal components (in x and

y directions, respectively) of the variables. Afwer some
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manipulations and using Eq’s (3.17) and (3.18), as given in Appendix

B, Eq. (3.16) reduces to:

JE JE dE oE
—8—?'-+vx5§+vy5y—+vk 3—E+v9

Qf @
3=
"
n

where E is defined in the (x,y,kx.ky) phase space and

v =V cos 6
x
v =Vsine@
y

8w dw .,
Eicosei-gisme]

‘.4

]

i
——

1 8w . dw
ve—-ﬁ-[é-)—‘-sme Eicose]

Again for deep water or constant water depth conditions both

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

v, and v

vanish, indicating the absence of shoaling and refraction for such

cases.



4. SOURCE FUNCTION

The term appearing on the right hand side of the radiative
transfer equation is referred to as the source function. It repre-
sents the net rate of energy transfer to (generation) or from (dissi-
pation) the wave component (f,0) due to all external processes affec-
ting this component. Therefore it can be written as a superposition

of several components corresponding to each external process; namely:

S = Sm + Snl + Sbr + Sfd (4.1)

where Sm is the rate of energy input due to wind-wave interaction
(wind forcing), Snl is the nonlinear transfer due to wave-wave inter-
action, Sbr is the rate of energy dissipation due to wave breaking
(white caps) and Sfd is the energy dissipation due to wave-bottom

interaction (finite-depth effect).

4.1 ENERGY TRANSFER FROM WIND

Scientific efforts to understand wind-wave generation started
towards the end of the nineteenth century (viz. Helmholtz - Kelvin
instability theory). However, none of the theories developed before

1957 was able to explain the wind~generated waves satisfactorily.
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Two mechanisms for wind energy input were suggested in two
independent but complementary studies of Phillips [1957] and Miles
[1957]. Phillips introduced the resonance model which can explain
wave generation in the early stages. However this model alone is not
able to predict the observed wave-energy growth rates. On the other
hand, Miles developed the shear flow model which assumes an already
disturbed water surface. Therefore Miles’ model can not explain the
initiation of the wave motion. This model is able to reproduce the

observed wave growth rates.

In" wind wave prediction models, both of the generation mecha-
nisms are usually employed. The resonance mechanism is used to
initiate the wave disturbance and to give the shear-flow mechanism the
required initial disturbance in order to start its overwhelming -
effect. A better approach is to start from a wavy sea surface rather
than a calm water and to neglect completely the resonance mechanism.
This approach is supported by the fact that the output of the reso-
nance mechanism is very small relative to the overwhelming energy

transfer rate produced by the shear-flow mechanism (cf. Fig. 2.1).

The main result of Miles [1957] is that the wave energy grows

at an exponential rate. This can be written as:

Sln =BE (4.2)

where B is the exponential growth parameter of Miles. The most re-
liable experimental work to find the form of B was conducted by Snyder
et al. [1981] in the Bight of Abaco. They measured the work done by

the atmospheric pressure fluctuations on the waves. Their form of B



uses the wind speed at S m. height (Us)' Komen et al. [1984] scaled

this form in terms of the friction velocity (u)) which is defined as:

u = Ta (4.3)

where T, is the shear stress and P, is the demsity of air. This sca-
ling is well supported by several experimental works such as those of

Mitsuyasu and Honda [1984] and Plant [1982].

The B formula of Snyder et al. [1981] as scaled by Komen et al.

[1984] can be written as:

P, u,
B=max.[0,0.25w5—(283—cosqp-l)] (4.4)
w

where P, is the sea-water density, c¢ is the phase speed of the wave
component and ¢ is the angle between wind and wave component. This
formula is valid in the range:

u

0.036<(c—’cos9)<o.107

This range covers almost all the practical range of modeling interest.

4.2 NONLINEAR WAVE WAVE INTERACTION

The nonlinear wave-wave interaction process is responsible for
the exchange of energy among several wave components active in a weak
interaction configuration. Phillips [1960] found theoretically that

there is a continuous energy flux among any four resonant wave



components satisfying the following resonance conditions:

AR AR R (4.5)
K +k=k+k (4.6)

Hasselmann [1562] ‘was able to derive theoretically the exact ex-
pression to compute the energy transfer due to the nonlinear wave-wave
interactions (sometimes referred to as the nonlinear transfer). He
found that the rate of change of energy of the wave component ﬁ‘ due
to its interaction with the other components satisfying Eq’s (4.5) and

(4.6) is given by the Boltzmann integral expression:

g

=Y
Sm(k4) w, Jeo 3(k +k2-k3—k4) 3w 0,0 -0 4)

X [n‘nz(nam‘)-n n (n +n, )1 dk dk dk (4.7)

where n (= E(k )/u 3 j=1,2,3,4) are the action densities, & is the
Dirac delta function and ¢ is the net scattering coefficient which
describes the strength of the interaction. The important role played
by the nonlinear transfer in the evolution of wind waves was clearly

understood during the JONSWAP experiment (Hasselmann et al., 1973).

Although this process is probably the best known among the
processes contributing to the source function, its evaluation (compu-
tationally) is the hardest task in wind wave modeling. Computation of
the nonlinear transfer in a wave spectrum requires an excessive compu-
tational effort (in the order of an hour of CPU time). Therefore, none
of the working wave models includes the nonlinear transfer in its

exact form (except under rather restricted conditions such as fetch-



limited or duration- limited cases in deep water). First generation
wave models neglect the explicit inclusion of the nonlinear transfer
(except a very rough representation such as the use of an overesti-
mated generation term). Parameterizations by using a limited number
of parameters were used in second generation models which restrict the
spectral shape to avoid instabilities as it was discussed in Chapter
2. Dissatisfaction on the behavior of first and second generation
models (SWAMP, 1985) forced the search for a method which is (computa-
tionally) easy and approximates closely the exact computations of the

nonlinear transfer.

Hasselmann et al. [1985] proposed a practically acceptable
parameterization known as the discrete interaction approximation.
This approximation retains the basic form of the exact expression, Eq.
(4.7). Based on several numerical experiments they found that one
mirror-image pair of intermediate range discrete interaction configur-
ations would simulate closely the exact computations. The first con-
figuration is constructed by taking two wave-numbers to be identical
(il = Ez = k) while the other two are found by using the resonant

conditions ,i.e. Eq’s (4.5) and (4.6), and that:

(4.8)

n
€

w = (141)

(4.9)

n
£

w,= (1-2) »

where A is equal to 0.25. Reflecting wave numbers i:'s Ek:) and iz’4
(EE_) at the k-axis will lead to the second configuration. The re-
sulting incremental energy transfers are approximated by (c.f. Ozhan

and Abdalla, 1988):
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, T E E 2EEE
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i T T2 | T Taa-n
where GSM(EI) is the incremental nonlinear transfer at wave number
il, C’ is a numerical constant representing the strength of the inter-
action (C'=2.915x10"*) and Ak: denote the discrete spectral resolution

> 2>
at wave number il (k1= k, k, k ). The net source term due to non-

+ -
._)
linear wave-wave interactions, at any wave number, Snl(k l) is found by
summing up the corresponding incremental transfers of the six possible

=
configurations in which wave component k1 is one of the interacting

components.

4.3  WAVE BREAKING

Wave breaking (white-capping) is the poorest known process
which is active on wind wave generation. Therefore, it was the sub-
ject of significant interest during the last few years. Wave breaking
is in fact a strong nonlinear process. Therefore, perturbation tech-
niques (which were used to derive the mathematical expression of the
nonlinear transfer) can not be used to study this process theoreti-
cally. However, Hasselmann [1974] showed that the energy dissipation
rate due to wave breaking (Sbr) is a quasi-linear function of wave

spectrum; namely:
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Sbr(k) = -‘«I’d(k) E(k) (4.11)

where 'Ild is an unknown coefficient of dissipation that depends only on
the wave number and some integral spectral parameters such as the
average wave steepness. Evaluation of Wd is a very complicated task
due to insufficient understanding of breaking~wave hydrodynamics and
the difficulties in building up the analysis of individual breaking
events into a spectral form. Hasselmann [1974] found that ¥ should
be directly proportional to the wave number modulus under the
assumption that wave breaking process has small temporal and spatial

scales in comparison to characteristic wave periods and lengths.

First generation models treated wave breaking by introducing
the Phillips’ equilibrium range concept (Phillips, 1958 and later
refinements by several authors like Kitaigorodskii, 1983). A wave
component is allowed to grow until it reaches a saturation level where
it stays at that level. Almost the same treatment was used in the
second generation models, except that the Phillips’ equilibrium range
limitation was replaced by the assumed shape for the whole spectrum in

these models.

For developing a third generation model, a reasonable form of
this (unknown) dissipation source term is a crucial issue. Komen et
al. [1984] assumed a rather general form for the dissipation source

term as:
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5, (0 = v [..‘i’_] [ o ] E®) (4.12)

where v, n and m are free parameters to be determined, o is the

average wave steepness parameter given by:

a=€w /g2 (4.13)

in which @ and € represent the average angular frequency and the total

wave energy, respectively, and may be written as:

e f EK) w dk (4.14)

®
It

J Elk) dk (4.15)

and &PM= 4.57x10"° is the value of a for the Pierson-Moskowitz
spectrum. Komen et al. [1984] used the expression of Snyder et al.
[1981}] for wind forcing (scaled in terms of friction velocity) and the
exact computations of the nonlinear transfer due to wave wave
interactions in addition to Eq. (4.12) in order to model wind wave
evolution under steady wind in deep water. They employed their model
with several values of the free parameters v and n in Eq. (4.12) (they
kept m=2 since its variation is equivalent to redefining the v
parameter for quasi-fully-developed spectra) and searched for steady
state solution. They found that using v = 3.33x10° and n=2, a
quasi-equilibrium solution (with a one dimensional spectrum close to
the PM spectrum) can be achieved. To be consistent with the whole
policy of this qxodel, Eq. (4.12) together with the proposed values of

the free parameters must be written in the wave number space:



~ N2
sbr(i) = -2.33x107° & [L] [ « ] E(k) (4.16)

where k, « and w are the wave number modulus, wave steepness and
angular frequency, respectively, corresponding to the mean wave

period; namely:

£ = (e E®) V2 dik )2 (4.17)
~2

xa=¢ck (4.18)

& = (e Ek) o’ dk ) (4.19)

4.4 FINITE DEPTH EFFECT

As wind waves propagate into a coastal area they will interact
with the sea bed. Such interaction would modify some wave characfer—
istics (e.g. wave number and group velocity) as well as the external
processes acting on the waves. Another, yet more important, 'impact of
the wave-bottom interaction is the introduction of several new
processes such as wave shoaling, wave refraction and dissipation due

to bottom friction.

The present state of both the theory and observations regarding
wave generation and breaking is far from being satisfactory in finite~
depth regions. Theories of Phillips [1957] and Miles [1957], for wave

generation, were derived for deep water conditions. The observational
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data collected later on to calibrate these theories were also gathered
in deep water sites. Therefore, validity of those generation models
in coastal areas is actually not known. Same argument is applicable
to wave breaking model which was derived by Komen et al. [1984] under

deep water conditions.

Finite-depth theories for wave generation and breaking are not
yet available in literature. For this reason, the assumption thgt
"relationships defined in the wave number space are universal® (i.e.
apply to both deep water and finite depth cases; c.f. Kitaigorodskii
et al., 1975) can be used. Therefore, the finite depth model must

necessarily be formulated in thewwave number space.

The parameterization for the nonlinear transfer as given by
Hasselmann et al. [1985] was developed for deep water conditions.
Actually a scaling factor was given by Hasselmann and Hasselmann
[1981] to reproduce the exact computations of the nonlinear transfer
in finite depth from the deep water computations. This scale factor
is applicable for frequency spectra. In the present study, the para-
meterization of Hasselmann et al. [1985] was written in the wave
number space and used as it is in finite depth cases as it was done by

6zhan and Abdalla [1988].

Effect of shoaling and refraction is taken into account in the
radiative transfer equation through the last two terms in the left
hand side of Eq's (3.8) and (3.19). Therefore, no source term is

needed to model these two processes.
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The source term S]m includes contributions from several dissi-
pation processes in coastal areas. Dissipation due to bottom friction
and due to percolation are generally the most dominant. Dissipation
due to percolation, although dominant in coarse-sandy areas under
relatively deep water (cf. Hsiao and Shemdin, 1978 and Shemdin et al.,

1978), was neglected in the current study.

Hasselmann and Collins [1968] started from the well known quad-

ratic friction law:

> - >
T=-pc, U |ub| (4.20)

where ;:)b is the turbulent shear stress at the bottom, ﬁb is the
orbital particle velocity just outside the bottom boundary layer and
c, is the friction coefficient which is usually assumed to be constant
in the order of 1072 They developed a rather lengthy expression to
evaluate bottom friction dissipation under random waves. Collins
[1972] proposed an approximate linearized expression based on that
theory:

-c, v 5
<u> E(K) (4.21)

>
Sbf(k)= >
g sinh“(kh)

where <u> is the ensemble average of the orbital particle speed at the
sea bed and can be approximated as:

172

2
_ (5] D >

In some cases, the quantity (cf g <u>) is assumed as constant if the
friction dissipation is not so critical {(cf. Hasselmann et al., 1973;

and WAMDI Group, 1988).
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5. COMPUTATIONAL SCHEMES

As it was mentioned earlier, an analytical solution for the
radiative transfer equation with an actual representation of the
source function is out of question. This is readily realized due to
the nonlinearity of the source function as it is dependent on the
unknown energy spectrum. The radiative transfer equation has been
solved numerically using standard finite difference schemes for deep
water conditions (e.g. Barnett, 1968). However, solutions in finite~
depth areas are not straightforward. Collins [1972] introduced the
ray technique to address the problem in finite-depth areas. This
technique is satisfactory for first generation wave models in which
wave components are not coupled. Third generation models use coupled
source terms (e.g. nonlinear transfer). Therefore, it is not possible
to use the ray technique directly. Integration of the third gener-
ation source terms needs special treatment. Numerical instabilities
may arise while integrating the source function if relatively large
time steps (larger than few minutes) are used. This is due to the
numerical stiffness of the problem. Such small time steps can not be

practically utilized in a wave model.

A third generation model uses a complete representation of the
source function without any ad hoc assumptions regarding the spectral

shape (i.e. the high frequency range in first generation and the



complete spectral shape in second generation models). Therefore,
computations are continued for a wide range of wave components, inc-
luding high frequency components in order to be able to evaluate the
'coupled source terms. Inclusion of these high frequency components in
the computations leads to a numerical difficulty, called stiffness. A
coupled system of differential equations (the radiative transfer equa-
tion of different wave components) with the dependent variables (spec-
tral energies of the wave components) having a wide range of time
constants (i.e. rates of decay) is to be solved simultaneously. Low
frequency wave components (with large time constants) can be solved
numerically with relatively large time steps while high frequency
components (with small time constants) need small time steps for the
solution process . Therefore, the smallest time step controls over
the choice of time increment which can be used to solve the whole
system of the coupled equations. The WAMDI Group [1988] overcome this
difficulty by introducing an implicit scheme to integrate the source
function. This scheme needs more computations to be carried out to-
gether with some additional memory storage. “They reduced the computa-
tional requirements by employing an approximate treatment of this
implicit scheme on the cost of limited time steps (around 15 minutes).
Their implicit scheme requires larger computational effort at each
time step compared to a first order explicit scheme (c.f. The WAMDI
Group, 1988). The significant computational savings achieved by their
implicit scheme are due to the relatively larger time steps (around 15
minutes) compared to time steps required in an explicit scheme (around

2 minutes).
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Hence, two difficulties are to be overcome in a finite-depth
third generation wave model. Firstly, a simple and efficient scheme
to integrate the source function is needed to overcome the stiffness
problem. Secondly, another scheme is needed to handle satisfactorily

the processes introduced by finite depths during wave propagation.

5.1  INTEGRATION OF THE SOURCE FUNCTION

The problem of stiffness is a direct product of the coupling
between the different wave components (with different time scales) in
the process of nonlinear wave wave interactions. The small time
scales of the high frequency components will control the solution time
step since the radiative transfer equations representing the evolution
of spectral energy of the different wave components can not be
separated. Fortunately, the high frequency components grow very fast
and reach a quasi-equilibrium state within a short period of time.
During this quasi-equilibrium state, they grow at negligible rates as
a result of their interaction with actively growing components of
lower frequencies. Therefore, it is not necessary to compute their

evolution exactly during this state.

A simple first order explicit scheme for the integration of the
source function can be used with a dynamically adjusted time step (in
the order of 2 minutes). Apart from the small time step needed, this
scheme is simple and efficient. To make use of these advantages, a

special treatment is required to increase the integration time step.



If any source function of a high frequency component (with a frequency
much larger than the mean frequency) is multiplied by a factor less
than unity, the time scale of this component will be increased ({arti-
ficially). This idea can be implemented by using the factor as a
function of the ratio of the component wave number to the mean wave

number. Specifically, the followings were used in the present study:

%%— =98 (5.1)
1.0 for ksk_

7(k) = S (5.2)
(ke ) for kok_

k = max [ 144 & , 3x10° g? u? ] (5.3)

This adjustment makes it possible to use time steps as large as 20

minutes (and sometimes more).

This approximate treatment is supported by two facts. Firstly,
it is sufficient to compute the quasi-equilibrium spectral energy at
high frequencies rather than the time history of evolution of these
components. Secondly, the high frequency range of the spectrum con-
tains a small amount of wave energy relative to the range around the
peak. Therefore, any minor error in the source function representa-
tion at the high frequency components will lead to a very limited
overall error. Numerical experiments were performed to detect this
effect. Spectral energies of the high frequency components were found
to be oscillating around certain values in the case of small time

steps (without using the artificial factor). With large time steps
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(and using the factor), the results corresponded to almost mean
values. The error was found to be not more than 3% in the significant

wave heights and around 2% for peak frequencies.

5.2 PROPAGATION SCHEME

The propagation scheme to be used in a wave model must have
several desirable attributes as any other numerical method. It must
conserve the total energy with no (unrealistic) negative energies.
Convergence is another important property to be possessed by the
scheme. A convefgent scheme must be consistent with the differential
equation and must be stable. Also the scheme must be efficient and
lead to low truncation error. Another property, which is fairly
unique to wave models, is that the scheme must have a certain degree
of numerical dispersion. This property is necessary for wave models
since the continuous spectral range is represented by several discrete
bands propagating with the group velocity corresponding to mid-
frequency of each band. Numerical dispersion is a remedy for this

drawback.

Generally, finite difference schemes serve as propagation
schemes (e.g. the first order upwind and the second order leapfrog
schemes in the WAM model; WAMDI Group, 1988). In finite depth areas,
ray technique is usually used (e.g. Cavaleri and Rizzoli, 1981) for

this purpose. In a coupled third generation model, which is expected
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to perform in finite water depths, the traditional ray technique can

not be used due to the interactions among wave components.

METU3 model uses what may be referred to as a step wise ray
technique as the propagation scheme (c.f. Ozhan and Abdalla, 1988).
This is in fact a sort of method of characteristics. The method con-
siders the solution of the radiative transfer equation in the five
dimensional space (€, n, k, @ and t) where £ and n represent ¢ and A,
respectively, in the geographical coordinates and x and y in the Car-
tesian coordinates. The method also assumes that the propagation of
the spectral energy has a four dimensional velocity vector with the
components V_, Vn. Vk and Ve. Therefore, along the characteristic
defined by this velocity vector, the left hand side terms of the radi-
ative transfer equation, either Eq. (3.8) or Eq. (3.19), will reduce

to the exact temporal derivative of the spectral energy, dE/dt.

From a point (i-A£,j-An,m-Ak,n-A68) in the four dimensional
space (£,1,k,0) at the time t+At, a backward characteristic is con-
structed to meet the (§,7,k,8) space at time t (where the spectral
energies of all wave components (k,0) are known at all physical loca-
tions (£,m)) at point Q. The coordinates of point Q can be found
using the propagation velocity vector (Ve,Vn,Vk,Ve). Linear interpo-
lation with the neighboring grid points are performed to estimate the
energy EQ at point Q. The general equation to compute EQ can be

written as:
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EQ=Cx (Cy [Ck (C, E + Ce E

® "t-s3,)-p,m-q,n-r i-s,})-p,m-q,n

* Ek (Ce El—s.J-P.m,n—r+ EB El-S»J-P’m»")]
*Cy I G By ymaunr® 0 Eicelsimeaun
+ Ek (Ce Ei-s,J.m.n-r+ Ee Ex-s,j.m.n)])
+ C {Cy ICy (G K, 1 m-qunr’ Ee E i-pomeq.n)
+ C, (cy E i-p.ma-r’ Co i i-pumn
+C IC (G E ot Co B main
* Ek (Ce EI.J,m.n-r+ Ee El.J.m-n)” -4
Here, E is the discrete spectral energy denmsity of the wave

component (m-Ak , n-A@) at the location (i-A€ , j-An) at time t; CZ

(2 = £,m,k,0) are Courant-like numbers defined as:

vt At
Ct = l (for & = £,1,k,0) (5.5)
Cl =1~ Cl (5.6)

and § = s,p,q,r corresponds to & = £,7,k,0; respectively, where:

+4 for v
}' = { l>o (5.7)

-1 for vl<0

The energy density ]-Z:Q is propagated from point Q to the point
(i-A£,j-An,m-Ak,n-A8) along the characteristic during the time period

of At.



Method of characteristics gives exact solutions. However, the
associated linear interpolation changes this fact. The present
scheme, Eq. (5.4), is rather complicated to be studied theoretically
with respect to convergence and accuracy. Nevertheless it is possible
to show analytically that this scheme is consistent with the radiative
transfer equation to the first order with numerical dispersion coef-

ficient in the order of:
[ A7) AL ]
2
Numerical experiments showed that the scheme conserves energy without

any (unrealistic) negative values and it is stable when the coef-

ficients C, (2 = £,2,k,0) are less than unity.

The stability conditions involving € and m are usually easy to
satisfy. The time increment, At, is usually small enough (as dictated
by the integration of the source function) and the spatial increments,
A and Am, are large enough (to reduce the excessive CPU time) so that
small Courant like numbers result even for long wave components (with
large group velocities). 4@ is large enough in the present versions
of METU3 model (A6=30"). Therefore, it does not introduce any stabi-
lity problem. At long (low frequency) wave components, small wave
number increments, Ak, must be used to compute accurately the spectral
energy densities of these important components. Therefore, Ck may
exceed unity for some long wave components. This will lead to a nu-
merical instability in the computational scheme of Eq. (5.4). This
instability stems from the fact that extrapolation is performed in

such a case instead of interpolation while computing EQ. Thus,
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interpolation must be reinstated to prevent this instability. To
achieve this, the grid points needed in the interpolation must be
forced to those surrounding point Q. This can be achieved by rep-

lacing Ck by Cl’c defined as:

C,=C -v (5.8)

where v is the maximum integer less than Ck (i.e. the integer of Ck)‘
Furthermore, the subscript m in Eq. (5.4) must be replaced by:
m - q v This treatment can also be applied for the other
dimensions. In order to save the CPU time, however, its application

is limited to the k dimension only.

5.3 HicH FREQUENCY TAIL

Spectral computations are usually performed to some high cutoff
frequency fc (corresponding to cutoff wave number kc). The high cut-

off frequency which is used in METU3 is given by:

f =25°¢F (5.9)

[

To compute the nonlinear transfer up to this cutoff frequency, several
spectral values beyond this frequency are needed. This is also appli-
cable to computations of the integral quantities of the dissipation
source term. Therefore a tail is added behind the cutoff frequency in
order to allow such computations. This tail is assumed to have a k?
dependence with a directional distribution as that of the cutoff fre-

quency band. The added tail has the form:



-4 .
E(k) = [———] E(Ec) for kok_ (5.10)

This form is equivalent to the f ° form of Phillips [1958] in the
frequency space. The discrete spectral components are computed from
Eq. (5.10) beyond the cutoff wave number, for being used in the non-
linear transfer computations. Eq. (5.10) is integrated analytically
from l:c to o while computing the integral spectral parameters like the

total energy, €, and the mean wave number, k.

5.4  Seaquence oF COMPUTATIONS

The water body under study must be represented by a grid having
suitable spatial increments, A§ and An. The next step is to digitize
the depth field according to this grid. Then, a decision about dis-
cretizing the spectral space is negded. The frequency range can be
divided into n frequency bands starting from a minimum value fmln and
by using a variable frequency increment satisfying Af/f = 0.1. The
directional range can be divided into n_ directional bands. f , n

e min f

and ng are free and can be selected according to each study case.
Most of the study cases presented in Chapter 6 use 26 frequency bands
and 12 direction bands (46=30°). All this data is fed to the model to
start the computational procedure (for which, a flow chart can be
found in Fig. C.1 / Appendix). Wind field data (wind speeds and di-
rections) are fed at given synoptic times. Initial conditions are

usually selected from a previous run of the model with a constant,

homogeneous and mild wind field for a limited time period. This will



enhance the performance of the model at the initial stages of each
run. An alternative choice would be a model directional spectrum
(e.g. JONSWAP spectrum with cos’ angular spreading function) with a
rather high peak frequency. Although such a choice will have a negli-
gible effect on the model results, it will slow down the model per-

formance at the initial stages.

For each wave component and at each grid point the following
quantities are computed once before starting the dynamic solution
procedure and saved for later usage. First of all, the wave charac-
teristics (such as wave number modulus and group velocity) are com-
puted using the small amplitude (linear) wave theory. Next the
Courant like numbers can be computed using Eq. (5.5). Values of s, p,
q and r, which appear as subscripts in Eq. (5.4), are found according
to Eq. (5.7). Finally, configurations of the nonlinearly interacting

wave components are computed in accordance with Section 4.2.

The dynamic solution procedure can be divided into two steps:
propagation step and source function integration step. The former
step simply makes use of Eq. (5.4). During the second step (for
which, a flow chart can be found in Fig. C.2 / Appendix), the source
terms are computed in accordance with Chapter 4. Then the time step
is tested in order to prevent numerical instability which may occur
during high temporal wind field gradients. If such cases are de-
tected, the maximum possible time increment which will not produce any
instability is used in the integration of the source function. The

remaining portion of the original time increment is considered as a



new time increment and the whole integration step is repeated using
this time increment. The integration step uses the simple first order
explicit scheme discussed in Section S5.1. Finally, the high frequency

tail is added as explained in Section 5.3.

At specified time levels, the spatial distributions (i.e. at
each grid point) of the mean wave period Tm, the significant wave
height Hs and the mean wave direction em are obtained as the final
outcome. The mean wave period can be found as the reciprocal of the

mean frequency f. The significant wave height is computed as:

H = 4.0 28 (5.11)

The mean wave direction is defined as:

e =c¢ ff o E(f,0) df de (5.12)

where E(f,0) is found using:

E(f,0) = 2 = k 5@ (5.13)

Another group of detailed results can be obtained at specified loca-
tions and at certain times. The directional spectrum, which is
actually computed inside the model, if written in the polar (f-0)
plane is considered as the most appropriate way for a detailed de-
scription of the wave field at a any point. Eq. (5.13) can be used to
derive this information from the computed E(k) spectrum. Usually it
is easy to measure the one dimensional (frequency) spectrum, E(f), in

practice. Therefore it is considered as a desirable way of presenting



the wave field at a point. E(f) can be computed through the

integration:

E(f) = [ E(f,8) de (5.18)

55 SIMPLIFIED YERSION

The relatively large CPU time required to run METU3 may be a
major drawback for various engineering applications. For example, one
day of simulation for the Adriatic Sea (grid of 41ix13 points) as de-
scribed in Chapter 6 needs about 130 seconds of CPU time on an IBM
3090/180S mainframe. This is about the same order of computational
effort required by the WAM model (c.f. Cavaleri et al.,, 1988). Such
computational resources may not be available and still one may wish to
employ a third generation model incorporating all aspects of state of
the art in wind wave prediction. Therefore, a simplified version of

METU3 would be very valuable.

A water body of an arbitrary geometrical shape with deep water
conditions or with a horizontal bottom is considered here. It is
assumed that wave prediction is required at a single point, P. Wave
components will be moving offshore towards the point P along straight
characteristics starting from a coastal boundary. Therefore, wave
components can be assumed not to have any energy initially (i.e. at
the shore or the boundary). Under these assumptions and for one di-
mensional propagation (i.e. along straight characteristics), Eq. (5.4)

can be written as:



E =(1-C)E (5.15)
r P

C = . (5.16)

where z is the distance between point P and the shore along the given
characteristic. Along the given characteristic and for the simple
first order scheme, the radiative transfer equation can be written

using Eq. (5.15) as:
YAt (1-c )Et+s at (5.17)
P r P P

Eq. (5.17) assumes that the wave component has a uniform energy gradi-
ent along the straight characteristic (i.e. it evolves in a linear
manner). This assumption is not exactly correct since energy of the
wave component evolves along the fetch in composite (mainly nonlinear)

manner as shown in Fig. (2.1).

If Cr is less than unity, Eq. (5.17) shows that during a time
period At, a portion of Cr of the spectral energy of the wave compo-
nent at time t is propagated away from point P. Thus the remaining
part of the energy and that part which will be locally generated
during At can be found at time t+At. On the other hand if Cr is
greater than or equals the unity, Eq. (5.17) indicates that all the
energy at time t will be propagated away from point P during At.
Therefore, only the locally generated energy can be found at point P

at any time.
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Sequence of computations follows as in the general version of
the model except that only one point is considered here and the propa-
gation is treated in the simplified way as given in Eq. (5.15). The
output will be also the same except that the mean wave period, the
significant wave height and the mean wave direction are obtained at a
single location. This version of the model was tested on an IBM PS/2
model 30 personal computer equipped with a math co-processor. One day

of simulation takes about 90 seconds of CPU time on such a system.



6. APPLICATIONS AND DISCUSSIONS

This chapter describes the application of METU3 to several
hypothetical and real life cases. It also discusses the results of
these applications in comparison with theoretical and experimental
findings. Hypothetical applications include fetch limited and dura-
tion limited wave growth under deep and finite depth water conditions
in addition to turning wind cases with several rotation angles. Real
life applications are for three different sets of storms. These sets
include storms in the Western Mediterranean Sea, the Adriatic Sea and

the Sea of Marmara.

6.1 HYPOTHETICAL APPLICATIONS

It is valuable to apply a wave prediction model to some hypo-
thetical cases in order to study its theoretical performance under
several controlled conditions (c.f. The SWAMP Group, 1985). This can
clarify weaknesses of the model if they are present. The SWAMP Group
[1985] designed seven hypothetical tests to be applied for wave
models. These tests were used by Ozhan and Abdalla [1988] to study
the performance of the first generation version of the model. For the
current version (third generation version) only two critical tests are

chosen and presented here: the deep water wave growth and the turning
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wind tests. The former is extended to the finite depth conditions as

a third test.

6.1.1 Wave Growth in Deep Water

Two wave growth cases in deep water are considered here: the
fetch limited and the duration limited growth. For both cases a sta-
tionary and homogeneous wind field with a friction velocity u, of
0.357 mv/s (corresponding to wind speed at 10 m height UlO of about 10
m/s) is assumed to blow over deep water. The fetch limited growth
case assumes the wind field will last for an unlimited duration. The
wave development will be observed along the fetch after such a long
duration. @ The other growth case (the duration limited) assumes an
unlimited fetch and wave growth will be observed as a function of time

at the end of this long fetch.

Fig. (6.1) shows the growth of the dimensionless wave energy,
e‘, defined by Eq. (6.1) as a function of the dimensionless fetch, X',

defined by Eq. (6.2) under fetch limited conditions.
e =¢ g u;4 (6.1)

. -2

X Xgu, (6.2)

Here, £ is the total wave energy and X is the fetch length. The total
energy grows until it reaches a quasi equilibrium state with e =
1200. Depending on the drag coefficient to be used for the conversion
from U19.5 to u, it is possible to find for the fully developed

*

Pierson- Moskowitz spectrum a dimensionless total energy, ¢ o’ of 1090
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{as found by the SWAMP Group, 1985). Therefore one can conclude that

the model has a good asymptotical behavior for large fetchs.

The growth of the one dimensional frequency spectrum along the
fetch is presented in Fig. (6.2). The frequency and the spectral
energy are expressed in dimensionless forms using Eq’s (6.3) and

(6.4), respectively.

(6.3)

E¢) = £ g u® (6.4)

The overshooting phenomena can be clearly seen in Fig. (6.2). This
phenomena was observed experimentally first by Barnett and Sutherland
[1968]. Comparing Fig. (6.2) with the corresponding figure from the
WAM model (Fig. 5 of the WAMDI Group, 1988}, one would notice that the
spectral energies of METU3 at the spectral peaks are higher than those
of WAM as shown in Table (6.1). Hasselmann [1989] suggested that the
difference between the peak energies of the WAMDI Group and those of
Hasselmann et al. [1985] is due to the integration schemes used. The
former uses an implicit second order scheme while the latter uses an
explicit first order scheme. In spite of this difference in the spec-
tral peaks, the overall level of the total energy is almost the same
for both cases since WAM spectra are somewhat wider. METU3 uses a
first order integration scheme like Hasselmann et al. [1985]. There-
fore both of these models are expected to have almost the same be-
havior. This is seen to be so for the single result of Hasselmann et
al. given in Table (6.1). A comparison among Fig. (6.1), Fig. 8 of
Hasselmann et al. and Fig. 3 of the WAMDI Group will show that the

total energy is almost the same for all three models.
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Table 6.1. Comparison among METU3, WAM and Hasselmann et al. [1985]

Regarding the Spectral Peaks

X‘ METU3 WAM Hasselmann et.al.

(x10®)| £° E'(f") £ E'(r’) " E (f")
p P P P P P

(x10"%)| (x10%) | (x10®) [ (x10%) | (x107%)| (x10%)
2.2 - - 9.5 0.46 -- -
3.1 9.0 1.2 -- - - -
4.6 | 8.2 1.6 - - - -
5.2 -- - 8.2 0.78 - -
25.0 -- -- 7.0 1.30 - -
31.0| 6.2 2.8 - - - -
51.0 -- -- - -- 6.0 3.1
52.0 -- -- 6.0 1.40 - —
77.0 | 5.7 3.2 - - w _

Under duration limited conditions, Fig. (6.3} shows the growth o

of the dimensionless wave energy with respect to the dimensionless

storm duration t' defined as:
"=t g u:l (6.5)

Here, t is the storm duration. The corresponding growth of the one
dimensional frequency spectrum is presented in Fig. (6.4). It is
clearly seen that METU3 has almost the same behavior for both fetch

limited and duration limited seas.
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6.1.2 Response of METU3 to Turning Winds

The sudden change in wind direction was found to be the most
critical test for wave models as reported by the SWAMP Group [198S].
Several wave models, that perform quite well under simple wind condi-
tions, were found to be not sufficiently flexible to handle the
complex wind seas arising from a sudden shift in wind direction (wind
turning). For this reason, the application of this test to clarify
the directional characteristics of the output spectra and their res-
ponse to sudden changes in wind directions was considered as esential

for METUS.

For this group of tests, a stationary and homogeneous wind
field with a friction velocity u, of 0.357 m/s (= Uw g 10 m/s) is
assumed to blow over a sufficiently large water body of unlimited
water depth. The wave spectrum at a location with an unlimited fetch
length is allowed to grow under such a wind field. As the time when
the peak frequency of this spectrum reaches a value equals to twice
the peak frequency of the corresponding Pierson- Moskowitz spectrum,
f , a sudden wind shift of A is introduced. fm is given by the

PM
following approximate relationship (The SWAMP Group, 1985):

f, = 0.0056gu (6.6)

Eq. (6.6) is derived from the original relation of Pierson - Moskowitz
by substituting the friction velocity u, in place of wind speed at
19.5 m height Uw.s' The new wind field is identical to what was
present before the shift except for the rotation of A¢p in the wind



direction. Wind shifts with Ap equals to 30°, 60°, 90° and 120° are

used in this study.

Fig. (6.5) shows a contour plot, in the polar (f"-8) coordinate
system, of the two dimensional spectrum just before introducing the
wind shift, i.e. at At.=0. Here, At' represents the dimensionless
time, nondimensionlized by using Eq. (6.5), starting from the instant
of the wind rotation. The spectrum of Fig. (6.5) has a shape very
close to that produced by the WAM model under the same conditions
(c.f. Fig. 5a of Young et al,, 1987). The evolution of the two dimen-

sional spectra as a function of the dimensionless time At‘ after the

Fig. 6.5 Contour plot of the two dimensional spectrum (normalized
with the peak spectral energy) just before the wind shift,
ie. At=0. Izolines are at relative energies (from
outside) 0.02, 0.05, 0.1, 0.2, 0.4, 0.6 and 0.8. Broken

circles are at f. of 0.01 and 0.02.



wind shift is demonstrated in Fig’s (6.6) - (6.9) for wind shifts of
30°, 60°, 90° and 120°,respectively. It is possible to recognize two
different spectral evolution patterns depending on the degree of wind
shift. Small shifts (30° and 60°) produce rather different patterns

compared to that produced by large shifts (90° and 120°).

For small wind shifts of 30° and 60°, it is clear from Fig's
(6.6) and (6.7) that the whole spectrum rotates smoothly from the old
wind direction to align itself with the new direction. This behavior
is in agreement with the findings of Hasselmann et al. [1980] for the
field measurements during the JONSWAP experiment. One can notice also
that the high frequency components align themselves with the new di-
rection faster than the low frequency components. Such a directional
relaxation which depends on the frequency is in a good agreement with
the findings of Hasselmann et al. [1980]. This type of frequency
dependent relaxation is responsible for the skewness of the spectral
shape during the realignment process. The complete realignment of the
spectral peak needs a time interval of At = 5x10° for Ap = 30° and
At" = 6x10° for Ap = 60°. Similar time intervals were found by Young
et al. [1987] for the WAM model and for a more accurate model called
EXACT-NL.. During the realignment process, the spectrum continues to

grow. The energy of the spectral peak continuously builds up while

'EXACT-NL (c.f. Hasselmann and Hasselmann, 1985) is a research model
that integrates the radiative transfer equation in which the nonlinear
interactions are computed exactly. Integration is carried out with
respect to a single variable (fetch or duration) in order to maintain
the computational effort within an acceptable level. Therefore, this
model can not be used for real life applications.
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Fig. 6.6 Evolution of the two dimensional spectrum after a wind shift
of 30°. Explanation as for Fig. (6.5).

(a) at’ =10 x10° . M) At =25 x 10°



Fig. 6.6 (Continued)
(c) At" =5.1 x 10° (d) At =15 x 10°
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Fig. 6.7 Evolution of the two dimensional spectrum after a wind shift
of 60°. Explanation as for Fig. (6.5).

(@) At' = 1.0 x 10° M At =25 x 10°



= 1.9 x 10°

(d) At

at’ = 6.2 x 10°

(c)

Fig. 6.7 (Continued)



Fig. 6.8 Evolution of the two dimensional spectrum after a wind shift
of 90°. Explanation as for Fig. (6.5).

(a) at =9.7 x 10* m at’ =17 x 10°



Fig. 6.8 (Continued)

. L)
(©) At =45x10° . (@ At =91 x 10



Fig. 6.9 Evolution of the two dimensional spectrum after a wind shift
of 120°. Explanation as for Fig. (6.5).

(a) At =15 x 10° M) At = 2.2 x 10°
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(Continued)

Fig. 6.9

= 1.2 x 10°

]

o® (d) At

(c) At = 4.9 x 1



the peak frequency gradually shifts to lower values. Young et al.
[1987] reported a similar behavior for the EXACT-NL model. After the
complete alignment with the new wind direction, the spectrum grows

under a normal duration limited condition.

The picture is rather different for large angle shifts of 90°
and 120°. For the wind shift of 90°, Fig. (6.8) shows that, in-
itially, a secondary wind sea with a high frequency peak (f; % 0.0125)
starts to develop at an angle of about 60°. The same situation can be
recognized in Fig. (6.9) for the wind shift of 120° but with slightly
different values for the secondary spectral peak. The new high fre-
quency peak for the 120° shift occurs at a f requency f; = 0.0155 and
at an angle of 90°. The new wind sea, for both cases, begins to grow
and to rotate to align itself with the new wind direction. The new
wind sea, when aligned with the new wind direction, starts to grow
independently of the old sea. The old wind sea starts to die away
under the effect of the dissipation process (wave breaking). This
behavior is almost identical to that reported by Young et al. [1987]
for both WAM and EXACT-NL models. METU3 is found to have a better
agreement with EXACT-NL model, compared to WAM, regarding the decay of

the old wind sea.

6.1.3 Wave Growth in Finite Depth Water

METU3 is a general model. It is supposed to perform well
enough under any condition including the finite depth situations. A
simple fetch limited test is used to investigate the behavior of the

model under the finite water depth conditions. More complicated test
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cases would not give any extra confirmation due to the lack of any
reliable experimental or theoretical results with which the METU3
results can be compared. The difficulties arise mainly from the fact
that it is almost impossible to find ' relatively long fetches with

uniform finite depths to be used in such studies.

For this test, a stationary and homogeneous wind field with a
friction velocity u, of 0.357 m/s (= Um 2 10 m/s) is assumed to exist
over a water body with a horizontal bed. The following four cases
with depths of 2.6 m, 5.2 m, 10.4 m and 20.8 m (corresponding to di-
mensionless depths of 200, 400, 800 and 1600, respectively) are con-

sidered. The water depth is made dimensionless by using:

h'=hg u;z (6.7)

The fetch limited growth curves for the four cases used are
shown in Fig. (6.10). It is clear that the equilibrium total energy
is attained at shorter fetches with lower levels for smaller depths as
one can anticipated. Three growth curves (with larger depths) show
excellent agreement with the corresponding curves of WAM model (c.f.
Fig. 7a of the WAMDI Group, 1988). The fourth curve (with h‘=200) in
Fig. (6.10) shows smaller equilibrium total energy than that of WAM
for the same conditions. It is difficult to judge which model pre-
dicts the more correct value. In any case this water depth (of 2.6 m)
almost never occurs in practice, along a fetch of about 13 km which is
the fetch required to get the equilibrium state as seen from Fig.

(6.10).
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Fig. (6.11) shows the fully developed one dimensional frequency
spectra for three cases (with h’ of 200, 400 and 1600). These spectra
are again in very good agreement with the WAM results except the one
for h‘=200. The lower frequency wave components are not allowed to
grow freely for shallower cases as seen in Fig. (6.11). The reason
for this behavior is clarified upon testing the effect of the bottom
friction source term. Eq. (4.21) implies that smaller is the value of
kh (lower frequency and/or shallower depth), larger becomes the bottom
friction source term. Thus wave components with small values of kh
are not allowed to grow freely. Tails of spectra (high frequency

components) are almost identical for the three cases.

6.2 ReAL LiIFE APPLICATIONS

Three sets of computations are discussed in this section.
The first set consists of wave hindcasts for three storms in the
Adriatic Sea. This set focuses on the applicability of METU3 in the
Cartesian coordinate system. The second set includes three wave hind-
casting cases in the Western Mediterranean Sea. This set explores the
performance of the model in the geographical coordinates. Finally,
waves in a storm in the Sea of Marmara are hindcasted to investigate
the capability of the simplified version when applied to small water
bodies. The seven events described here are selected because they are
well documented to a certain degree. It is worthwhile to mention that
these events are not extreme events and not of specific practical

importance.
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6.2.1 The Adriatic Sea

6.2.1.1 General Description

The Adriatic Sea is a semi-closed basin lying between 40°N and
46°N and between 12°E and 20°E and extending from north west to south
east. This basin is shown within the rectangle "A" of Fig. (6.12).
It is surrounded by Italy from one side and Yugoslavia and Albania
from the other side. It is connected to the Mediterranean Sea through
the Otranto Strait (at its south end). The effect of this strait is
limited only to the nearby areas. Due to this fact and further due to
our interest in only the northern part of the basin, the Adriatic Sea

can be considered as a closed basin.

The basin has a semi-rectangular shape with dimensions of about
750 km x 200 km. It has a mild bottom slope at its northern section
of about 1:1000 and a steep slope at its western part of about 1:100
(c.f. Fig. 6.13). The currents (and the tidal currents) are small
enough to have any remarkable effect on the waves as reported by
Cavaleri et al. [1989]. The basin is surrounded by several mountain
ridges. Namely; the Dinaric Alps extend along the Yugoslavian coast
while the Apennines lies on the Italian coast. Furthermore the Alps

are located at the northern edge of the basin.

There are two main wind systems, bora and scirocco, affecting
the Adriatic Sea as shown by large arrows in Fig. (6.13), (c.f.
Cavaleri et al., 1989). Bora is a cold northeasterly wind acting over

the northern part of the Adriatic. It is created as a result of a
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high synoptic pressure over central Europe which is associated, some-
times, with a low pressure cell over southern areas of Italy. This
causes a strong cold jet of dry air. On the other hand scirocco is a
warm southerly wind acting over the whole basin. It blows along the
main axis of the sea due to the channeling effect of the Apennines and
the Dinaric Alps. In winter the northern part is typically covered by
a cold humid air layer causing the scirocco to move high enough to
have any effect on the sea surface. This region of the Adriatic is
dominated by a pure swell under such conditions. If such a cold air
layer does not exist, scirocco becomes able to reach the northern
part. Due to the blocking effect of the Alps, scirocco then changes

its direction abruptly to the west.

The wind data were supplied by Dr. L. Cavaleri of C.N.R.,
Istituto per lo Studio della Dinamica delle Grandi Masse (Venice,
Italy). The data are the output of a wind model developed specifical-
ly for the Adriatic Sea at that institute. The model is based on the
synoptic pressure values recorded at various meteorological stations
along the Adriatic coasts. It takes into account the channeling
effect of the surrounding mountain ridges. Wind fields are provided
at synoptic times of every 3 hours at a mesh coinciding with that of
Fig. (6.13) but with 40-km grid size, i.e. every two points. The wind
model output is verified by measurements at an oceanographic platform.
This platform which is represented by point C in Fig. (6.13), is oper-

ated by the mentioned institute.

The wave data were collected with a waverider buoy located at

point E in Fig. (6.13). The buoy is operated by the Ente Nazionale



Energia Elettrica, ENEL, (Italy). The water depth at the location of
the buoy is 25 m. The buoy provides wave spectra at synoptic times of

every 3 hours. This data was published by Cavaleri et al. [1989].

Waves in three storms (representing the three wind systems
described above) were hindcasted by using METU3 and the results were
compared with the measurements and with the hindcasted results of WAM
as given by Cavaleri et al. [1989]. The model wind fields for these
storms are reported to be very reliable as confirmed by direct com-

parison with measurements at the CNR platform (Cavaleri et al., 1989).

The version of the METU3 model in the standard Cartesian coor-
dinate system was used. The maximum error associated with this choice
was estimated by Cavaleri et al. [1989] to be less than 0.2 % if com-
pared with the choice of spherical coordinates instead. Nevertheless,
this choice will give better results since the usage of a Cartesian
coordinate system with one of the axis aligned with the main axis of
the Adriatic Sea would lead to the best representation of the coast.
The grid which is used in the solution is shown in Fig. (6.13). The
same grid was used by Cavaleri et al. [1989] to solve the WAM model.
A 20-km grid size in both x and y directions with a 15-min. time step
are used for the propagation scheme. The initial condition used at
any location was an existing two dimensional spectrum corresponding to
a significant wave height of Hs= 0.5 m and a mean period of Tm= 23 s
and having a mean direction coinciding with the initial local wind
direction. Those points located at the shoreline or at the grid

boundaries are assumed to fully absorb the wave energy.
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In order to use METU3S model for the Adriatic basin, it is
necessary to find a representation of the nonhomogeneous wind fields
affecting the point of interest (the ENEL buoy location). Therefore,
wind velocities at all grid points within a directional band were
averaged. The average value can be used to represent the wind
velocity working on all wave components (i.e. with different
frequencies) propagating along the characteristic coming from the
boundary (the shore) to the point of interest with the angle of the
mid directional band. Thus, the nonhomogeneous wind field is

number of average wind velocities (where n, is

represented by n o

6
number of directional bands which was used as 12 throughout this

study).

6.2.1.2 Storm l: Bora with Active Generation Conditions

The northern part of the Adriatic Sea experienced a very cold
bora storm during March 29-30, 1977. Wind speeds were as high as 20
m/s as recorded at the cceanographic platform. The air temperature
was 10°C lower than that of water leading to highly instable air-sea
conditions. A sample wind field as estimated by the wind model at

% UT on March 30, 1977 is shown in Fig. (6.14). Cavaleri et al.

15
{1989] reported that the model for this storm underestimates, on the
average, the wind speed by 4% and has an error of 8° in wind direction

when compared to measurements at the oceanic platform, location C in

Fig. (6.13).
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Waves at the northern Adriatic Sea were pure sea waves under
active, generative and fetch limited conditions. The active fetch
length for this storm was about 120 km. A sample wave field as pre-
dicted by METU3 at 15°° UT on March 30 is shown in Fig. (6.15a).
Basically Fig. (6.15a) compares well with the corresponding output of
WAM model, which is shown in Fig. (6.15b), except for the slightly

higher values of METUS.

Time history of significant wave height, Hs, and mean wave
period, Tm, at the buoy location as predicted by METU3 and METU3S is
shown in Fig. (6.16). The measurements and the WAM results are also
presented in the same figure. The model wave height and period follow
the measurements at later stages of the storm. Both METU3 and WAM
have the tendency to underestimate both wave height and period in the
early stages and to overestimate them at later stages. In general
METU3 gives results which are closer to the measurements than those of
WAM. The root mean square errors of significant height and mean
period at ENEL position as obtained with METU3 and WAM models are
tabulated in Table (6.2). The maximum errors for both models at the
same location are shown in Table (6.3). On the other hand, METU3S
predictions follow closely those of METU3 during the first day of the
storm. Later on, METU3S starts to overestimate wave heights (signifi-
cantly) and wave periods. A possible explanation for this significant
deviation could be found upon examining a representative wind field
during the second day of the storm f{e.g. Fig. 6.14). The southern
half of the basin was affected by relatively intense southeastern wind

speeds blowing along the main axis of the basin towards ENEL location.
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On the same time, intense northeastern winds were affecting the north-
ern half of the basin. The swell propagating from the south was ab-
sorbed at the central portion of the basin, leaving the ENEL location
to be under pure northeastern windsea. This swell absorption can not
be reproduced by METU3S (with the simplified representation of propa-
gation) since the wind field at the southern part has a direct affect
on the ENEL location through the mentioned averaging procedure.

Measured spectra are not available for this storm.

Table 6.2. Root Mean Square Error of PIs and TIn Estimates at ENEL
Location as Obtained with METU3 and WAM models for Three
Storms in the Adriatic Sea.

H {m) T (s)
Storm s =
METU3 WAM METU3 WAM
Mar. 29-30, 77 0.64 1.05 0.50 0.60
Oct. 26-27, 81 0.36 0.42 0.74 1.13
Nov. 29- .
Dec. 2, 82 0.45 0.61 0.64 0.63

Table 6.3. Maximum Error of H’ and Tm Estimates at ENEL Location as

Obtained with METU3 and WAM models for Three Storms in the

Adriatic Sea.
H (m) T (s)
Storm 2 =
METU3 WAM METU3 WAM

Mar. 29-30, 77 1.26 1.40 1.00 2.90
Oct. 26-27, 81 0.57 0.57 1.60 1.80
Nov. 29-

Dec. 2, 82 0.83 1.35 1.60 1.60
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6.2.1.3 Storm 2: Scirocco with Swell Conditions

The whole Adriatic was under the action of a scirocco storm
during October 26-27, 1981. During the first day, the storm affected
the northern part with wind speeds up to 20 m/s as recorded at the
oceanographic platform. As a result, a mild long fetch generative
conditions were possible in the northern region. Later on, wind was
very weak at the north while stronger winds were still blowing on the
central and southern parts as shown in Fig. (6.17) which represents
the wind field for 18°® UT on October 27. Therefore the north was
attacked by swell. Air-sea stability conditions were almost neutral.
The error in the wind model estimates at the platform for this storm
was within 3% of the measured speeds and 5° relative to measured

directions.

Wave field for 18°° UT on October 27 as predicted by METU3 is
shown in Fig. (6.18a). It is clear that this wave field has a semi
uniform wave direction aligned with the main axis of the basin.
Again, predictions of both METU3 and WAM ,as shown in Fig. (6.18), are

in good agreement except for slightly higher wave heights of METU3.

The time history of measured and predicted (using METU3, METU3S
and WAM) wave heights, Hs, and wave periods, Tm, at the buoy location
is shown in Fig. (6.19). The model predictions follow smoothly the
measured data for both Hs and Tm. METU3, as well as WAM, underesti-
mates wave heights on the first day and overestimates them on the fol-
lowing day. It also overestimates the wave period on the second day.

For this storm both METU3 and WAM models give very close predictions.
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The root mean square errors of H' and Tm for both METU3 and WAM models
for this storm at ENEL position are shown in Table (6.2) while the
maximum errors are presented in Table (6.3). For this storm, METU33
is able to reproduce the development of wave height and period almost
as good as METU3 and WAM models. Even better agreement is achieved by
METU3S during the second day of the storm. For the whole of the storm

however, it tends to underestimate wave heights.

The measured one dimensional spectrum at the buoy location for
18% UT on October 27 together with those predicted by METU3 and WAM
models are shown in Fig. (6.20). All the three spectra compare well

with each other.
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Fig. 6.20 Frequency spectrum E(f) at ENEL location for 18°° UT on

Oct. 27, 1981.



6.2.1.4 Storm 3: Scirocco with Cross-Sea Conditions

The whole Adriatic was affected by a severe scirocco storm
during the period from November 29 to December 2, 1982. Over the
whole storm duration, an intermittent scirocco wind blew in the
central and southern parts while a steady intense northeastern wind
blew in the northern part. Fig. (6.21) shows an example for the wind
field for this storm at 00°° UT on December 2. The air-sea stability
conditions were semi neutral in the central and southern parts and
highly unstable in the northern part. For this storm the wind model
was found to underestimate the wind speed by 5% with almost no error
in direction when compared with measurements at the platform as re-

ported by Cavaleri et al. [1989].

A sample wave field for 03% UT on December 2 as predicted by
METU3 and by WAM is shown in Fig. (6.22). Both models give similar
fields except for the higher values for METU3. There is an inconsis-
tency in presentations of WAM predictions. For WAM model, Fig.
(6.22b) shows that H‘ at the buoy location at 03% UT of December 2 is
about 3.0 m while Fig. (6.23) gives I-Is about 4.0 m. Fig. (6.22) (for
both models) shows a strong flux of the wave energy from the center of
the basin which interacts with waves locally generated by northeaster-

ly wind in the northern part.

The time history of Hs and Tm is shown in Fig. (6.24). The
model wave heights and periods follow smoothly and closely the
measured data in the early stages. METU3 and WAM predictions start to

show significant Jdeviation by the end of November 30 for Hs and about
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24 hours later for Tm. The root mean square errors of H’ and Tm esti-
mates at ENEL position as obtained with both METU3 and WAM models are
given in Table (6.2) while the maximum errors for both models are
tabulafed in Table (6.3). METU3S underestimates both wave height and
period with rather acceptable errors (in general). The rapid fluctu-
ations in wave height (as predicted by METU3S), which can be seen in
Fig. (6.23), can be attributed to the intermittency of the wind field
in central and southern parts of the basin. This effect is detected

instantaneously by METU3S through the wind averaging process.

Fig. (6.24) shows the measured one dimensional spectrum at the
buoy location at 03% UT on December 2 together with those predicted

by METU3, METU3S and WAM. METU3 and WAM models overestimate the
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Fig. 6.24 Frequency spectrum E(f) at ENEL location for 03 UT on
Dec. 2, 1982.
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energy of the low frequency components. The spectrum predicted by
METU3S shows the best agreement with the measured one. Fig. (6.25)
shows directional spectra at twe different times at the buoy location
as predicted by METU3. At 03% UT on December 1 there is minor swell
perpendicular to the local wind direction, c.f. Fig. (6.25a). One day
later, the local wind has a slight direction change while the swell
becomes heavier as shown in Fig. (6.25b). This heavier swell is res-
ponsible for the model overestimates on December 2. Fig. (6.24) sup-
ports this idea. A similar behavior was found for the WAM model,

during this storm, by Cavaleri et al. [1989] as shown in Fig. (6.26).

6.2.2 The Mediterranean Sea

6.2.2.1 General Description

The Mediterranean Sea, as shown in Fig. (6.12), is a rather
long (with a length of about 3500 km) closed basin located at mid
latitudes. It extends from 30°N to 46°N in latitude and from 6 W and
36°E in longitude. The basin has a somewhat complicated geometrical
shape. Several smaller inner seas (like the Aegean and the Adriatic
Seas) can be recognized as being separated from the main basin. In
general the main basin can be splitted into two major sections, west-
ern and eastern, connected to each other through the small gap between
Tunisia and Sicily. The Mediterranean is deep enough, generally with
depths more than 200 m, so that deep water conditions can be consi-
dered to apply. Several large mountain ridges, like the Alps and the

Atlas, surrounds the basin.
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1.12.82

Fig. 6.25 Two dimensional spectra E(f,8) at ENEL location for 03°° UT

on Dec. 1 and Dec. 2, 1982 as obtained with METU3 model.

(6.5) except that broken circles

are at frequencies 0.1 Hz, 0.2 Hz and 0.3 =z,

Explanation as for Fig.
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The Mediterranean separates Europe, from north, and Africa,
from south. The two continents are characterized by totally different
climates. This cause a presence of air masses with totally different

characteristics leading to very active fronts.

There are two alternative sources for wind data: the European
Centre for Medium Range Weather Forecast (ECMRWF) and the U.K. Me-
teorological Office (UKMO). The former runs a global meteorological
model with a grid size 1.125° (¢ 110 km) in both latitude and longi-
tude. UKMO runs a global meteorological model in addition to a nested
model covering all Europe and the whole of the Mediterranean Sea.
This nested model uses a grid size of 0.75° in latitude and 0.9375° in
longitude (=% 80 km x 80 km). It is clear that the UKMO nested model
would be the right choice due to the smaller grid size. This choice

is supported by several numerical experiments by Cavaleri [1990].

The UKMO nested model uses the UKMO global model results as
boundary and inltia! conditions every 12 hours. The model provides
wind fields on hourly basis. The wind fields produced are predicted
at the 0.997 sigma level, which corresponds to about 30 m height.
METU3 model requires the wind field to be provided at 10 m height or
replaced by the friction velocity. Thus, the UKMO wind speeds are
adjusted by multiplying them with a constant factor of 0.95 to esti-
mate the wind speeds at 10 m height. This is a rather rough value. A
better choice is not possible since the air sea stability conditions
are not available for all of the storms used hereafter in this study

of the Mediterranean.
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Three storms are hindcasted in the Mediterranean Sea. Wind
data and wave measurements for these storms were supplied by Dr. L.
Cavaleri. During the first storm of January 8-16, 1987, significant
wave height was measured at two positions: Palma de Majorca (located
at about 39°N and 2.5°E) and Montalto of Italy (located at about 42°N
and 11.5°E). During the other two storms of December 18-22, 1988 and
of February 12-16, 1989, the wave measurements were performed at
Djedjelli of Algeria (located at about 37°N and 6°E). At Djedjelli,
both significant wave height and mean wave periods were measured. No
information was supplied about the methods used for the measurements

at the three sites.

For this group of storms, the version of METU3 model in the
spherical coordinates representing the geographical grid system was
used. This choice is essential since the Mediterranean Sea is a large
basin having a total length of about 3500 km. Furthermore, the wind
data are supplied in this coordinate system. Wave packets will follow
great circular paths due to curved surface of the earth. This choice
of the version in spherical coordinates will take care of such an ef-
fect. The grid, which is used for the solution coincides with that of
the UKMO nested meteorological model. Thus, the grid has a grid size
of 0.75° in latitude and 0.9375° in longitude, corresponding to about
80 km x 80 km resolution in Cartesian system. Due to limitations on
the available computational capabilities, it was not possible to use
the whole Mediterranean basin in the study. A smaller region that
covers the Western Mediterranean was selected instead. This region is
represented by the rectangle "W" in Fig. (6.12). A short trial run

over the whole Mediterrancan basin was performed. The outputs at lo-
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cations of interest were compared with the results obtained from an-
other run over the smaller region. The differences were marginal.
This could be expected since locations of interest are located in the
western part which is naturally separated from the rest of the basin.
The time step used for the propagation scheme was 15 min. The initial
condition at any locaton was used as an existing two dimensional spec-
trum corresponding to a significant wave height of H‘= 0.5 m and a
mean period of Tm= 2.3 s and havinga mean direction coinciding with
the initial local wind direction. The boundary points are assumed to

absorb the wave energy, i.e. act as sinks.

METU3S was not used to hindcast these storms since the
Mediterranean sea is very large. The averaging procedure used for the
Adriatic storms is not expected to work properly for the Mediterranean

storms.

6.2.2.2 Storm 1: January 8-16, 1987

This storm affected the Western Mediterranean during January
8-16, 1987. Wind speeds up to 1S m/s at Montalto and up to 30 m/s at
Palma were predicted during the storm. The effective part of the

storm lasted till the end of January 12.

Time history of significant wave height, Hs, as predicted by
METU3 and WAM are shown in Fig. (6.27) for Palma and in Fig. (6.28)
for Montalto. Fig. (6.27) and Fig. (6.28) also show the time history

of measured wave heights. Measurements and WAM predictions for the
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other quantities are missing. METU3 wave heights are in good agree-
ment with the measurements. The large deviation during January 9 at
Palma position can be attributed to a swell generated before the start
of the storm simulation. On the other hand, the high wave heights
predicted by METU3 during January 9 at Montalto are mainly due to the
large grid size used in the predictions. The local wind was blowing
offshore at Montalto generating small wave heights over very small
fetches in that case. In METU3, Montalto location is represented by
the first grid point in the sea which is about 80 km (the grid size)
away from the coast. This leads to an artificially high fetch length.
Smaller grid size can treat this difficulty with large additional
computational effort. A treatment for wave propagation similar to
that used in METU3S can be applied to the coastal points. This treat-

ment is not used in the present state of METU3.

6.2.2.3 Storm 2: December 18-22, 1988

This storm affected the Western Mediterranean during December
18-22, 1988. Wind speeds exceeding 20 m/s were predicted at Djedjelli
by the end of December 20 and the beginning of December 21. The domi-

nant wind direction during this storm was from north.

Time history of the significant wave height, mean wave period
and mean wave direction at Djedjelli site as predicted by both METU3
and WAM are shown in Fig. (6.29). Measured wave heights and periods
are presented in panels a and b of the same figure. Measurements of

the mean direction were not available. For this storm, METU3 provides
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its least satisfactory predictions. Although the model is able to
follow smoothly the measurements and WAM predictions, it fails to give
the quantitative agreement at the peak of the storm. It underesti-
mates the peak wave height by more than 2 m. Away from the peak, the
agreement is acceptable. Similar trend is observed for the predic-
tions of WAM, but with a somewhat smaller error. Both METU3 and WAM
overestimate, in general, the wave periods slightly, except during the
peak of the storm. The root mean square errors of predicted wave
heights and periods at the Djedjelli location as obtained from METU3
and WAM models are tabulated in Table (6.4) while the maximum errors
are given in Table (6.5). Although coarse spatial resolution has some
effect on the bad predictions of METU3, it can not explain the large
deviation. It is likely that the UKMO model may be responsible for
large portion of this deviation. This can be deduced from the same

trend of error for both METU3 and WAM models.

6.2.2.4 Storm 3: February 12-16, 1989

This storm is almost similar to the previous storm (December
1988). Fig. (6.30) shows the time history of significant wave height,
mean wave period and mean wave direction for Djedjelli position as
predicted by METU3 and by WAM during this storm. Measured heights and
periods are presented in the first two panels of the same figure. Fpr
this storm both METU3 and WAM models give very close results. In gen-
eral the predictions are in relatively good agreement with the meas-
ured data. The root mean square errors of predicted Hs and Tm at the
Djedjelli location as obtained with METU3 and WAM models are given in

Table (6.4) while the maximum errors are tabulated in Table (6.5).
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Table 6.4. Root Mean Square Error of -Hs and ’l'm Estimates at Djedjelli
as Obtained with METU3 and WAM models for Two Storms in

the Mediterranean Sea.

Hs {m) Tm (s)
Storm
METU3 WAM METU3 WAM
Dec. 18-22, 88 1.89 1.61 1.17 1.14
Feb. 12-16, 89 1.10 1.04 0.67 0.48

Table 6.5. Maximum Error of H’ and 'I'm Estimates at Djedjelli as
Obtained with METU3 and WAM models for Two Storms in the
Mediterranean Sea.

H (m) T (s)
Storm & m
METU3 WAM METU3 WAM
Dec. 18-22, 88 2.40 1.80 2.07 1.70
Feb. 12-16, 89 1.69 1.50 1.37 0.90

6.2.3 The Sea of Marmara

Sea of Marmara is a small inner sea connecting the Aegean Sea

from south, through the Dardanelles Strait (Ganakkale Bogazi), with

the Black Sea from from the north, through the Bospourus Strait

(Istanbul Bogazi).

in Fig. (6.12), can be considered as a closed basin.

This sea, which is shown within the rectangle "M"

It extends from

40°20'N to 41°00'N (about 70 km) and from 26°40E to 29°30E (about

240 km).

The sea bottom slope is about 1:50.
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The dominant wind blows over the basin from the northeast, c.f.
UKMO [1963]. Wind field specification is a serious problem here. The
basin is too small to have a good representation in any global me-
teorological model. A local wind model for the basin is not avail-
able. Wind measurements are carried out at several meteorological
stations along the sea coasts. These measurements, which are taken
over the land, usually do not represent the wind field over the sea
mainly due to the different roughness heights over land and over
water. An empirical relation is proposed by Hsu [1980] to estimate
the wind speed over the sea, Us, from the measured wind speed over the

land, Ul, as:
u =30U" (6.8)

The units of the wind speeds in Eq. (6.8) are m/s. Eq. (6.8) was de-

rived for land wind speeds ranging from 2 m/s up to 18 m/s.

Wind and wave measurements were carried out at the LNG terminal
location at Marmara Erejlisi (location L in Fig. 6.32) for a storm
during March 14-17, 1990 (measurements lasted for a longer duration
but only this period was found worthy for consideration). Wave
measurements were performed using a waverider buoy while wind measure-
ments were collected by an anemometer attached to the buoy. The anem-
ometer has a height of 1.5 m above the SWL. Measurement location is
about 1 km away from the coast. The water depth is 17 m. On the
other hand, one can make use of the wind data which is routinely col-
lected at the meteorological station at Tekirdaf. The station is lo-
cated at a distance of about 35 km to the west of the LNG terminal and

indicated by position T in Fig. (6.31). Wind speed is measured over
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the land at a height of 10 m above the SWL. Eq. (6.8) can be used to
convert the wind speeds measured at Tekirdag to equivalent speeds over

the sea.

For this hindcasting case, both of METU3 and METU3S are used.
The former is solved in the Cartesian coordinates. The basin is rep-
resented by a grid of 10 km resolution for both x and y directions as
shown in Fig. (6.31). A time step of 15 min. is used for the integra-
tion of the propagation terms. Initial conditions are selected as two
dimensional spectra with H‘= 0.5 m, 'I'm= 2.3 s and mean wave direction
coinciding with the initial wind direction. Boundary points are
assumed as sinks for the wave energy. On the other hand, METU3S is
solved for the storm using the fetches shown in Fig. (6.32). Initial
conditions are used as a JONSWAP spectrum with cos® directional
spreading function. For both models, homogeneocus wind fields are
assumed since data on spatial variations of the wind field is not
available. #Two cases are considered here. Wind measurements at the
LNG terminal site are assumed to represent the whole homogeneous wind

fields as the first case. For the second case, the wind speeds and

directions measured at Tekirdag are used.

At the site, wind speed was measured at a height of 1.5 m,

U To convert this speed to the corresponding wind speed at 10 m

1.5

height, Um' a logarithmic wind speed profile is assumed in the form

(c.f. Merzi, 1986):
-1
U =u 2 In(2/2z) (6.9)

z_ = 0.0144 u? g (6.10)
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where y is von Karman constant ( x = 0.41 )} and Uz is the wind speed
at a height of z above SWL. Fig. (6.33) shows the time history of
wind speed Um as converted from the site measurements by using Eq.
(6.9), together with the wind speed Us as converted from Tekirdag
measurements by using Eq. (6.8). The temporal variation of the wind

direction as measured at both locations is shown in Fig. (6.34).

Time history of the significant wave height at the LNG terminal
as measured in site and as predicted using wind measurements both at
the site and at Tekirda® meteorological station can be found in Fig.
(6.35). Panel (a) of the figure shows the predictions of the full
METU3 model while panel (b) presents those of METU3S, the simplified
version of the model. Fig's (6.36) and (6.37) represent similar time
histories of the mean wave period and mean wave direction, respective-
ly. The full model shows very good agreement with measurements for
wave heights and periods especially for the site winds. Significant
deviations in METU3 results are found for the mean direction predic-
tions, c.f. panel (a) of Fig. (6.37). On the other hand, the simpli-
fied version somewhat overestimate both wave heights and periods.
Agreement with measured heights and periods is fairly well in the
early stages of METU3S predictions with site winds and in the later
stages with Tekirdag winds. Wave directions predicted by the simpli-
fied version are in better agreement with measurements. The root mean
square errors in the predicted Hs, Tm and em are given in Table (6.6)
while the maximum errors are presented in Table (6.7) for both METU3
and METU3S models and for both wind measurements, i.e. at the site and

at Tekirday.
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Table 6.6. Root Mean Square Error of Hs, Tm and em Estimates at the
LNG Terminal at Marmara Ereflisi as Obtained with METU3
and METU3S Models for the Storm of March 14-17, 1990.

H (m) T (s) 2] (Deg.)
s m m
METU3 | METU3S | METU3 METU3S METU3 | METU3S
Site 0.27 0.40 0.39 0.61 45 26
‘Tekirdag | 0.40 0.45 0.69 0.73 60 32
Table 6.7. Maximum Error of Hs. Tm and em Estimates at the LNG
Terminal at Marmara Ereglisi as Obtained with METU3 and
METU3S Models for the Storm of March 14-17, 1990.
H (m) T (s) 6 (Deg.)
8 m m

METU3 | METU3S | METU3 | METU3S | METU3 | METU3S

Site 0.62 1.01 0.76 1.36 85

Tekirdag | 0.93 0.94 1.42 1.32 99

43
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The errors which might arise due to the assumptions used during
this implementation of the model, such as logarithmic wind speed dis-
tribution and homogeneous wind fields, appear to be marginal due to
the satisfactory agreements achieved for significant wave heights and
mean wave periods. Site winds, unlike those of Tekirdap, are measured
over the sea. Therefore, they are less affected by the surrounding
lands. Hence, predictions using these measurements are generally in
better agreement with measured wave data. Poorer wave height and
period predictions of the simplified version are expected due to the

simplified treatment of wave propagation. The better wave direction
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predictions produced by this version can be attributed mainly due
to the better representation of the fetch length along the wind direc-
tion. During this storm, the wind blows, dominantly, from northeast
while the dominant mean wave direction is from east. Fetch length, at
the LNG terminal, along the northeast direction is small, about 10 km.
Therefore the wind component along the longer fetch of the east direc-
tion, about 65 km, is responsible for the major wave generation. This
is reproduced, to an acceptable degree, through the simplified ver-
sion. The full version represents the LNG terminal by the first non
land point. Thus the model fetches are dictated by the resolution of
the implemented grid. Waves are generated to appreciable levels along
the northeast and the north directions leading the mean wave direction

to have a bias towards the northeast rather than the east.
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7. SUMMARY AND CONCLUSIONS

A third generation wind wave prediction model is developed in
this work and is given the name METU3. The model is formulated in
both geographic coordinates (latitudes and longitudes) and in the
standard Cartesian coordinates. @ METU3 solves the radiative transfer
equation without any restriction on the shape of the computed spectra.
The model simulates all the known external physical processes playing
a role in wind wave generation, propagation and dissipation both in
finite water depths and deep waters. These processes are introduced
in their original formulations. Therefore, METU3 can be considered as

a general model that can operate anywhere without any calibration.

A new propagation scheme is developed in this study. This
scheme, which is called a step wise ray technique, is a special form
of the method of characteristics. This scheme is consistent with the
radiative transfer equation to the first order. In general terms,
this scheme is conditionally stable. Special treatment is introduced
to ensure the stability of the scheme under any conditions. Further-
more, this scheme is conservative and does not produce any negative
spectral energies. Finally, it has a considerable numerical

dispersion.

A simple first order explicit scheme is used to integrate the
source function in the radiative transfer equation. To get the best

(

efficiency from this scheme, a special treatment is introduced to
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increase, artificially, the response time of the high frequency wave
components. This enables the model to use relatively large integra-

tion time steps, as large as 20 min.

A simplified version of the model is also developed and called
METU3S. This version may still be considered as a third genération
model. METU3S operates for any wind field over water bodies with
arbitrary geometrical shapes and constant, or unlimited, depths. The
simplified version is very useful when only limited computational

resources are available.

METU3 is verified using three sets of hypothetical cases, a set
of three storms in the Adriatic Sea, another set of three storms in
the Mediterranean Sea and a single storm in the Sea of Marmara. The
storms in the Adriatic and the Sea of Marmara are also used to verify
the simplified version of the model. The overall conclusion is that
METU3 attains an advanced degree of success for the used tests.
Furthermore, it is concluded that METU3S is a powerful prediction tool

in the case of limited computational resources.

The resolution of the grid to be used in the wave model imple-
mentation is of crucial importance for the offshore wind cases.
Points of interest which are close to the shore are represented by the
first grid point with non zero water depth. This means that the fetch
representation in the model for these boundary points is dictated by
the grid size which may be very large compared to the actual fetch in
the case of offshore wind. Low grid resolution (i.e. large grid size)

leads to artificially large fetches at the coastal points and thus



producing erroneous predictions there. A possible remedy to this
shortcoming may be the use of smaller grid size which will increase
the computations and the required computer memory tremendously. A
more practical solution may be the implementation of a procedure
similar to that used in the simplified version of the model for the
boundary points. Wave energy propagation to boundary points is
treated using the traditional propagation scheme for the wave charac-
teristics coming from the sea while wave energy is assumed to follow
straight line characteristics from the nearby shore. These straight

characteristics are approximately equal to the actual fetches.

During the model verification phase, the serious problem of
wind field evaluation was faced. Some international meteorological
organizations run global wind models. The resulting wind fields are
usually very coarse to be used on a regional basis. Another disadvan-
tage arises from the fact that those global models do not take into
their account the local conditions such as the local orography.
Therefore, their wind predictions are less reliable on a regional
scale. Simple wind models are usually of crude outputs which are not
consistent with the quality level of third generation wave models such

as METUS.

Wind measurements, which are routinely collected at meteoro-
logical stations around a water body, can not be used directly in a
wave model. For some water bodies, with small extensions and without
any complicated surrounding orography, these measurements can be of
significant importance especially when reliable wind models are not

available as for the case of Sea of Marmara.

129



to

be

a.

8. RECOMMENDATIONS FOR FURTHER STUDIES

During the course of this work, further efforts have been found
be needed to study several complementary topics. These topics can

summarized as follows:

The source terms representing the nonlinear interactions and wave
breaking were parameterized under deep water conditions. The
applicability of these parameterizations to finite water depths is
not clearly known. Further efforts towards examining and modifying
these parameterizations under finite depth conditions are needed.
Studies along this direction can be performed using the exact com-

putations of the nonlinear wave wave interactions.

Running METU3 model by using coarse grids may produce erroneous
predictions at the coastal points for offshore winds. The pro-
cedure of using the straight characteristics for the coastal points
(as described in Chapter 7) can be introduced to METU3 to enhance

its predictions for these conditions.

Third generation wave models usually produce high quality wave pre-
dictions for well defined wind fields (c.f. Chapter 6 of this dis-
sertation; the WAMDI Group, 1988; and Cavaleri et al.,, 1989). In
order not to spoil this level of wave prediction, high quality wind

field predictions are needed. {perational global wind models
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(usually as parts of general meteorological models) are available
at some institutions such as the ECMWF and the UKMO as mentioned in
Chapter 6. These global models usually implement large grid sizes
where local topographic changes are not well described in such
models. Therefore, a good wind model at regional scale is needed
as a basic step towards operating METU3 model for the local seas of

Turkey.

Several important processes such as currents and diffraction of
waves are usually neglected in wind wave modeling. Inclusion of
these processes in METU3 is needed if the model is to be applied to

areas where these processes are considered to be dominant.

A data assimilation scheme can be adopted to enhance the present
state of METU3 predictions. This kind of studies is rather new
(c.f. Lionello and Janssen, 1988). The data assimilation scheme is
used to make use of the measured data at some time during a storm
in order to improve model forecasts for the next period of time.
It was found that this type of schemes improves forecasts of wave

models tremendously (c.f. Komen, 1986).
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APPENDICES



A. HAMILTONIAN PROPERTIES OF THE WAVE FIELD

Following Whitham [1974], it is possible to describe a slowly
varying wéve packet in n dimensions (n=2 for the surface gravity wave
components) through a phase Q(E,t) where x is the position vector and
t is the time variable. The (local) angular frequency w(;,t) and the

(local) wave number vector iz)(;,t) of this wave packet can be defined

as:
w = - g% (A.1)
ad
ki = a—xl (A.Z)

where the subscript i=1,2,...,n denotes the principal components of
the vectors k and x. If the wave packet is dispersive (which is the
case of gravity waves), one can find a dispersion relation in the

form:
© = Wk,x,t) (A.3)

Elimination of ¢ from Eq’s (A.1) and (A.2) would give:

akl 7]
E'E— + 5;1' =0 (A.4)
ak’ akJ
.a;.. - H =0 (A.5)

If the dispersion relation (A.3) is introduced into Eq.(A.4), it is

possible to obtain:

140



a8k aw a8k
i J

_ _ ow
3t T3k 8x. - 3x (A-6)
} 1 i
where the subscript j denotes the summation. The group velocity
vector v can be defined as:
> 3 aw
VJ(k,x,t) = ET(— (A.7)
J
Introducing Eq’s (A.5) and (A.7) into (A.6) would lead to:
ak ak
! 18w
gt— + VJ ﬁ- = 3% (A.8)
3 i
Eq. (A.8) can be written as:
& (A.9)
dt axl :
on the characteristic given by:
dx
i _ W
I = ﬁ_l =V, (A.10)

Eq’s (A.9) and (A.10) are the characteristic equations for the wave
packet which are equivalent to Hamilton’s equations in mechanics for a
particle. Therefore, they are called the Hamiltonian properties of the

wave field.

A simple sinusoidal wave component of the wind wave field is a

special case with n=2. Its phase can be written as:
Bx,t) = kX -0t

where ;.=(x,y) and i:’=(kx,ky). The dispersion relation is given by Eq.
(3.6). The characteristic EqQ’s (A.9) and (A.10) can be written in the

Cartesian coordinates as:
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V cos 6

V sin 6

wise relative to the x-axis.
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(A.12)

(A.13)

(A.14)

Here, 68 is the angle of the wave propagation measured counter clock-



B. SIMPLIFICATION OF THE RADIATIVE TRANSFER EQUATION

B.1 SPHERICAL COORDINATES

The radiative transfer equation, Eq. (3.1), is expanded in the

(¢,A,kx,ky) phase space to get Eq. (3.2) which can be expanded further

to get:
E -+ 8E ,  : 8E ,  » 8E , - G8E + JE
ﬂ+¢EI;+?«5—7:+9%+kxakx+kyaky

o oA 80 ok Bk
x y
Here E is defined in the (¢,7t,kx,ky) space. The time total deriva-

tives &, i, é, f(x and ﬁy are to be determined.

Consider a vertical slice of the earth surface with width of da
as shown in Fig. B.l. A wave component is propagating with group
velocity V and making an angle 6 with the east direction (measured
counter clockwise). During dt time period this wave component moves
d¢ in latitude and dA in longitude and changes its direction relative

to the real east direction by:

ae e

3¢ 46 + g3 dr = do (B.2)

Now d¢ corresponds to a real distance p while dA corresponds to the
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ds

)

distance s at latitude ¢ and to the distance (s - d¢) at latitude

(¢ + do).

o+dd

Fig. B.1 A vertical slice of earth surface with width of da.

The geographical coordinates (latitudes and longitudes) are

related to the standard Cartesian coordinates (x and y) through:

dy = R d¢ (B.3)

dx

]

R cos ¢ da (B.4)

where R is the radius of the earth. Therefore the vertical distance p

traveled by the wave packet in Fig. B.1 is:
p=dy =R dg (B.5)
and the distance s is given by:

s =dx = R cos ¢ da (B.6)
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Dividing Eq’s (B.5) and (B.6) by dt and using Eq's (A.11) and (A.12),

the following results can be obtained:

d¢ _ & _ -1 .
gt =9%=R Vsine (B.7)
R =i=(Reos )" Vecose (B.8)

For the change in the propagation angle, d@, it is possible to write:

_s-(s--g%dﬂ

p

or:

de

- sin ¢ dA (B.9)
Dividing Eq. (B.9) by dt and using Eq. (B.8), one can find:

g%aé=-R'ltan¢Vcose (B.10)

It is worthwhile to mention that Eq. (B.10) represents the total rate
of change of propagation angle due to the curvature of the earth
surface only and does not include any finite depth effect (wave
refraction). Eq’s (B.7), (B.8) and (B.10) describe the wave packet
propagation along a great circle path under deep water conditions.
Under finite depth conditions (shoaling water) the propagation

characteristics are modified using Eq’s (A.13) and (A.14).

Keeping the definition of the spectral energy in the same phase

space, i.e. (¢,A,kx,ky‘), it is possible to replace the two terms

containing g{— and g‘:'— in the left hand side of Eq. (B.1) by terms
x y
.. 3dE dE . .
containing —— and = which are easjer to deal with. k and k sare
8k a0 x v
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related to k and 6 through:
k. =k cos @
k =k sin @
Using k and 0 as intérmediate variables, the following can be written:

8E dE 8k dE 30

3%k "3k 3k ' 36 3k (B.11)
X X X
8E _8E 8k _ 3E 80
7k "3k 3k ' 38 3k (B.12)
y y y
Now one can find:
'k
-gt— = k—x = cos 0 (B.13)
X
k
%‘;_ = k_v = sin 6 (B.14)
y
% - si0% @.15)
=z
33— =222 (B.16)
y

Eq’s (B.11) - (B.16) together with (A.13) and (A.14) make it possible

to write for the following two terms of Eq. (B.1):

- J9E - JE dE * 8E
kx —-—akx + ky —aky = Vk ﬁ + Ve a—9~ (B.17)
where:
_ _ | de o _.
i = [ 3= C°° o+ 3y sin @ ] (B.18)
1 8w dw ‘
ve—i-(ﬁsme -a—y-cose] (B.19)

Also it is easy to show that the terms inside the bracket on the right
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hand side of Eq. (B.1) can be replaced as follows:

i{+2+fﬁ+akx+akx_VSinetan¢ (B.20)
8¢ oA 38  Fk_ aky N R )

Redefine E in the space (x,y,kx,ky) where the source function
is known. E(¢,A,kx,ky) is related to E(x,y,kx.ky) through Eq. (3.7).
Substitution of Eq. (3.7) into Eq. (B.1) and using Eq’s (B.17) and

(B.20) would lead to the final result reported via Eq. (3.8).

B.2  CARTESIAN COORDINATES
The radiative transfer equation can be expanded in the
(x,y,kx,ky) space to get:

JdE - E - 8E - JE
3t " *ax tTay 5 ak y“““aky

8x 8y ok 8k _
Now, it is possible to show that:
8x 48y 8k 8k
+ = X = 0 {B.22)

ax Tay Tk T ax
x v

The spectral energy in Eq. (B.21) is defined as E(x,y,kx,ky).
Introducing Eq’s (B.17) and (B.22) into (B.21) would give Eq. (3.19)
which is the form of the radiative transfer equation to be used in

METU3 when Cartesian coordinates are involved.
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C. COMPUTER PROGRAMS

METU3 model has been coded using the FORTRAN programming
language. There are two slightly different versions of the program;
the spherical and the Cartesian versions. The Cartesian version is
used to reduce the storage requirements (computer memory) needed by
the more general spherical version. Basically, both versions are the
same except for minor additional computations required to consider the
effect of the curvature of the earth surface in the spherical version.
METU3S is similar to METU3 except that it only considers one grid
point. The model results are too huge to be represented in normal
printed numerical output. Therefore, the output is produced in
reduced format in order to be used by other programs where it can be
presented graphically. Some ready programs (such as GRAPHER program of
the Golden Software Inc.) are used to plot some of the results. It
was not possible to find ready programs to plot successfully Custer
diagrams (which represent the spatial distributions of significant
wave heights and mean wave directions or any vector quantities) and
contour graphs of the two dimensional spectra. Therefore, two more
programs has been written using the BASIC programming language to do
this job. These programs are CDD (Custer diagram drawer) program and
2-D (two dimensional spectra) program. Only brief descriptions of

these four programs are given in this appendix.

148



C.1 METU3 PROGRAM

This computer program consists of a main program, sixteen ma jor
subroutine and one function. The program was written originally for
the Burroughs 6900 mainframe using the FORTRAN IV programming
language. Later on, it was modified for the IBM 3090/180S mainframe
and some FORTRAN 77 statements were added. A generalized flow chart

representing the basic flow of computations is given in Fig. C.1.

C.1l.1 Main Program

The basic role of the main program is to declare the required
arrays and to read the basic input values that describe the spatial
and the spectral discritizations. Then, it leaves the control to the
MAINP subroutine which takes care of every thing until the end of the

session.

C.1.2 Subroutines and Functions
C.1.2.1 Subroutine MAINP

This is the main subroutine that controls data input, flow of
computations, results output and session termination. MAINP can be
divided into static and dynamic sections. The static section is the
section that reads and computes the basic time independent quantities.
On the other hand, the dynamic section deals with time dependent

quantities (i.e. it solves the radiative transfer equation).
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Fig. C.1. Sequence of Computations for METU3 Model.

150



©

L

Spatial Distribution
of H, 8 and T
s m m

Spectra at Selected
locations

' CONTINUE

Fig. C.1. (Continued)

The static section reads the digitized depth field. Then, it
calls subroutine WAVE to compute wave characteristics such as the wave
number and phase and group velocities. Later, it reads the points at
which spectra and time histories of significant wave height, mean wave
period and mean wave direction are required. Then, it prepares the
required quantities that will be used in the output. It also reads
special output times (if any) other than the synoptic times (of three
hours interval). Then it calls subroutine CORANT to compute the
Courant-like numbers and other quantities to be used in the
propagation scheme. Later, it calls subroutines FINTER and THINTR to
compute the interaction configurations needed by the discrete
interaction approximation (DIA) for the the nonlinear wave wave
interaction source term. After that, it reads the first two wind
fields using subroutine WNDINP. Finally, it calls subroutine INCOND
to read and prepare the initial conditions according to the initial

local wind direction.
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The dynamic section starts by calling subroutine ADVECT to
compute the effect of wave propagation (and refraction) during the
time step At. Then it checks if a new wind field is needed and reads
it if so by calling WNDINP subroutine. Then it calls subroutine SOLVE
to integrate the source function. The next step is to check if an
output is required and calls subroutines OUTPUT, CSTRPR and CUSTER to
produce the output if so. Then it checks for the end of storm and
terminate the session if the end of storm is reached. If this is not

the case, the dynamic section repeats itself for a new time step.

C.1.2.2 Subroutine WAVE

This subroutine uses the small amplitude wave theory to compute
wave number modulus and phase and group speeds of a given wave
component at a given water depth. It is also decides if this wave
component will be treated as propagating in infinite or finite water
depth at the given depth. For finite water depths, it calls function

AK to compute the wave number.

The subroutine repeats this procedure for all wave components

and at each grid point with a non zero water depth (sea locations).

C.1.2.3 Function AK

This function is used to calculate the wave number modulus for

the intermediate water depth defined by:
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0.0157L_ <h<OS5L, (L, is the deep water length)

It solves the dispersion relation using an iterative procedure.

C.1.2.4 Subroutine CORANT

This subroutine computes the Courant-like numbers and the other
quantities required in the propagation scheme described in Section

5.2.

C.1.2.5 Subroutines FINTER and THINTR

These two subroutines compute the interaction configurations
required by the discrete interaction approximation of the nonlinear
wave wave interactions in accordance to Section (4.2). For each wave
number band, subroutine FINTER finds the other two bands which satisfy
the interaction requirements. The other subroutine do the same job

for the directional bands.

C.1.2.6 Subroutine INCOND

This subroutine reads the initial conditions which are the
spectral densities of all wave components produced from a previous run
of the program. Then, the subroutine assigns this two dimensional
spectrum to each grid point according to the initial wind

direction at the point (the mean direction of the spectrum will be
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aligned with the wind direction). Finally, it computes the total

wave energy and the mean wave number of this spectrum.

C.1.2.7 Subroutine ADVECT

ADVECT subroutine is responsible for the computations of the
change in energy of each wave component due to propagation (and

refraction) during the time step At.

C.1.2.8 Subroutine SOLVE

This subroutine is used to control the integration of the
source function (c.f. Fig. C.2). First, it interpolates between the
two wind fields in the computer memory to find wind speed and
direction at time t. Then it computes the high cut off wave number.
Later, it calls the two subroutines NLPAR and SOURCE to evaluate the
source function at time t. With the computed source function, it
decides about a suitable integration time increment (At’) that
prevents numerical instability while integrating the source function.
If this time increment is greater than the model time step (At), the
source function will be integrated using the model time step.
Otherwise, the found time increment (At’) will be used. Then
subroutine SPCTRM is called to perform the source function integration
for each wave component using the suitable time increment. Finally,

if the time increment used in the integration is less than the model
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time step, SOLVE repeats itself for the remaining portion of time that

completes the model time step.

( START >

Interpolate Wind Field

i)

Compute High Cut off Frequency

Il

Compute Source Function

L 4

Compute Maximum Time Step (At;)

that Prevents Instabilities

YES | At)= At} - (L At} - At)

NO

Integrate the Source Function
(using At;)

I

Add the High Frequency Tail
S W NO  ((RETWwRN )

Fig. C.2. Sequence of Computations for Source Function Integration

C.1.2.9 Subroutines NLPAR and SOURCE

Subroutine NLPAR computes the source term due to nonlinear wave
wave interactions using the DIA described in Section (4.2). On the
other hand, subroutine SOURCE computes the other source terms. SOURCE

then sums up all the source terms including the nonlinear term and
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multiplies them by the factor that increases the time scale of the

. high ffequency components.

C.1.2.10 ' Subroutine SPCTRM

This subroutine integrates the source function for -wave
corxiponents with wave numbers less than the cut off wave number. Then,
it calls subroutine ADTAIL to add the high frequency (high wave
number) tail. Finally, it computes the total wave energy and the mean

wave number for the computed spectrum.

C.1.2.11 Subroutine ADTAIL

ADTAIL is the subroutine that computes the spectral energies of
the high wave number tail using the f ® Jaw with a directional
distribution as that of wave component with the cut off wave number
(which has been computed using the radiative transfer equation). The
subroutine also computes the contribution of this tail to the total

wave energy and the mean wave number.

C.1.2.12 Subroutine OUTPUT

This subroutine transforms the two dimensional spectra, at the

selected location for the output, from the wave number vector space to

the frequency - direction space. Then, it writes the resulted spectra
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to a disk file to be used later by the program 2-D (c.f. Section C.4)
to plot them. OUTPUT subroutine also integrates the two dimensional
spectra to obtain the one dimensional frequency spectra at the same
locations. Finally, it writes the computed one dimensional spectra to

another disk file to be plotted later (GRAPHER is used for this

purpose).

C.1.2.13 Subroutines CSTRPR and CUSTER

Subroutine CSTRPR computes the significant wave height, the
mean wave period and the mean wave direction at each grid point. On
the other hand, subroutine CUSTER writes these wave heights and
directions to a disk file to be used later by the program CDD (c.f.
Section C.3) to produce the wave height Custer diagrams. Also, CUSTER
writes the mean wave periods to another disk file to be used later by

CDD to draw contour plots of mean wave periods.

C.1.2.14 Subroutine WNDINP

This subroutine reads the wind fields and prepares these fields
to be used by the program. WNDINP is not fixed, but it is ;-ewritten
each time a new set of wind data (possibly with new format or in terms
of wind speeds at a given height) is to be used. The final output of
this subroutine must be the frictional velocity multiplied by 28 and
the wind direction at each grid point in the solution domain. It also

must supply the program with one wind field each time it is called.






