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ABSTRACT

SPECTRAL CHARACTERISTICS OF WIND WAVES
IN THE EASTERN BLACK SEA

Yilmaz, Nihal
Ph.D., Department of Civil Engineering
Supervisor: Prof. Dr. Erdal Ozhan

July 2007, 108 pages

Wind waves are highly complex, random phenomena. One way to describe
the irregular nature of the sea surface is the use of wave energy spectrum.
Spectral information for wind waves in the Black Sea is extremely limited.
Knowledge on spectral characteristics of wind waves would contribute to
scientific, engineering and operational coastal and marine activities in the
Black Sea. The aim of the present thesis is to investigate characteristics of
wind wave spectra for the Eastern Black Sea. This would allow detailed
understanding of the nature of the waves occurring in this enclosed basin.
Long-term wave measurements obtained by directional buoys deployed
offshore at Sinop, Hopa and Gelendzhik were utilized as the three sets of
wave data. Records were analyzed to identify them as uni-modal or multi-
modal spectra, and occurrences of spectral peaks were computed. Single

peaked spectra were studied as belonging to fully arisen or developing sea

v



states. Model parameters of JONSWAP and PM spectra were estimated for
the observed spectra by using a least square error method. The records of
developing seas were further analyzed to select the ones belonging to stable
wind conditions. Fetch dependencies of non-dimensional spectral variables,
mean parameters of JONSWAP model spectrum and the envelop of

dimensionless spectra were investigated for this data sub-set.

Keywords: Eastern Black Sea, Wind-wave spectrum, JONSWAP spectrum,

Multi-modal spectrum, Spectral analysis
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DOGU KARADENIiZ’DEKI RUZGAR DALGALARININ
SPEKTRAL OZELLIKLERI

Yilmaz, Nihal
Doktora, Insaat Miihendisligi Boliimii
Tez Yéneticisi: Prof. Dr. Erdal Ozhan

Temmuz 2007, 108 sayfa

Firtinalarca deniz yiizeyinde yaratilan dalgalarin ¢ok karmasik yapisi vardir.
Riizgar dalgalarinin karmasik yapisini agiklamaya yonelik yollardan birisi
dalga enerji spektrumunu kullanmaktir. Kiy1 miithendisliginde pek cok kiy1
ve deniz etkinligi i¢in gereken riizgar dalgalarimin spectral ozelliklerine
iliskin mevcut bilgi Karadeniz i¢in son derece smnirlidir. Bu c¢alismanin
amaci, Dogu Karadeniz i¢in riizgar dalgalarinin spektrumu tizerine giivenilir
bilgiler elde ederek bu kapali denizde olusan dalgalarin yapisinin
anlasilmasina katki saglamaktir. Calismada Sinop, Hopa ve Gelincik
(Rusya) aciklarina yerlestirilen yonsel dalga Olcer samandiralardan elde
edilen olduk¢a uzun siireli derin deniz dalga 6l¢iimleri kullanilmigtir. Dalga
Olctimleri tek tepeli veya cok tepeli olarak tanimlanmis, ve olusma yiizdeleri
hesaplanmistir. Tek tepeli spektruma sahip Olglimler tam gelismis veya

gelismekte olan deniz durumuna ait olarak ayrilmistir. Gozlenen
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spektrumlar icin JONSWAP ve PM spektrumlarinin model parametreleri en
kiiciik kareler yontemi ile tahmin edilmistir. Gelismekte olan deniz
durumuna ait dlgiimler, sabit riizgar kosullarinda olusmus olanlarini segmek
lizere ayrica incelenmistir. Bu wveri alt seti icin, boyutsuz spektral
degiskenlerin kabarma wuzunlugu ile degisimi, JONSWAP model
spektrumunun ortalama parametreleri ve boyutsuz spektrumlar kiimesi elde

edilmistir.

Anahtar Kelimeler: Dogu Karadeniz, Riizgar dalgas1 spektrumu, JONSWAP
spektrumu, Cok tepeli spektrum, Spektral analiz
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CHAPTER 1

INTRODUCTION

1.1 General Description

In the coastal engineering profession, wind-waves are the most important
phenomenon to be considered among the environmental conditions affecting
maritime structures and other marine and coastal activities. However, wind
waves have very complex natures. Looking out at the sea, one never sees a
constant progression of identical waves. Instead, the sea surface is
composed of waves of varying heights and periods moving in different
directions. Wind waves are highly irregular with respect to their direction,
amplitude and frequency, and moreover, the irregularity is of random nature.
Therefore, the shape of sea surface in the presence of wind waves cannot be

deterministically described.

Once the fundamental randomness of the sea surface is recognized, it
becomes necessary to treat the characteristics of the sea surface in
appropriate ways. There are two approaches for describing the irregular
nature of wind waves in a storm. One of them is to use the statistical
probability distributions of individual wave characteristics. The other way is

to use the wave energy spectrum.



For the study of wave characteristics and for the design of marine structures
and vessels, the spectral description of the sea states is an important input.
For example, the spectral information is required in the estimation of
induced loads on marine structures and the response of floating bodies to the

wave action.

The spectrum measured in a particular point of the ocean is generally
considered as the sum of wave systems generated by events separated either
in space, in time, or both. Although the wave spectrum is quite complex,
there is a remarkable similarity of its shape in different locations under an
enormous variety of wind speeds, spanning from small waves in lakes up to
storm waves generated by hurricanes. It is widely accepted that it has some

general fundamental properties.

Several studies have been carried out for proper description and
parameterization of wind wave spectrum over the last 50 years. A series of
empirical expressions have been developed, which can be fitted to the
spectrum of the sea surface elevation. These are called parametric spectrum
models. PM model for “Fully Developed Sea” and JONSWAP model for
fetch limited “Developing Sea” are the widely accepted and used models all

around the world for decades.

It should be noted that the earlier proposed parametric spectral models,
including the PM and JONSWAP, account only for wind-driven seas, which
are locally generated. For this reason these spectra have uni-modal, or
single-peaked shapes. However, it is well known that not all sea states have
single peaked spectra. It has been demonstrated that in many occasions, the
sea states are the result of the combination of more than one wave system. In

such a case, the frequency spectrum exhibits two or more peaks. It is



important to identify the multi modal spectra from the observed spectra and
to analyze the two groups separately. It has been reported that bimodal sea
states can have a significant impact on the design and operability of fixed
and floating offshore platforms. Engineering design and planning
calculations involving such sea states should be based on an accurate
spectral description. There are a few models proposed for this purpose, and
almost all are based on modifications of PM or JONSWAP spectrum or a

combination of these two models for separate components.

1.2 Scope of the Work

In the Black Sea, spectral information for wind waves is extremely limited.
Knowledge on spectral characteristics of wind waves would contribute to
scientific, engineering and operational coastal and marine activities in the
Black Sea. Thus, the aim of the present thesis was set as to produce accurate
information on wind wave spectrum for the Black Sea, that would allow
detailed understanding of the nature of the waves occurring in the Black

Sea.

For investigating wind-wave spectra over the eastern Black Sea basin, long-
term wave measurements obtained by directional buoys deployed offshore at
Sinop and Hopa in Turkey and Gelendzhik in Russia were used. These
measurements were carried out in the scope of the NATO TU-WAVES
project, an extensive research effort during 1994-2001 which was
financially supported by NATO Science for Stability Programme-Phase III.
Thousands of frequency spectra of wind waves recorded at Sinop, Hopa and
Gelendzhik were analyzed to identify them as uni-modal or multi-modal

spectra, and later as fully developed or developing sea records. The criteria



to be satisfied for these identifications were developed. The method used
was based on the frequency spectra alone. The single-peaked spectra were
compared with JONSWAP and PM model spectra for developing and fully
developed sea states respectively. Model parameters were estimated for the
observed spectra by using a least square error method. Averages of the
spectral parameters were computed for different sea states and for the
overall data. Then, the records which were identified as belonging to
developing seas were further analyzed by using rather rigid criteria for
determining the records belonging to stable wind conditions. Fetch
dependencies of non-dimensional spectral variables, mean parameters of
JONSWAP model spectrum and the envelop of dimensionless spectra were

investigated for this data sub-set.

The second chapter of the thesis describes the available information on the
characteristics of wind waves and concept of wave spectrum together with a
few existing model wave spectra. Methods in order to identify multi-modal
spectra and methods for fitting model spectra to observed spectra are
reviewed in this chapter. Lastly, the concept of fetch dependencies of non-

dimensional spectral parameters is presented.

The third chapter gives information about wave measurements at Sinop,
Hopa and Gelendzhik. The methods of analysis used in the thesis are
described in line with the theoretical background. The results obtained in

this thesis are provided in this chapter.

The fourth chapter provides a summary and the conclusions of this study.



CHAPTER 2

LITERATURE REVIEW

2.1 Wind Waves

Waves are generated by forces that disturb a body of water. They can result
from a wide range of forces like the gravitational pull of the sun and the
moon, underwater earthquakes and landslides, the movements of boats and
swimmers. However, the vast majority of sea waves are generated by wind.
As the wind blows across a smooth water surface, air molecules push
against the water. This friction between the air and water creates tiny ridges
or ripples on the ocean surface. As the wind continues to blow, these ripples
increase in size, eventually growing into waves that may reach several

meters in height.

Three factors determine how large wind-generated waves can grow; wind
speed, wind duration and fetch, which is the distance over which the wind
blows without a change in direction. The faster the wind, the longer it
blows, and the longer the fetch, the larger the waves that are generated.
However, the growth of waves is not indefinite. After a certain point, the
energy imparted to the water by wind is dissipated by wave breaking. When
this occurs and the waves can no longer grow, the sea state is said to be

“fully developed”.



When waves are being generated by strong winds in a storm, the sea surface
generally looks very chaotic, with lots of short, steep waves of varying
heights. In calm areas far from strong winds, ocean waves often have quite
different features, forming long, rolling peaks of uniform shape. For this
reason, physical oceanographers differentiate between two types of surface
waves: seas and swells. Seas refer to short-period waves that are still being
created by winds or are very close to the area in which they were generated.
Swells refer to waves that have moved out of the generating area, far from
the influence of the winds that caused them. In general, seas are short-
crested and irregular, and their surface appears much more disturbed than
for swells. Swells, on the other hand, have smooth, well-defined crests and

relatively longer periods.

2.1.1 Evolution of Wind Waves

After the onset of wind over a calm sea, evolution of individual wave
components may go through five main stages; the linear growth, the
exponential growth, the non-linear growth, wave breaking (white capping)
and quasi-equilibrium stages as schematically shown in Figure 2.1 (Abdalla,

1991).

Firstly, the small pressure fluctuations associated with turbulence in the
airflow above the water induce small perturbations on the sea surface and
support a subsequent linear growth as the wavelets move in resonance with
the pressure fluctuations. This mechanism is called Philips resonance

(Philips, 1957).
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Figure 2.1 Evolution of wind waves growth (Abdalla, 1991)

Most of the development commences when the wavelets grow to a sufficient
size to start affecting the flow of air above them. The waves which are
already formed affect the mean shear flow in the air above them, causing the
airflow sucking at the crests and pushing on the troughs. This interaction of
air and sea leads to an exponential increase in wave energy, depending on
the existing state of the sea (Miles, 1957). The period when wave growth is

at linear and exponential rate is called initial stage. (WMO, 1988)

At the third stage, as the average wave slope gets larger, the non-linear
wave-wave interactions become dominant and they try to give the spectrum
the self-similar shape. During this stage, which is called the developing sea
stage, the major wind input is transferred to wave components with
frequencies slightly higher than the dominant spectral frequency (peak

frequency). The process of non-linear wave-wave interactions then act as a



pump that sucks the wave energy from these wave components and transfers
it to both lower and higher frequencies. The energy transferred to lower
frequencies is retained while that to higher frequencies is usually dissipated
through wave breaking and turbulence. As a result, the spectrum grows in
magnitude and shifts its peak towards lower frequencies under the action of
the same wind field. This situation was clarified during the JONSWAP
experiment by Hasselmann et al. (1973). The mechanism of non-linear
interactions plays a role maintaining the self-similar spectral shape by
eliminating any instability which may be formed in the spectrum. (Abdalla,

1991)

As the waves continue to grow, they become steep and unstable.
Consequently, they break and white caps are formed on the sea surface.
Finally, when all these processes acting over, all the wave components
balance each other with a null resultant effect, the wave spectrum attains a
quasi equilibrium state. This last stage is called the fully arisen sea state.

(Arikan, 1998)

2.2 Irregular Waves

In order to understand the motion and behavior of waves, it helps to start
with simple waves, which can be described in simple mathematical terms.
Sinusoidal or monochromatic waves are examples of simple waves. Their
surface profile can be described by a single sine or cosine function. Simple
waves like these are readily measured and analyzed, since all of their basic
characteristics remain constant. Their motion and behavior can be fully
described when the wave length, height, period and depth are known.

However, simple waves may be generated in laboratories but rare in nature.



In nature, wind waves are very complex. Looking out at the sea, one never
sees a constant progression of identical waves. Instead, the sea surface is
composed of waves of varying heights and periods moving in differing
directions. When the wind blows and the waves grow in response, the seas
tend to be confused: a wide range of heights and periods is observed.
Therefore with their perfect regularity, simple waves do not accurately

depict the random nature of ocean waves.

Once the fundamental randomness of the sea surface is recognized, it
becomes necessary to treat the characteristics of the sea surface in statistical
and/or spectral terms. The ocean surface is often considered as the
combination of many wave components. These individual components may
be generated by winds in different regions of the ocean and may propagate
to the point of observation, forming complex waves. If a recorder were to
measure waves at a fixed location of the ocean, record of the wave surface
would be rather irregular and random, a non-repeating wave profile would
be seen. Although individual waves can be identified, there is significant
variability in height and period from wave to wave. Consequently,
definitions of wave characteristics, height, period, etc., must be statistical or
probabilistic and simply indicate the severity of wave conditions. (CEM,

2006)

2.2.1 Random Nature of Wind Waves

The random nature of wind waves is usually described as a stationary
Gaussian process, which means that the instantaneous surface elevations

follow the Gaussian distribution and the ensemble averages do not change



with respect to time and space. The probability density function of the

Gaussian distribution for surface elevations is written as,

) = éa expl-n/20°) @.1)

where,

n : Instantaneous surface elevations

o= 172 : Variance of the surface elevations, 7

The Gaussian distribution has the following properties:

n= [mp(ndy =0 2.2)

o’ =n" = [(-n) p(pdny (2.3)

The Gaussian distribution is symmetrical about 7= 0 (i.e. Skewness=0).

For the sea waves, it is a matter of discussion if they are truly a stationary
Gaussian process. They show some deviations from the Gaussian
distribution. However, it is accepted that the deviation is small and the
theory of a stationary Gaussian process is frequently used. The basic models

that have been developed are based on this assumption. (Acar, 1983)
An important result of this assumption is that the wind waves can be

resolved as a sum of infinite number of sinusoidal waves with infinitesimal

amplitudes and random phases. This is expressed as follows:

10



n6)= a,sinQaf, +4,) 2.4)

where;

n(t) : Surface elevation at time, ¢ at a fixed point
a, : The amplitude of the n™ sinusoidal component
£, : The frequency of the n™ sinusoidal component

¢, : Phase angle of the n™ sinusoidal component

2.2.2 Concept of Spectral Analysis

Two main approaches exist for treating complex waves: spectral analysis
and wave-by-wave (wave train) analysis. The more powerful and popular of
these two approaches is the spectral analysis. The spectral modeling of the
sea states is the basic description of the probabilistic nature of the sea
surface elevation. It is based on the assumption that the sea surface elevation
can be modeled as an ergodic, and thus stationary, Gaussian stochastic

process (Guedes Soares and Nolasco, 1992).

Spectral analysis assumes that the sea state can be considered as a
combination or superposition of a large number of regular sinusoidal wave
components with different frequencies, heights, and directions as given in
Equation 2.5. This equation is similar to Equation 2.4. The only difference is

that the latter is the sum of a finite number (N) of the wave components.

77(t)=ian sin(2z f t+¢,) (2.5)
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Mathematically, spectral analysis is based on the Fourier Transform of the
sea surface. The Fourier Transform allows any continuous, zero-mean signal
- like time-series record of the sea surface elevation - to be transformed into
a summation of simple sine waves. These sine waves are the components of
the sea state, each with a distinct height, frequency, and direction. In other
words, the spectral analysis method determines the distribution of wave
energy for each wave frequency by converting the time series of the wave
record into a wave spectrum. This is essentially a transformation from the
time-domain to the frequency-domain, and is accomplished most
conveniently using a mathematical tool known as the Fast Fourier

Transform (FFT) (CEM, 2006).
As the result of Fourier analysis, the squares of amplitudes, a_ of wave
components can be obtained. When these values are multiplied by 1/2 and

plotted against frequency, the graph represents the energy of wave

components at each frequency.

Following relation exists between a’ and S(f,), which is the energy density

of the wave component with frequency f, in the frequency interval Af;:
S(f.I)ANf =124, (2.6)
S(f) versus f graph is called the wave frequency spectrum.

From Equations (2.5) and (2.6), the following relation can be obtained:

n=YS(1,)5f, 27)
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Equation (2.7) implies that the area under the spectral curve gives the

variance of water surface fluctuations.

Wave spectrum is usually given as a continuous curve connecting the
discrete points found from Fourier analysis. A typical measured wave

frequency spectrum is shown in Figure 2.2.
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Figure 2.2 A typical measured frequency spectrum

A wave spectrum can reveal a great deal information about a wave sample
and ocean conditions. The general shape of the plotted spectrum reveals for
example whether sea or swell predominate, the number of distinct swells
present, etc. During strong wind events, the spectrum tends to have a broad

central peak. For swell that has propagated a long distance from the source
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of generation, on the other hand, waves tend to have a single sharp, low-

frequency (long period) peak.

Several characteristic parameters to describe the sea state can be defined in
terms of the moments of the wave spectrum. In general, the n" moment of

the spectrum is given by:
m,=[f" S df 2.8)
0

In this formula, S(f)df represents the energy contained in the frequency

interval between f-df/2 and f+df/2.

The zeroth moment of the spectrum, m,, gives the total area under the
spectral curve and represents the total energy of the waves in the wave

record.

The commonly used spectral wave height parameter, H,,o, is related to m,

as:

Hoo=4[m, (2.9)

There exist two approximate spectral wave period parameters for estimating
the average wave period. They are given in terms of the moments of
spectrum as:

T,=m,/m, (2.10)

T(Jz:\/mu/mz (211)
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The width of the wave spectrum, i.e. spectral width, is used as a measure of

irregularity of the sea state. Its definition is given as:

: (2.12)

The spectral width parameter ¢ varies theoretically between € = 0 (very

narrow spectrum, regular waves) and € = 1 (broad spectrum, white noise).

A more robust definition of the spectral width parameter is given as:

y=_|oM2 g (2.13)

In the range of sufficiently small values of v, it is nearly equal to 1/2 of the
spectral width parameter € defined by Equation 2.12. Therefore, the values

of v changes between v=0 and v=0.5.

Over five decades, Fourier spectrum analysis has been the standard
procedure used by atmospheric and oceanic scientists as well as coastal and
marine engineers to analyze and predict wind-generated ocean waves. The
long lasting usefulness of wind wave spectrum analysis is clearly not
accidental but well warranted. Some of the notable successes of wave
spectrum analysis are:

- The wave spectrum provides an appropriate representation of energy
distribution at the ocean or lake surface.

- The wave spectrum encompasses all the Fourier components of a spatially

homogeneous and temporally stationary wave field.
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- Most of the common measures of wind wave characteristics are
conveniently related to the moments of a wave frequency spectrum.
- The concept of wave spectrum has also contributed significantly to

progress in numerical modeling for wind wave predictions. (Liu, 2000)

2.3 Wind Wave Spectrum

The wave spectrum describes how the wave energy spreads over the range
of frequency and that of direction. The distribution of wave energy over the
frequency is represented by the frequency spectrum S(f), while the energy
spreading over the direction is described with the directional spreading

function G(0|f). Thus, the directional wave spectrum S(f,0) is expressed as:
S(f,0) = S(f) G(0f) (2.14)

where 0 is the angle from the principal direction of wave propagation. The
function G(0|f) has been found to vary with wave frequency. Therefore, it
contains the frequency variable f. The directional spreading function carries

no dimensions and is normalized as:

[’;G(emde:l (2.15)

Thus the frequency spectrum S(f) gives the absolute value of the wave
energy density, while the function G(0|f) represents the relative magnitude

of directional spreading of wave energy (Goda, 2000).
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For the functional form of G(0|f), several proposed formulas are available.
Since directional spectrum is not studied in this thesis, these results are not
given here. The comparative review of Goda (1999) on the functional forms
of directional wave spectrum is recommended by the author for more

information.

The present study focused on the frequency spectrum (one-dimensional).
Therefore, throughout the thesis, the term wave spectrum is used to indicate

the frequency spectrum, unless otherwise stated.

2.3.1 Spectral Shape and Parametric Model Spectrum

Detailed knowledge of the shape of the ocean wave spectrum and its growth
is important information for offshore engineering applications. The
spectrum measured in a particular point of the ocean is the sum of wave
systems generated by events separated either in space, in time, or both.
Although it is quite complex, under certain wind conditions the spectrum
does have a specific shape. A series of empirical expressions have been
found which can be fitted to the spectrum of the sea surface elevation. These
are called parametric spectrum models, and are useful for routine

engineering applications. (CEM, 2006)

The detailed processes that govern the shape and evolution of wind waves
are still not completely understood. It is however common knowledge that
the growth of waves in deep water is a function of three dynamic processes
called the source terms, that is, the input of kinetic energy by the wind (S;,),
energy dissipation due to wave breaking (Sy), and nonlinear wave-wave

interaction (S,;) (Violante-Carvalho et al., 2004). The nonlinear interactions
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play a very important role in the shape stabilization of the wave spectrum
S(f), forcing its high-frequency portion beyond the peak frequency to decay
in a manner inversely proportional to frequency to a power ‘n’ in the form

S(f)ocf™ (Violante-Carvalho et al., 2002).

In a pioneering paper, Phillips (1958) suggested that in the portion of higher
energy within the equilibrium range (in the band of frequencies from 1.5f, to
3.0f, where fj, is the peak frequency), the spectrum is a function of f° > decay

expressed as:
S(f)= 0.0081g*(2m)*f> (2.16)
where g is the gravitational acceleration.

Phillips” work was based on dimensional considerations and on the fact that
due to the wave steepness, the high-frequency part of the spectrum is limited
by wave breaking. Energy inputted by wind in these frequencies is lost by
wave breaking, and hence Equation 2.16 describes the high-frequency part
of the wave spectrum (Violante-Carvalho et al., 2002). The Phillips’ spectral
model received considerable support from analyses of experimental data
published during the 1960s and the early 1970s (Rodriguez and Guedes
Soares, 1999).

Phillips’ equation for the equilibrium range of the spectrum became the
basis of most subsequent developments. The characteristics of the frequency
spectra of sea waves have been fairly well established through analyses of a
large number of wave records taken in various waters of the world (Goda,
2000). There exist several model frequency spectra, proposed to represent

the energy distribution of a wave field, which are based on one or more
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parameters such as wind speed, significant wave height, wave period, shape

factors, etc.

Some well-known models of frequency spectra are those of Neumann
(1953), Darbyshire (1955), Bretschneider (1962), Pierson-Moskowitz (PM)
(1964) and JONSWAP (1973). Especially, PM and JONSWAP spectra have
been widely accepted and used all over the world. The three relatively more
recent model spectra, which have been proposed at the first half of 1980s,
are Wallops, TMA and Donelan spectra. Some details of PM, JONSWAP,
Wallops and Donelan spectra, which are all for single-peaked spectra, are

given in the following paragraphs.
Pierson-Moskowitz (PM) spectrum:

After several models were proposed based on different considerations in the
1950s, the one that has been generally accepted to describe fully developed
wind-driven wave systems was introduced by Pierson and Moskowitz
(1964) from analysis of measurements in the North Atlantic. They added an
exponential term to Phillips’ expression (Equation 2.16) to generate a low-
frequency spectral face. The original form of their model spectrum is given

as:

S(f)=8.10x10 g?(27) ™ /" exp(=0.74(g/2afU )*") (2.17)

where Uy, is the wind speed at the elevation 19.5 m above the sea surface.
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In a general form, PM spectrum can be written as:

S(f)= 8.10x103g2(27t)4fsexp(—%(fi)4} (2.18)

where f, is the peak frequency (the frequency at the maximum spectral

density of the spectrum).

In 1970, Mitsuyasu reformulated the PM spectrum with the significant wave
height, Hy/; and the significant wave period, Ty/; by adjusting the coefficient
values so that the theoretical relations between the wave spectrum and wave

height and period statistics could be satisfied.
S(f)=0257TH? T~ *f 2exp(-1.03(T )™ (2.19)
1/3 1/3 1/3

The functional form of Equation 2.19 is called as the Bretschneider-
Mitsuyasu spectrum because of the initial contribution by Bretschneider in
1959. The spectral peak period T, (the inverse of the peak frequency f,) was
correlated to T3 as T,=1.05T,; by Mitsuyasu based on his field data (Goda,
2000).

JONSWAP spectrum:

PM spectrum describes the waves developed with no limitations in fetch and
wind duration which are called as fully developed. However, these waves
are not very common in nature, as they require a steady wind blowing for a
long period over a large area. In younger seas and for shorter fetches as they

may occur in coastal waters, the wave system may not have time enough to

20



fully develop. The spectrum in this case is more peaked and has, in general,
higher peak frequencies. As the sea state develops, the nonlinear wave-wave
interactions move the peak toward lower frequencies and make it flatter,
converging to the Pierson-Moskowitz model (Guedes Soares, 2003). This
feature has been demonstrated by a wave observation program named the
Joint North Sea Wave Project (JONSWAP), which produced a model widely
used since then to describe developing sea states. The proposed spectral
form is known as the JONSWAP spectrum (Hasselmann et al. (1973)) that
described fetch-limited waves very well by using five parameters (f,, o, 7,

o, and o},) (Violante-Carvalho et al., 2002).

f-£,)
4 5 fal 5 e
S(f)=ag’Qn) " f Sexp[—z(fi) }7 { "”} (2.20)

o, for f<f
O =

o, for f >f

As it is seen from Equations 2.18 and 2.20, the JONSWAP spectrum is
based on the PM spectrum with an enhancement factor y added to control
the sharpness of the spectral peak (Figure 2.3). This enhancement is only
significant in the region near the spectral peak. Widths of the peak region at
the left and right-side are represented, respectively, by ¢, and c,. At higher
frequencies, the decay is inversely proportional to frequency to the fifth
power, as suggested by Phillips. However, the high-frequency scale
parameter o 1S not constant as initially proposed by Phillips to be equal to

0.0081. Hasselmann et al. (1973) found a relationship between o and fetch
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Figure 2.3 Comparison of the PM and JONSWAP spectra (CEM, 2006)

length which confirmed the suggestion of Longuet-Higgins (1969) that o

decreases with increasing fetch F.

-0.22
a= 0.076(5—1:] 2.21)

10

where U is the wind speed at 10 m height.

Besides they found that peak frequency f; is also related to fetch.

2

-0.33

g'F

f :3.5( j (2.22)
! Uy,
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They found no correlation of y, ¢, and o, with fetch and proposed mean
values for their representation as y=3.3 (found to vary between 1 and 7), G,

=0.07 and ¢,=0.09.

Goda in 1988 converted the JONSWAP spectrum to be expressed in terms

of the significant wave height and peak wave period:

4 1 exp[—(T, f~1)2252
S(f) = B HEAT, £ expl 1257, )] 5 =Ty J

(2.23)
where,
B, = 0.06238 -[1.094-0.01915Iny] (2.24)
0.230+0.0336y —0.185(1.9+ )~
T, = [1 ~0.132(y +0.2)" 0-559}@, (2.25)
T = [1—0.532(y+2.5)‘ 0569}@, (2.26)
007:f<f
o= P (2.27)
0.09: > f
p

JONSWAP group reported that the value of y ranged between 1 and 7 with
the mean of 3.3. However, the empirical Equations 2.23 to 2.27 were
derived by Goda for the range of y= 1 to 20. The numerical simulation of
wave profiles was carried out by the Monte Carlo technique with the
sampling time interval of At = T,/12 or fi,,x = 6f;,, and two thousands wave

profiles were simulated for each spectral condition (Goda, 1999).

The above spectral forms are characterized by the high frequency tail

proportional to £, which is based on the theoretical examination by Phillips
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of the equilibrium range of wave spectrum due to the wave breaking
phenomenon. However, several laboratory and full scale measurements have
shown that the tail is closer to -4 than to -5. For example, Toba (1973)
argued that the form f* is more appropriate for wind waves after his
empirical study. Moreover, wave spectra in relatively shallow water often
exhibit the energy density decrease slower than f°, sometimes proportional
to £°(Goda, 1999). This change is attributed to the effect of water depth on
the shape of wave spectrum and to the interaction between spectral
components. Bouws et al. (1984) proposed a variation to the JONSWAP
energy spectrum for representing wave spectra at finite-depth water. This
spectrum, which is the product of JONSWAP and the Kitaigorodoskii depth
function accounting for the influence of the water depth, is called the TMA
spectrum after the names of three sources of data used in its development

(Texel, Marsen, and Arsloe) (CEM, 2006).

It is reported by Goda that the Wallops spectrum proposed by Huang et al. in
1981 is useful for generalization of various spectral forms. Wallops
spectrum was rewritten by Goda in 1988 in terms of the parameters of wave

height and period as in the following:

S(0) = BuHys” T,""f ™ expl[-m/4(T,/) ] (2.28)
where,
(m—1)/4
p, = —00238m [1 1+0.7458(m +2)" 1057 } (2.29)
40 = plm - 1y/4]
T, = [1 ~0.283(m—1.5)" 2084 }rp (2.30)
T = [1 ~1.295(m—0.5)" 1-072}5, (2.31)
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where I" denotes the Gamma function. The JONSWAP spectrum with y = 1

(Equation 2.23) produces the spectral form similar to the Wallops spectrum

with m = 5 (Goda, 1999).

Another spectral form is proposed by Donelan et al. (1985) based on
detailed field measurements in Lake Ontario. It is a modified version of the

JONSWAP spectrum with a f* frequency tail.

1)

S(H=a g Cn™f ’f“exp{(fi)“}ﬁ"‘{ = (2.32)
p

Unlike Hasselmann et al. (1973) who presented spectral parameters

dependent on fetch, Donelan et al. (1985) parameterized them in terms of

the reciprocal wave age U, /c,, where U, is the component of the wind in the

wave direction and c, 1s the celerity at the peak frequency. For the high-

frequency scale parameter, they proposed,
a=0.006(U, /c,)*> ;  0.83<U, /c,<5 (2.33)

They suggested that, in contrast to Hasselmann et al. (1973), y4 and o also

depend on wave age,

1.7 , 083<U /¢ <1
y = ©r (2.34)
d |1.7+6.0logU /¢ ), 1<U /¢ <5

c V4 c p

020.08[1+4/(Uc/cp)3}, 0.83<U, /c, <5 (2.35)
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The exponent n of the high-frequency tail that best describes the spectrum
decay S(f)cf"is still an open question. In many studies (Toba 1973,
Donelan et al. 1985, Liu 1989, Young 1998, Rodriguez and Guedes Soares
1999, Violante-Carvalho et al. 2004), the value of n varied between -3.5 and
-5. Rodriguez et al. (1999), following considerations of Kitaigorodskii
(1983), point out the existence of a transitional frequency at which the decay
changes from f* to an f tail. These works raise the question of whether
there is a universal high-frequency decay in the form S(f)oc £, but also give

strong evidence that n lies between -4 and -5 (Violante-Carvalho et al.

2002).

For swell systems, it is more complicated to describe them since a single
self-similar form does not exist as in the case of wind-driven sea states
(Guedes Soares, 2003). The spectrum of swell is transformed from that of
wind waves through its propagation over a long distance after the waves
leave the storm area. During the swell propagation, since the low frequency
wave components propagate faster than the high frequency components, the
swell observed at a fixed station has a spectrum restricted to a narrow
frequency range. Thus, the swell spectrum exhibits a peak much sharper

than that of wind waves (Goda, 2000).

According to the analysis of swell which was generated off New Zealand
and propagated over a distance of some 9000 km to the Pacific coast of
Costa Rica still maintaining a significant wave height of about 3 m, Goda
(1983) found that the swell spectral peaks were equivalent to the JONSWAP
spectra (Equation 2.23) with y = 8 ~ 9, and to the Wallops spectra (Equation
2.28) with m = 8 ~ 10, on the average. Thus, the swell spectrum for

engineering applications may be approximated by the JONSWAP spectra
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with the peak enhancement factor being chosen between y = 3 ~ 10,

depending on the distance traveled. (Goda, 2000)

2.4 Multi-Peaked Spectra

As summarized in the previous section, several studies have sought to
properly describe and parameterize the wave spectrum over the last 50
years, and several standard spectral models have been proposed. Almost all
of these produced spectral models describe only the wind sea part of the
spectrum that is generated by local wind, hence, they are uni-modal
(Violante-Carvalho et al., 2002). However, actual wave spectra usually
exhibit some deviations from these standard forms, in particular, when swell
coexists with wind waves resulting in a mixed wave system. In this case,
spectrum exhibits a secondary peak at the frequency corresponding to the
representative period of swell or wind waves, depending on their relative
magnitudes (Goda, 2000). If the peak frequencies of the spectra are
relatively close, the spectrum of the mixed sea state may still look single
peaked although the directional spectrum may indicate that two wave
systems come from the same or from different directions. When the peak
frequencies are well separated, the spectrum has distinct double peak and

none of the spectral models can describe them (Guedes Soares, 2003).

One of the first models proposed to describe double-peaked spectra was
proposed by Strekalov and Massel in 1971, who suggested that it would be
obtained by one high frequency spectrum describing the wind driven
component and a Gaussian shaped model describing the swell system. Ochi

and Hubble in 1976 proposed another form by combining a JONSWAP and
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a PM spectrum describing two individual wave systems. (Ewans et al.,

2006)

Guedes Soares (1984) proposed a model that represents both sea
components by JONSWAP spectra of different peak frequencies. While the
choice of the model for the wind sea component is obvious, the choice to
model the swell component was made because the JONSWAP model is able
to fit very peaked spectra which would be appropriate for the narrow swell

spectral component as shown by Goda (1983).

Torsethaugen (1993) adopted also the two JONSWAP models to describe
the two-peaked spectra but instead of using average JONSWAP parameters
as done by Guedes Soares (1984), he used more adjustable parameters of
the JONSWAP model. As a result, while the model of Guedes Soares is
described by 4 parameters, the Torsethaugen model uses 7 parameters.

(Guedes Soares, 2003)

More recently, two more studies (Moon and Oh (1998) and Violante-
Carvalho et al. (2002)) attempted to fit empirically bi-modal spectra. Both
use a similar approach. They assume the spectrum as the sum of a high-
frequency and a low-frequency component yielding, S(/)=S,s + S; . They
first adjust the high-frequency part. Then after subtracting the adjusted high-
frequency spectrum from the measured spectrum, they continue with
adjusting the remaining low frequency part. The difference between these
two studies is due to the model spectrum applied. While Moon and Oh
(1998) method base on TMA spectrum, Violante-Carvalho et al. (2002) use
JONSWAP spectrum.
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2.4.1 Probability of Occurrence of Multi-Peaked Spectra

Frequently, sea states are the result of the presence of various wave systems.
In particular, local wind waves often develop in the presence of some
background low frequency swell coming from distant storms. As a
consequence, the measured wave spectra have an additional low frequency
peak due to swell reaching from storms in remote areas (Guedes Soares,

1984).

It is cited by Rodriguez and Guedes Soares (1999) that Thompson analyzed
wave records from nine locations along United States Atlantic, Pacific, Gulf
and Great Lakes coasts in 1980. He observed that multi-peaked spectra are
common at all locations. In 1981, Cummings et al. using hindcast data from
the North Atlantic determined that 25% of the spectra were double-peaked.
From the analysis of measured data of the same area, Aranuvachapun
reported in 1987 that 24% of the spectra were double peaked. (Rodriguez
and Guedes Soares, 1999)

Guedes Soares (1991) used measured data from the open North Sea and
North Atlantic to examine the probability of occurrence of double peaked
spectra and observed that the global percentage of occurrence of spectra
with bimodal structure is about 20-25%, in both areas. Guedes Soares and
Nolasco (1992) obtained a range of 23-26% for data of a coastal site off
Portugal.

Moon and Oh (1998) found that 25% from 17,750 wave spectra observed

over seas around Korea are double peaked.
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Two separate studies in Brazil reported higher probability of occurrence of
multi-modal spectra. The study of Araujo et al. (2003) presented that
assessment of a one-year waverider time series at Santa Catarina Island
neighborhood in Southern Brazil reveals 31% of two-peaked spectra for the
whole year. The other study was carried out by Violante-Carvalho who
presented a comprehensive description of the wave climate in Campos
Basin, off Rio de Janeiro. In this study, analysis of 5807 wave spectra from
a period of 26 months indicated that about 25% of the spectra were uni-
modal, whereas the vast majority presented two or more peaks (Violante-

Carvalho et al., 2002).

From these results, it is clear that combined wind-wave and swell systems
can occur with relatively high frequency all around the world both in the
open ocean and in coastal sites. Furthermore, sometimes three or more peaks
can be detected in a spectrum. It is important to know the probability of
occurrence of spectra with more than one peak at a given location. Bimodal
sea states can have a significant impact on the design and operation of fixed
and floating offshore platforms. Engineering design and planning
calculations involving such sea states should be based on an accurate
spectral description (Ewans et al., 2006). It has been shown by Guedes
Soares and Nolasco (1992) and Guedes Soares and Henriques (1996) that
the longterm joint distribution of significant wave height and mean period
and the marginal distribution of significant wave height are different for sea

states with one single wave system and for multiple sea states.
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2.4.2 ldentification of Multi-Peaked Spectra

Starting from the spectral estimates obtained from the analysis of wave
records, the first step for its characterization is to identify the type of
spectra, whether it is a single peaked or a multi-peaked spectra. In practice,
due to random fluctuations of the spectral ordinates estimated from a finite
length wave record, it is a difficult task to decide if a spectral peak is true
maximum or a noise. In other words, sometimes it is difficult to identify if
the peaks in the spectrum correspond to the coexistence of different wave
systems or if they are the result of the irregularity of the spectral estimates.
In many situations, the decision is clear by visual inspection and no other
formal criterion is needed. However, a precise criterion is often required to
separate consistently the spectra as uni-modal, bi-modal, and so on, mainly
if this task is to be made automatically through a computer algorithm.

(Rodriguez and Guedes Soares, 1999)

The identification of a combined sea state can be made through the
directional spectrum, and of the previous history of waves and wind. Several
methods for the partitioning of the directional spectrum have been proposed
following the original work by Gerling in 1992 (later modified by
Hasselmann et al. in 1996, Violante-Carvalho et al., 2004). However,
usually the information yielded directly by the buoys in the routine data
collection systems is the frequency spectrum which is collected and
analyzed in an automatic way. This situation gives a special importance to
the existence of a criterion of automatic detection of peaks based on
information about the spectral ordinates alone. Therefore, several works
have attempted to address the problem of partitioning of the frequency wave
spectrum and have suggested various criteria to detect peaks in estimated

wave spectra.
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One of the first efforts on the subject was the study of Houmb and Due in
1978 (Rodriguez and Guedes Soares, 1999; Moon and Oh, 1998). Their
criteria to accept spectral peaks as true maximum or not require that number
of degrees of freedom of spectral estimates must be at least 16 and the
minimum difference in frequency between two peaks must be at least 6.4
times the bandwidth of the estimates. In addition, they require that the lower
90% confidence limits of the two peaks should represent a higher variance

density than the trough between them.

More recently, Guedes Soares and Nolasco (1992) discussed various criteria
for identifying two-peaked spectra. They considered five different tests
using different combinations of these criteria to verify their effect. Fourth

and fifth tests are based on the concept of confidence intervals.

In estimating a spectrum from a record of sea surface elevation, the spectral
ordinates are random variables distributed according to a chi-square
distribution. Thus, depending on the number of degrees of freedom in the
estimation procedure, and on the confidence level, it is possible to establish
confidence intervals for the estimated spectral ordinates. The confidence

bounds for the spectral estimates with v degrees of freedom are given by;

{ e ]Smssms( Y jﬁ(f) (2.36)

vial2 vil—a /2

where o is the confidence level, y.,, and y., _,, denote the 100(a/2)th

\4

and 100(1-a/2)th percentiles for a chi-squared random variable with v
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degrees of freedom, respectively, and S( f)1is an estimation of the true value

of S(f). (Rodriguez and Guedes Soares, 1999)

In this context, the fourth test of Guedes Soares and Nolasco (1992) imposes
as the necessary condition for a spectrum to be two-peaked, the lower limit
of the 90% confidence level interval of the largest peak be higher than the
upper limit of the interval of the adjacent minimum. The fifth test imposes
the condition that the minimum between the two peaks should be below the
lower limit of the confidence interval of the smaller of the two peaks. These
two conditions are based on the idea that for a peak to correspond to a wave
system, its maximum and minimum value must lie outside the confidence

interval, which indicates the accepted variability of the spectral estimates.

Since the estimates of the spectral ordinates are often contaminated by some
noise level, one additional condition was added for a peak to correspond to
an accountable wave system. The peak must be larger than 15% of the
dominant peak. The value of 15% that was adopted by those authors is
largely arbitrary and based on judgment, which resulted from the analysis of

many measured spectra with some variations of that threshold level.

Similar criteria were used in several works to identify multimodal spectra.
For instance, Moon and Oh (1998) used the following three conditions in
order to classify spectra with two peaks for their study in which they
presented a newly developed TMA spectrum called “double-peaked TMA

spectrum”:

1) Maximum energy density of second TMA spectra should be greater than
a third of first TMA spectra;
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2) Distance between frequencies of two spectral peaks should be more than
0.05 Hz;

3) The trough between the two spectral peaks should have an ordinate
smaller than the lower 90% confidence limit of each peak as suggested by

Houmb and Due (1978).

Violante-Carvalho et al. (2002) and Violante-Carvalho et al. (2004) adopted
three conditions that must be all satisfied for the selection of the spectral

peaks:

1) Each peak must be separated by twice the frequency resolution (0.03 Hz)
from adjacent peaks (which is reported as a rather arbitrary value but which
yielded satisfactory results in their study);

2) The ratio between the two spectra must be less than 15 to eliminate peaks
that are below a background noise;

3) Two peaks are accepted if the ordinate of lower limit of the 90 percent
confidence interval of the greater peak is higher than the ordinate of the
upper limit of the 90 percent confidence interval of the trough between the
peaks, which basically means that the valley between the peaks has to be

sufficiently low.

2.5 Methods for Spectral Fitting

Several methods for fitting the observed spectra to a parametric model
spectrum are based on the principle of minimizing the least square error
between measured and fitted spectra as discussed in the following

paragraphs.
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Method used by Acar (1983):

For the observed spectra, JONSWAP spectrum parameters, o, y, fp are
estimated by using a least square error analysis. The parameter values
resulting in the smallest sum of square errors are found by changing the
values of these parameters by small increments in the extent of their
possible ranges and by numerically computing the sum of squared errors.
Using trial values a., v, f, the spectral values of JONSWAP are calculated at
the middle of each frequency band. Then the sum of the squared errors are
computed from:

Error: Z{S(f) - Sy(f)}* (2.37)
where Sj(f) is the theoretical value obtained from the JONSWAP spectrum.

In the above procedure, the trial values of a., v, f;, are not chosen arbitrarily.

Initial values are taken as:

Oin = 0.0002
Yin = 1.00
foin =1,

where f;, denotes the peak frequency of the calculated spectrum.

In the first run, initial values are changed one by one with small increments,
Ao, = 0.0003, Ay, = 0.25, Af,;= Af/10 Hz to cover their possible ranges. The

later trial values of the parameters can be written as:

o; = i, +1X Aoy 1=0, 1,..., 60
i = Yin T ] X Ay j=0, 1,..., 24 (2.38)
fox = foin + (k - 5) Af}, k=0, 1,..., 10

35



As it is seen, the following ranges for a., y and f;, are covered :
0.0002 < a < 0.0200

1.00 <y <7.00

foin - 0.5 Af <f, <f,, + 0.5 Af

The combination of oy, yj, fyx which gives the minimum error are detected as

the first estimates (o, v1, fp1).

Using first estimates as the initial values, the more accurate estimates are
searched by changing the values of the parameters with smaller increments:
o; =ay + (1-3) x Aa,/6

vi=v1+ (1-3) x Ay,/6 i=0, 1,..., 6 (2.39)
fi = £, + (1-3) x Af;,,/6

In this second run, the ranges for a, y, f, covers all the way between the

smaller and the higher adjacent values around the first estimates.

The procedure is repeated 3 times to obtain final estimates of a,, ¥, f,.

Method used by Moon and Oh (1998):

Four steps were used by Moon and Oh (1998) in the following order in

order to determine the parameters of the TMA spectrum.
1) Peak frequency f, is determined as the frequency corresponding to the

maximum spectral density,

2) a 1s determined by following equation over the range 1.35 f; to 2.0 f,,,
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N.

2.0 fm

2SS
T (2.40)
N2.0fm B N1.35fm +1

where,

c()= Lffexp[iir‘} 241)
(27) 4 f,

S(f) = Energy of observed spectrum

Nyo; =Ny ss, +1 =Total frequency number of range 1.35f; to 2.0 f,,.

3) Peak enhancement factor y is determined from the ratio of peak maximum
energy of the observed spectrum to one of the PM spectrum with the same

values of f, and o

y= SMAX (fp) (2‘42)

™ (f,)

4) Finally sigma is determined by changing it from 0.01 to 1 and finding the
value which gives the least square difference between the observed and the

theoretical spectra.

Method used by Violante-Carvalho et al. (2002):

Violante-Carvalho et al. (2002) considered the f tail of the JONSWAP
spectrum as variable, n considering the question marks related with its
actual value and employed the following model which is based on
JONSWAP spectrum. When n equals to -5, the equation reduces to the
JONSWAP spectrum.
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S(f) _ (2iz_)ag2(2iy()—n exp _%(fi] yEXP[_(.f_fp)z/zo'zfpz (2'43)

In the fitting process, the exponent n is determined by logarithmic
regression of the points greater than 2.0f;,. To obtain a the value of y is set to
1 in Equation 2.43, because its effect at frequencies higher than f/fp > 1.37
is accepted as negligible. The value of a is obtained by iterating from
0.0001 to 0.1 in order to minimize the total square error for the range
between 1.37 and 2 times the peak frequency. Once £, n, and o are known, y
is the last parameter to define the spectrum S(f). y is chosen as the value that

produces the least-square error between measured and fitted spectra.

Method used by Feld and Mork (2004):
They applied the following steps to fit the JONSWAP spectrum:

1) To identify the peak frequency, f,, a parabola is fitted to the highest
spectral density estimate and one point either side as in the Gunther method,
(the method is referenced to be described in Tucker and Pitt (2001) by the
authors).

2) Phillips’ constant o is calculated by assuming that the spectrum in the
range 1.35f; to 2.00f, can be approximated by a PM spectrum (again, as
referenced to the Gunther method).

3) The remaining JONSWAP parameters, v, 6, and 6, are then calculated by

using a least squares fit to the single-peaked spectrum. If y is calculated to
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be less than 1, then a PM spectrum 1s assumed. In these circumstances, f,
and a are fitted by a least squares approach.

4) A normalized rms error and a bias are calculated to assess the goodness
of fit. These parameters are used as a means of selecting reliable spectral fits

for the quantitative comparison between measured and model data.

2.6 Fetch Dependencies of Spectral Parameters

The concept that fetch limited growth could be represented in terms of the
non-dimensional variables combining energy, frequency and fetch was first
proposed by Kitaigorodskii in 1962 (Young and Verhagen, 1996).
Kitaigorodskii’s similarity law has been traditionally used as an effective
tool to express the wave growth under the condition of a steady wind
blowing over a fetch limited by a straight shoreline orthogonal to the wind

direction (Kahma and Calkoen, 1992).

Following Hasselmann et al. (1973), it is generally assumed that any

particular spectral parameter follows a relationship of the form:
P=pX" (2.44)
where P is the spectral parameter (o, f,,, ¥, Ca Ob), X = gX /U? is the non-

dimensional fetch (X is fetch length and U is wind speed) and p and n are

constants to be determined. A linear regression analysis of log;o(P) versus

loglo()N( ) is usually carried out to determine the values of the constants p

and n. (Ewans and Kibblewhite, 1990)

As the result of their field observations or laboratory experiments, several

studies in literature has described the variation of Phillips’ constant a,

39



dimensionless peak frequency fm =Uf, / g, where f,, is the peak frequency,
and dimensionless variance (also referred to as the dimensionless energy)

E = Eg*/U* with dimensionless fetch.

Shokurov and Efimov (1999) tabulated some of these previous results
together with the results of their study (Table 2.1) for the following

relations:

~ ~ ~

E=4X, f =BX" E=Cff (2.45)

Table 2.1 Estimates of constants A, a, B, b, C, ¢ in Equation 2.45. (Shokurov and
Efimov, 1999)

Authors A*107 a B b C*10° c

gg\;?;’v AP, Hasselmann et al. 1.6 1 350 | 033 | 5.1 | -3.33
Davidan in 1980 444 | 084 | 255 | -028 | 6.84 | -2.94
Kahma (1981) 3.6 1 3.18 | -0.33 | 11.6 | -3.00
Donelan et al. (1985) 1.85 -0.23 5.74 -3.3
Dobson et al. in 1989 8.73 | 0.79 1.7 | -024 | 503 | -33
Wen et al. in 1989 16,6 | 070 | 1.66 | -023 | 7.69 | -3.03
Evans and Kibblewhite (1990) 259 | 0.87 | 298 | -030 | 622 | -2.91

Efimov et al. in 1986, Babanin

and Soloviev in 1998 4.41 0.89 241 | -0.275 | 8.30 -3.01

Theory, Zakharov and Zaslavskii

in 1983 40.8 4/7 1.46 -3/14 11.2 -8/3

Shokurov and Efimov (1999) 1.84 1.00 2.94 -0.30 6.51 -3.30
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Discrepancies among the studies can be observed from the table. In order to
provide a visual representation, the earlier results are also shown graphically
in Figures 2.4, 2.5 and 2.6. The differences between the regression equations
given to describe the wave growth are evident from these figures. The most
striking difference is observed for the growth relation of energy deduced
from Bothnian Sea data (Kahma, 1981) which indicates almost double the
energy compared to the JONSWAP result.
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As mentioned earlier, one of the primary assumptions in fetch limited
growth studies is that the wind speed is constant over the fetch, so-called the
ideal condition of wave generation. However, during field experiments the
actual conditions are seldom ideal and even in the most stable
meteorological conditions this assumption is not fully satisfied. This is one
of the reasons for discrepancies between the various data sets and scatter
within specific data sets. Attempts to explain these discrepancies have
identified two factors which underline the importance of detailed
information on the wind field; the influence of stratification of atmospheric
boundary layer and possible nonhomogeneity of wind along fetch from the

shore to the measurement point.
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CHAPTER 3

SPECTRAL ANALYSIS OF THE WAVE DATA
AT SINOP, HOPA AND GELENDZHIK

3.1 Data Source

3.1.1 NATO TU-WAVES Project

Obtaining information on wind-wave characteristics of the Turkish coast,
which is in excess of 8300 km and extends along the Black Sea, the Aegean
Sea, the Mediterranean, and the inland Sea of Marmara, is essential to use
the coastal area of the country efficiently. Reliable wind-wave data did not
exist for the Turkish coastline until a few years ago. In order to fill this gap,
an extensive project, called NATO TU-WAVES Project was planned and
executed in the leadership of Coastal and Harbor Engineering Laboratory of
Middle East Technical University (METU-KLARE) with partial financial
support from the NATO Science for Stability (SfS) Programme Phase III.
Three national organizations; Department of Navigation, Hydrography and
Oceanography of the Turkish Navy (TN-DNHO), General Directorate of
State Meteorological Services (SMS), and Railway, Harbor and Airport
Construction General Directorate of Ministry of Transport (MT-RHAC

GD), were the other collaborators in the project.
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The Black Sea wind-wave climate was the international dimension of the
project. This outreach component was handled in collaboration with eight
institutes from four Black Sea riparian countries: Institute of Oceanology,
Varna, Bulgaria; the National Institute of Meteorology and Hydrology,
Bucharest, and the Romanian Marine Research Institute, Constantza,
Romania; Arctic and Antarctic Research Institute, St. Petersburg, Moscow
State Technological University, Moscow, and the P.P. Shirshov Institute of
Oceanology, Gelendzhik, and State Oceanographical Institute, St.
Petersburg, Russia; and Marine Hydrophysical Institute, Sevastopol,

Ukraine.

NATO TU-WAVES Project was a major project that aimed to find out the
wind and wave climate affecting the Turkish coast as well as the Black Sea
basin. The project involved systematical wave measurements, wave
modeling and wave climate computations. The main objectives of this
project were:

- to obtain detailed knowledge on wind waves and to establish a reliable data
bank,

- to implement an advanced (third generation) wave model for the seas
surrounding Turkey,

- to construct a wave atlas for the Turkish coast and the Black Sea basin in

order to provide statistical information on sea state parameters.

3.1.2 Wave Measurements

Obtaining reliable wave measurements was needed to achieve the objectives
of the NATO TU-WAVES Project. For this purpose, Black Sea wave
gauging network of six stations at Sinop and Hopa of Turkey, Gelendzhik of
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Russia, Katziveli and Karkinitskaya Platforms of Ukraine, and Gloria
Platform of Romania were set-up. The network consisted of three directional
wave buoys (Sinop, Hopa, Gelendzhik) and three non-directional wave

gauges (Katziveli, Katziveli, Gloria) as shown in Figure 3.1.

Proper locations of gauging stations were selected by considering several
criteria to cover most of the possible wave regimes affecting the Black Sea
coasts. Wave measurements started at various dates at each station and
lasted for various periods of time ranging from few months to few years.
The data collected at the gauging stations were gathered at the project center

which was located at METU-KLARE.

UKRAINE £ Buoy
UKRAINE Qg 7 SEA OF A statf
KARKINITSKAYR 20V
- RUSSIA
KARZIVELI
ROMANTIA /%V ‘g’ ELENDZHIK
:C GLORIA <
& BLACK SEA =
&) o=
= =
= o o
0
TURKEY TURKEY IGPA

Figure 3.1 The Black Sea wave gauging network
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For this study, wave records collected from the three directional wave buoys
at Sinop, Hopa and Gelendzhik were utilized. Since this type of devices are
deployed far away from the shore, they are vulnerable to dangers like ship
collision, mooring failure and being lost during severe storms.
Unfortunately, it had also been the case at these stations, and none of these
buoys are in operation at the moment. However, there are still considerable
length of data recorded to study the spectral characteristics in the mentioned
stations; Sinop (about 8 months), Hopa (about 41 months) and Gelendzhik
(about 52 months).

The buoys used to collect the directional wave data were of Directional
Waverider type of Datawell. It is a 0.90 m diameter spherical buoy which
measures sea surface elevation and direction. The buoy contains a heave-
pitch-roll sensor, three-axis fluxgate compass, two fixed x and vy
accelerometers, and a microprocessor. The accelerations measured in the x
and y directions of the moving buoy reference frame are used to calculate
the accelerations along the fixed north and west axes. All three accelerations
(vertical, north and west) are then digitally integrated to displacements and
filtered to a high frequency cut-off (0.6 Hz). Finally, Fast Fourier Transform
(FFT) is performed every 30 minutes. Raw data are compressed to motion
vertical, motion north and motion west. Some spectral parameters like
spectral energy density, main direction, directional spread, skewness,
curtosis, and some other sea-state parameters like Hm, (significant wave
height calculated from wave spectrum) and Tz (mean wave period) are
computed on-board and called as processed data. The buoy transmits both
raw and processed data. The buoy measures individual wave heights up to
40 m (with a resolution of 1 cm) and periods between 1.6 s - 30 s.
Directional resolution is 1.50 and the frequency resolution is 0.005 Hz for

frequencies less than 0.1 Hz, and 0.01 Hz otherwise. The standard buoy also
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measures sea surface water temperature in the range -5°C to +45°C. Because
the directional waverider buoy measures the horizontal motions instead of
wave slopes, the measurements are not affected by the roll motions of the
buoy. This also justifies the small size of the buoy. On the other hand, the
current velocities over 2.5 m/s could cause some distortions on the buoy

measurements. (Ozhan et al., 1995)

Buoys were deployed at the depths of 100 m, 100 m and 85 m at Sinop,
Hopa and Gelendzhik, respectively to record deep water waves. The data are
automatically assembled and processed by means of a spectral analysis
system provided by Datawell, which estimates the directional properties of
the wave field. The results of this analysis are saved in a Datawell pre-
defined “SPT” file (Appendix A), which contains the energy density, mean
direction and directional spreading for each frequency band from which
other general parameters can be calculated. The file also contains significant
wave height (4Vm,), and mean period (¥ (m,/my,)) of the record. These SPT

files are the main data source of this study.

3.1.3 ECMWEF Analysis Wind Fields

ECMWEF (European Centre for Medium-Range Weather Forecasts) runs a
global operational meteorological model since early 1980’s. Surface wind
velocities (U10) are among the several meteorological parameters computed
by the model. The model provides both objective analysis fields by
assimilating available observations and daily forecasts. The forecasting
system has undergone several modifications and enhancements over the
years. The system predictions, especially the analysis fields, are of

acceptable quality for wave prediction only since September 1991 when the
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model was upgraded to what was called T213 spectral model, with a
nominal horizontal resolution of about 80 km and vertical resolution of 31
levels. The wind fields of the model during 1987-1991 were of lower quality
basically due to the coarse resolutions. The current operational atmospheric
model of ECMWF is called T;799L91, and has a horizontal resolution of

about 25 km and a vertical resolution of 91 levels.

During NATO TU-WAVES Project, after a survey for the available wind
sources for the Black Sea and the other seas surrounding Turkey, it was
concluded that, in general, the ECMWF analysis wind fields since
September 1991 were of acceptable quality for wave prediction in the
considered seas. Therefore, for computing the corresponding wave fields,
and for obtaining the long-term (operational) wind and wave statistics part
of the Project, ECMWF analysis wind fields with 6 hours interval and
0.5°x0.5° spatial resolution for a period of 8 years between 01 September
1991 and 31 July 1999, which were the output of the T213 model were

utilized.

It was documented by previous studies and also verified by TU-WAVES
Project that wind speeds were underestimated by the ECMWF T213
atmospheric model. This behavior was investigated and found to be mainly
due to the treatment of the land-boundary in the ECMWF meteorological
model. The model generally produced low speeds at a certain proportion
especially for enclosed basins. Consequently, the predicted wind fields were
modified (Yilmaz 2000; Yilmaz, Ozhan and Abdalla 2003). The
modification was mainly to increase the wind speeds by a certain percentage
over the whole basin, and to stretch the wind field to get rid of the land
boundary error. This enhancement provided wave predictions that showed

much better agreement with wave measurements. Thus, these enhanced
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(calibrated) ECMWF wind fields were used for wave computations and for

wind and wave statistics in NATO TU-WAVES Project.

3.2 Arrangement of the Data for Analysis

3.2.1 Classification According to Significant Wave Height

There are 3417, 13222 and 14264 numbers of spectra files, obtained from
Datawell directional waverider buoys, at Sinop, Hopa and Gelendzhik,
respectively. For easier examination of these numerous measurement files,
they were grouped according to the significant wave heights for the sea
states with limits of 0.5 m, 1.0 m, 2.0 m, 3.0 m, 4.0 m and 5.0 m at each
station. Results of this classification are given in Table 3.1. Sea states
corresponding to significant wave heights less than 0.5 m were considered

as calm, and were not analyzed.

During the wind wave climate studies of TU-WAVES Project, it was found
that intensity of waves at Sinop was higher than at Hopa and Gelendzhik.
However, it 1s seen in Table 3.1 that there is no record with significant wave
height greater than or equal to 4 m at Sinop. This situation is the result of
shorter measurements and the smaller number of storms recorded at this

station.
In order to observe the seasonal variability, the data were classified

according to the seasons also. In Appendix B, Tables Bl to B4 give the

seasonal classification of the spectra.
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Table 3.1 Number of measured spectra in each significant wave height

range.
SINOP HOPA GELENDZHIK
Hs > 6.0 m. 0 0 5
50m. <Hs <6.0 m. 0 1 9
4.0m. <Hs<5.0 m. 3 12 57
3.0 m. < Hs <4.0 m. 40 80 261
20m. <Hs<3.0m. 194 501 1340
1.0m. <Hs<2.0m. 892 1858 3368
0.5m.<Hs<1.0m. 1321 3086 3244
Hs <0.5 m. 963 7684 5976
TOTAL # 3413 13222 14260

3.2.2 Classification According to the Number of Spectral Peaks

3.2.2.1 ldentification of Multi-modal Spectra

Criteria that have been used in the literature to identify the spectra as uni-
modal or multi-modal by considering the frequency spectra alone were
discussed in Chapter 2. These criteria were applied to the available data. A
detailed visual observation was carried out in order to set the required
conditions that would be utilized in this study to identify the spectral peaks.

The effect of each condition in identifying the spectral peaks was observed.
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Finally, three conditions were determined to impose in order to identify the
peaks for belonging to separate wave systems:

1) Minimum distance between frequencies of the peaks should be 0.03 Hz.
This value is determined as the best one after several trials from 0.02 Hz. to
0.05 Hz. and comparisons with visual inspections.

2) For the other maxima to be considered as a spectral peak, they must have
ordinates larger or equal to 15% of the largest one. The value of 15% was
chosen considering the recommendation of Guedes Soares and Nolasco
(1992). After a few trials and comparisons with visual inspections, this
criterion was found to be a reasonable one. This requirement eliminates
peaks that are below a background noise.

3) The ordinate of the trough between the two peaks must be lower than the
lower limit of the 90-percent confidence interval of the smaller of the two

peaks.

A computer program was prepared in Visual FORTRAN programming
language considering the above conditions adopted to classify the files as
having single peak, two peaks, three peaks or more peaks. Tables 3.2 to 3.4
give the results of this program for Sinop, Hopa and Gelendzhik,

respectively.

One observes from these tables the decreasing percentage of occurrence of
the multi-peaked spectra with increasing significant wave height. At Sinop
and Gelendzhik, the percentage of occurrence of the double-peaked spectra
decreases from about 30% in the lowest wave group to about 15% for the
waves with significant wave height greater than 2.0 meters. Similarly, it

decreases from 26% to 6% at Hopa.
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Table 3.2 Occurrence of spectral peaks at Sinop (all data)

num. %
Hs (m) 1 peak 2 peaks 3 peaks | 4 or more obs. | obs.
37 6
Hs>3.0 86.05%) | (13.95%) - - 43 1.76
160 32 2
3.0>Hs>2.0 (82.47%) | (16.49%) | (1.03%) ) 194 | 7.92
570 265 50 7
20>Hs=1.0 (63.90%) (29.71%) (5.61%) (0.78%) 892 36.41
665 408 193 55
1.0>Hs =05 (50.34%) (30.89%) (14.61%) (4.16%) 1321 | 53.92
num.obs. 1432 711 245 62 2450
% obs. 58.45 29.02 10.00 2.53 100
Table 3.3 Occurrence of spectral peaks at Hopa (all data)
Hs (m) 1 peak 2 peaks 3peaks | 4 ormore | o0k vo
P P P obs. | obs.
92 1
Hs>3.0 (98.92%) (1.08%) - - 93 1.68
467 34
3.0>Hs>2.0 (93.21%) (6.79%) - - 501 | 9.05
1557 259 39 3
20>Hs=1.0 (83.80%) | (13.94%) | (2.10%) (0.16%) 1858 | 33.55
2012 811 209 54
1.0>Hs 205 (65.20%) (26.28%) (6.77%) (1.75%) 3086 | 55.72
num.obs. 4128 1105 248 57 5538
% obs. 74.54 19.95 4.48 1.03 100
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Table 3.4 Occurrence of spectral peaks at Gelendzhik (all data)

num. %
Hs (m) 1 peak 2 peaks 3 peaks | 4 or more obs. | obs.
322 10
Hs>3.0 (96.99%) (3.01%) - - 332 | 4.00
1106 216 18
3.0>Hs>2.0 82.54%) | (1612%) (134%) - 1340 | 16.18
2344 818 179 27
20>Hs=1.0 (69.60%) (24.29%) (5.31%) (0.80%) 3368 | 40.66
1408 1078 543 215
1.0>Hs =05 (43.40%) (33.23%) (16.74%) (6.63%) 3244 | 39.16
num.obs. 5180 2122 740 242 8284
% obs. 62.53 25.62 8.93 2.92 100

Percentage of occurrence of the double-peaked spectra for the whole data is
computed as 29%, 20% and 25% at Sinop, Hopa and Gelendzhik,

respectively.

The last group of waves with significant wave heights less than 1.0 m and
greater than 0.5 m is in fact a range that is not too important for engineering
applications that require spectral information. Besides, as it is seen from the
tables, this range is more variable than the others. At all three stations,
percent occurrences of spectra with 3 or more peaks are rather high for this
group of waves (19%, 9% and 23% at Sinop, Hopa and Gelendzhik
respectively). Therefore, results of the analysis are given in two ways in this
study. One is the average of whole data including these small waves and the
other is the average obtained with discarding these waves. Thus, overall
percentages for the occurrence of multi-peaked spectra for the data with

significant wave heights greater and equal to 1.0 m were also computed as

54



given in Table 3.5. It is seen that when the sea state of small waves was
excluded, overall percentages for the occurrence of the double-peaked
spectra decrease from 29%, 20% and 25% to 26%, 12% and 20% at Sinop,
Hopa and Gelendzhik, respectively.

Another clear result from analysis is that for all sea states and for the overall
data, the occurrence of the multi-peaked spectra is higher at Sinop and
Gelendzhik compared to Hopa. Actually, when the wind and wave regime of
the Black Sea basin is considered, this is an expected result. The annual
wind and wave roses of Sinop, Hopa and Gelendzhik obtained from the
Wind and Deep Water Wave Atlas (2002), prepared as a product of NATO
TU-WAVES Project, are given in Figures 3.2, 3.3 and 3.4. As it is seen in
these figures, while Hopa has one clear dominant wave direction which is
WNW, at Sinop there are three directions, WNW, NNE and W, which have
almost equal probabilities as annual wave direction. Also at Gelendzhik, a
similar variability in the wave direction is observed. While WSW is the

dominant wave direction, SSE direction is also important at Gelendzhik.

Table 3.5 Comparison of the three stations in case of peak numbers for the

overall measurements with Hg greater than or equal to 1.0 m.

tot. num 1 peak 2 peaks 3 peaks | 4 or more
(.)bS ' num. obs. num. obs. num. obs. num. obs.

' (%) (%) (%) (%)
. 767 303 52 7

Sinop 1129 (68.0) (26.8) (4.6) (0.6)
2116 294 39 3

Hopa 2452 (86.3) (12.0) (1.6) 0.1)

. 3772 1044 197 27

Gelendzhik | 5040 (74.8) (20.7) (3.9) (0.5)
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Figure 3.3 Annual wind and wave roses at Hopa.
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Figure 3.4 Annual wind and wave roses at Gelendzhik.

In order to investigate the seasonal variability of the multi-peaked spectra
occurrences, the identification analysis were classified for each seasons.
Tables 3.6 to 3.11 give the seasonal probabilities of spectra with different
number of peaks for all data for records with significant wave height greater

and equal to 1.0 m at Sinop, Hopa and Gelendzhik, respectively.
It is observed that there is no clear variability among the seasons in case of

occurrence of multi-peaked spectra at all three stations. The percentages in

all seasons are quite consistent with the annual probabilities at each location.
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Table 3.6 Seasonal probability of occurrence of multi-peaked spectra for overall

data with significant wave height greater and equal to 0.5 m at Sinop.

tot. 11U, 1 peak 2 peaks 3 peaks 4 or more
Hs>0.5m. obs num. obs. num. obs. num. obs. num. obs.
. (%) (%) (%) (%)
, 690 310 96 29
Winter 1125 (61.3) (27.6) (8.5) (2.6)
) 510 312 121 31
Spring 974 (52.4) (32.0) (12.4) (3.2)
81 33 14 2
Summer 130 (62.3) (25.4) (10.8) (1.5)
151 56 14
Autumn 221 (68.3) (25.3) (6.3) )

Table 3.7 Seasonal probability of occurrence of multi-peaked spectra for overall

data with significant wave height greater and equal to 1.0 m at Sinop.

Hsz1om, | O 0| 0O | s | numobs | oo
: (%) (%) (%) (%)
Winter 515 (23421) (213_4;/0) (4_25%%,) (0.2%)
Spring | 3T | @) | aewe | aee | o
Summer 76 (75 f%) (221,2%) (6.2%) )
Autumn 165 (7%).192/0) (2: 91%) (4.3%) )
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Table 3.8 Seasonal probability of occurrence of multi-peaked spectra for overall

data with significant wave height greater and equal to 0.5 m at Hopa.

tof. num. | 1 peak 2 peaks 3 peaks | 4 or more
Hs > 0.5 m. obs num. obs. num. obs. num. obs. num. obs.

: (%) (%) (%) (%)
. 1152 330 88 20

Winter 1590 (72.5%) (20.8%) (5.5%) (1.3%)
. 922 290 51 13

Spring 1276 (72.3%) (22.7%) (4.0%) (1.0%)
948 246 50 17

Summer 1261 (75.2%) (19.5%) (4.0%) (1.3%)
1106 239 59 7

Table 3.9 Seasonal probability of occurrence of multi-peaked spectra for overall

data with significant wave height greater and equal to 1.0 m at Hopa.

Hsz1om, | O 0| 0O | s | numobs | oo
: (%) (%) (%) (%)
Winter 813 (8’;12’;,) ( 108_3%) (1 .g%) (0. }%)
Spring 494 (843l~16%/°) (11;)%) (2.10(3/0) (0-;%)
Summer 376 (83%)24) (1 14 2%) (1?%) (0.;%)
Autumn 769 (82.57%/0) (129.§%> (2.1 16%) )




Table 3.10 Seasonal probability of occurrence of multi-peaked spectra for overall

data with significant wave height greater and equal to 0.5 m at Gelendzhik.

tot. num. 1 peak 2 peaks 3 peaks 4 or more
Hs > 0.5 m. obs num. obs. num. obs. num. obs. num. obs.

- (%) (%) (%) (%)
) 1921 755 237 84

Winter 2997 (64.1%) (25.2%) (7.9%) (2.8%)
. 831 337 107 27

Spring 1302 (63.8%) (25.9%) (8.2%) (2.1%)
852 465 173 54

Summer 1544 (55.2%) (30.1%) (11.2%) (3.5%)
1576 565 223 71

Autumn 2441 (64.6%) (23.1%) (9.1%) (3.2%)

Table 3.11 Seasonal probability of occurrence of multi-peaked spectra for overall

data with significant wave height greater and equal to 1.0 m at Gelendzhik.

Hsz1om, | O 0| 0O | s | numobs | oo
: (%) (%) (%) ()

Winter 2162 (71352;,) (zﬁg%/g) (3?914) © -16?‘)%)
Spring 816 (7224%/0) (2(1),65;)) (2.272%) (0-45‘%)
Summer 579 (73102@ (2;36}%) (4_256%) (0.3%)
Autumn 1483 (7161;’? ) (é@)) (4,64%/0) (og%)




3.3 Fitting JONSWAP Spectrum to Single Peak Spectra

A number of methods used in the literature in fitting JONSWAP spectrum to
observed spectra were described in Chapter 2. The methods used by Acar
(1983), Moon and Oh (1998) and Violante-Carvalho et al. (2002) were
compared in detail to determine the method that would be used in this study.
In addition to these three methods, a modified version of Acar’s method was
formulated. In this modified form, o parameter is computed from the least
square fit in the range of 1.35f; and 2.0f,. In this range, peak enhancement
factor v is accepted as unity. These four methods were applied to estimate
the spectrum parameters for the data which were identified as single-peaked

after the analysis explained in the previous section.

In order to assess how well the fitting is, the scatter index, SI is defined as

given below:

ZN:(S(fi)_SJ(fi))z

SI= .
> S(f)’

(3.1)

where Sfj) denotes observed spectra, and Sy(fj)) denotes the JONSWAP

model spectrum.

Mean values of the JONSWAP spectrum parameters calculated for each sea
state by using four methods for fitting the spectra measured at Sinop are
given in Table 3.12. Average SI values are also given as a measure for the
level of fitting for each method. For indicating the variability of estimated

parameters, standard deviations are also computed and given in the table.
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It is observed that the method of Acar (1983) gives the least Scatter Index
values among four methods for all sea states. Acar’s modified method in the

case of a computation, also have smaller SI values compared to the methods

of Moon and Oh (1998) and Violante-Carvalho et al. (2002).

As a common initial step, Moon and Oh (1998) and Violante-Carvalho et al.
(2002) accept the frequency corresponding to the maximum spectral density
of the measured spectrum as the peak frequency of the model spectrum.
They use this frequency to compute the other parameters o and y. Acar
(1983) also begins with the frequency of the maximum spectral density.
However, he changes this initial value by small increments as he does for
the other parameters, o and y to obtain the set of data giving the least square
error between the measured and modeled spectra. Therefore, the peak
frequency of the model spectrum is found as the result of this iterative

solution.

It is clear that accepting the frequency of the maximum spectral density as
the peak frequency of the model spectrum decreases the quality of fitting
especially whenever there is another high spectral density at the frequency
next to the peak frequency. Figure 3.5 shows such a case. It is seen that the
fitting is better for the method of Acar (1983), compared to the methods of
Moon and Oh (1998) and Violante-Carvalho et al. (2002).

Considering the smaller SI values, it was decided to use the modified Acar’s
method in determining the parameters of the JONSWAP spectrum. Thus,
JONSWAP parameters were estimated at three stations by using the
FORTRAN program written for this purpose. It is well known that when 7y
equals to unity, JONSWAP spectrum reduces to PM spectrum. Therefore,
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Figure 3.5 An example of observed and fitted spectrum
(11141928.SPT, Sinop at 1994)
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measurements for which y parameter was estimated less than 1.5 were
separated from the data set for belonging to the fully arisen sea records. The
remaining data sets were considered as developing sea records. 235 out of
1432, 372 out of 4128 and 828 out of 5180 measurements were separated at
Sinop, Hopa and Gelendzhik respectively. The parameters of PM spectrum

were found for these records.

The mean values and standard deviations for the JONSWAP parameters, o,
v and f, of the spectra identified as developing sea (having a y value equal to
or greater than 1.5) were computed for different sea states. Tables 3.13 to

3.15 provide these results for three stations.

As it is seen from the tables, mean o value decreases with decreasing
significant wave height at all three stations. In case of y values, however, the
dependence on the sea state is less sensitive. The peak frequency increases

with decreasing significant wave height.

It is also observed from the tables that among the three stations, Hopa has
the smallest mean o values for each sea state as well as for the overall data.
On the contrary, y values are the highest for Hopa records. Both parameters,
o and y have higher values at Gelendzhik than at Sinop, except the o values
for the highest sea state. In the case of peak frequency, Hopa records give

lower values than those of Sinop and Gelendzhik for all sea states.
At all three stations, the mean y values are smaller than the value of 3.3

which was obtained from the original JONSWAP data belonging to the
North Sea.
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Table 3.13 Parameters of JONSWAP spectrum obtained from the modified

fitting method of Acar at Sinop.

SINOP a v f, (Hz) Sl
Mean 0.00884 2.74 0.120 0.0597
Hs>3.0m.

Stand.Dev.| 0.00304 0.85 0.009 0.0388
Mean 0.00622 2.34 0.127 0.0316

3.0m.>Hs>2.0 m.
Stand.Dev.| 0.00310 0.75 0.014 0.0270
Mean 0.00507 2.57 0.162 0.0148

2.0m.>Hs>1.0 m.
Stand.Dev.| 0.00301 0.87 0.027 0.0151
Mean 0.00347 2.75 0.194 0.0136

1.0m. >Hs>0.5m.
Stand.Dev.| 0.00331 1.02 0.037 0.0118

""" |

ALL Mean 0.00455 2.63 0.172 0.0174
Hs > 0.5 m. Stand.Dev.| 0.00340 0.94 0.039 0.0191
ALL Mean 0.00552 2.53 0.153 0.0208
Hs > 1.0 m. Stand.Dev.| 0.00317 0.85 0.029 0.0232

Table 3.14 Parameters of JONSWAP spectrum obtained from the modified
fitting method of Acar at Hopa.

HOPA o Y fo (Hz) Sl
Mean 0.00511 2.97 0.102 0.0438
Hs>3.0 m.

Stand.Dev.| 0.00182 1.07 0.010 0.0507
Mean 0.00443 2.96 0.119 0.0174

3.0m.>Hs>2.0 m.
Stand.Dev.| 0.00226 1.16 0.015 0.0189
Mean 0.00319 3.01 0.140 0.0089

2.0m.>Hs>1.0 m.
Stand.Dev.| 0.00216 1.14 0.022 0.0115
Mean 0.00226 3.18 0.177 0.0081

1.0m. >Hs>0.5m.
Stand.Dev.] 0.00297 1.39 0.044 0.0103

/" ——"———"————"————“———/——/——/—/—//—/¥/// ———/¥/¥/¥/¥/“—/—|

ALL Mean 0.00292 3.09 0.155 0.0103
Hs > 0.5 m. Stand.Dev.| 0.00270 1.28 0.041 0.0153
ALL Mean 0.00355 3.00 0.134 0.0123
Hs>1.0 m. Stand.Dev.| 0.00225 1.14 0.023 0.0187
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Table 3.15 Parameters of JONSWAP spectrum obtained from the modified
fitting method of Acar at Gelendzhik.

GELENDZHIK a v f, (Hz) Sl
Mean 0.00730 3.06 0.110 0.0238
Hs>3.0m.
Stand.Dev.| 0.00340 1.20 0.016 0.0284
Mean 0.00707 2.80 0.133 0.0122
3.0 m.>Hs >2.0 m.
Stand.Dev.| 0.00351 1.13 0.019 0.0157
Mean 0.00589 2.73 0.157 0.0078
2.0m.>Hs>1.0 m.
Stand.Dev.| 0.00399 1.03 0.029 0.0099
Mean 0.00553 2.99 0.217 0.0100
1.0 m. >Hs > 0.5 m.
Stand.Dev.| 0.00554 1.24 0.066 0.0137
""" |
ALL Mean 0.00613 2.84 0.166 0.0104
Hs 2 0.5 m. Stand.Dev.| 0.00440 1.13 0.053 0.0147
ALL Mean 0.00636 2.78 0.146 0.0105
Hs>1.0m. Stand.Dev.| 0.00385 1.08 0.030 0.0150

The standard deviations are observed to be quite high except for the peak
frequency. Especially, the standard deviation of o is very high. This result
indicates the high variability of the o parameter. As it was mentioned in
Chapter 2, a was found to be dependent on fetch distance and wind speed
during JONSWAP project and also at later studies. JONSWAP spectrum
and the later modifications provided relationships of o with fetch distance
and wind speed, or sometimes with wave age. Therefore, this high

variability with a is rather natural.

The wave records separated as belonging to fully developed waves were
analyzed and the PM spectrum was fitted to the observed spectra. Two
parameters, o and f, were estimated on the basis of the least square error

between the model spectrum and the measurements. Similar to the
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procedure used earlier for JONSWAP spectrum, a values were determined
as to give the least square difference in the frequency range between 1.35f;
and 2.0 f,. Mean and standard deviation of the parameters of PM spectrum
for three locations are given in Table 3.16. Similar to the results obtained for
the JONSWAP spectrum, the o parameter obtained from the Hopa records is
the lowest among three locations. Standard deviation of a is again high. At
all stations, o is less than 0.0081 which is the mean value proposed for PM

spectrum.

Table 3.16 Parameters of PM spectrum

a fo (Hz) Sl
PM Spectrum

mean stand.dev.] mean stand.dev. mean stand.dev.

SINOP 0.00532 0.00338 | 0.170 0.039 | 0.0370 0.0631

Hs>0.5m HOPA 0.00337 0.00232 | 0.152 0.033 | 0.0277 0.0626

GELENDZHIK]0.00651 0.00357 | 0.154 0.035 | 0.0215 0.0456

SINOP 0.00647 0.00299 | 0.149 0.024 | 0.0539 0.0727

Hs>1.0m HOPA 0.00420 0.00212 | 0.131 0.020 | 0.0473 0.0774

GELENDZHIK]0.00725 0.00325 | 0.144 0.025 | 0.0271 0.0507
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3.4 Fetch Dependencies of the JONSWAP Spectrum Parameters at
Sinop, Hopa and Gelendzhik

It was presented in Chapter 2 that fetch dependencies of spectral parameters
have been studied since 1960s by a number of researchers in various parts of
the world. For the present study, in order to examine the probable fetch
dependencies of the JONSWAP spectrum parameters at three stations,
modified (enhanced) ECMWEF analysis wind fields obtained from NATO
TU-WAVES Project were utilized. The data are available with 6 hours time
interval for a period of 8 years between 01 September 1991 and 31 July
1999, and with a spatial resolution of 0.3° in longitudinal direction and

0.25° in latitudinal direction covering whole Black Sea basin (608 points).

A mesh consistent with this spatial resolution of ECMWF wind fields was
prepared for the analysis. Due to shape of the earth, while the distance
between two longitudes at the northmost latitude of the mesh is 22.86 km, it
i1s 25.18 km at the southmost one. In order to cope with this variability the
average value of 24.02 km was used as a constant distance between
longitudes. Distance between the latitudes is constant all over the mesh and
equals to 27.8 km. Thus, scaled in accordance with these distances, the mesh
for the Black Sea basin was formed to be used in determining the

corresponding wind and fetch information for the wave records.

The nearest grid points to the buoy locations are 42.00°N-35.00°E, 41.50°N-
41.00°E and 44.50°N-37.70°E at Sinop, Hopa and Gelendzhik respectively.
Grid points at these coordinates were marked as the buoy locations on the
mesh. Lines with intervals of 22.5° were drawn from each location to
represent the wind directions within £11.25° of alignment of each line. Grid

points on these lines were utilized in order to determine the wind speed,
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storm direction and the fetch length. One and two grid points at right and
left, and at up and down around each station were also marked on the mesh.
Wind information of these grid points were averaged to decide on the wind
speed and the direction for the considered location as the first step of
analysis. Figures C1, C2 and C3 of Appendix C show the prepared mesh and
three measurement locations with the lines representing the directions and

with the areas around them.

In order to study the fetch dependencies of spectral parameters, following
criteria were tested and applied to select the records belonging to stable

wind conditions:

- Average wind speed at the grid points at the area around each station
should be greater than or equal to 5 m/s. This ensures the existence of large-
scale atmospheric circulation systems and thus homogeneity of wind field
over the region.

- Whenever the difference between wave and wind directions is greater than
45°, that measurement is to be discarded.

- To ensure stationarity of wind, a rather rigid criteria were applied. Only the
records with stable winds along the fetch length in the limits of £10% of
wind speed and £11.25° (This was decided after comparing with +22. 5°) of
wind direction were selected.

- A minimum fetch of 100 km was required for any directions. (Although
ECMWEF analysis wind fields utilized in this study was enhanced to
overcome the two basic problems of ECMWF analysis wind fields (the
treatment of the land-boundary in the ECMWF meteorological model and
the underestimation by the ECMWF wind speeds over enclosed basins), this
criterion was set considering that the land-boundary might still not be

entirely correct.)
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According to these criteria, in order to analyze the dataset that was isolated
from multi peaked and fully developed sea spectra in the previous sections,
a FORTRAN program was prepared. The program reads the date of the
record from a list and searches for the time series of ECMWF analysis
winds to determine the wind speed and direction corresponding to that date
at the grid points around the considered station. Then, the program computes
the average wind speed and wind direction at these grids. If the average
wind speed is less than 5 m/s, that record is directly discarded and the
program returns to the beginning to investigate the wind condition of the
next measurement in the list. When the average wind speed computed is
greater than or equal to 5 m/s, the program continues with checking the
difference between the average wind direction and the measured wave
direction. If the difference is more than 45°, that record is also discarded and
the analysis continues with the next record. If both criteria are satisfied (e.g.
wind speed is greater than or equal to 5 m/s and the directional difference
between wind and wave is less than 45°), the program continues with the
analysis of wind to determine the wind speed and fetch of the corresponding

storm.

In the next step, the grid points along the line which is representing the
determined wind direction are investigated one by one. Beginning from the
nearest grid to the station area, firstly wind direction is checked. If the wind
direction at that grid is still inside the limits of the direction range, then
averages of the wind speed and wind direction of all previous grid points on

the line are recomputed.

Then, the following two conditions are checked for either continuing with
the analysis by including the next grid point on the line or ending the
analysis of that record by setting the average wind speed and wind direction

computed for the previous grid point as the finalized wind speed and wind
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direction and the distance between the station and the grid point as the
finalized fetch length for the analyzed record:

- If the average wind speed is greater than or equal to 5 m/s,

- If the wind speed change along the line is within 10 %,

By applying these steps, the dataset is further refined to include only the
spectra belonging to the wind waves generated by relatively stable wind
speed and direction. Undoubtedly, this procedure excluded the single peak

swell as well.

In this analysis, two questionable points arise from comparison of results
with those of previous studies. In order to decide on which directional
interval (22.5° or 45°) and which area around the station (one or two grid
points) to use, the program were run for all four alternatives. Then, the
regression lines of each relationship obtained from these four alternatives
were drawn together with the upper and lower envelop of previous results
(Figures 3.6 to 3.14). The relationships of Sinop records are given in Figures
3.6 to 3.8, of Hopa in Figures 3.9 to 3.11 and of Gelendzhik in Figures 3.12
to 3.14.

In these figures, the results obtained for the larger area (two grid points)
around the stations were denoted by capital letter ‘A’. For the relationship

between E and X, the results of Kahma (1981) and theoretical study of
Zakharov and Zaslavskii in 1983 (Shokurov and Efimov, 1999) were
excluded, and results by Evans and Kibblewhite (1990) and Shokurov and

Efimov (1999) were given as the lower and upper limits of previous studies.
While for f and X relationship JONSWAP (1973) and Donelan et al.

(1985) results formed the envelop, the results of Evans and Kibblewhite
(1990) and Shokurov and Efimov (1999) were the envelops for the E and

f_relationship similar to the relationship between E and X.
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Figure 3.6 Relations between the dimensionless fetch and energy obtained for four
alternatives at Sinop.
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Figure 3.7 Relations between the dimensionless fetch and peak frequency
obtained for four alternatives at Sinop.
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Figure 3.9 Relations between the dimensionless fetch and energy obtained for four
alternatives at Hopa.
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Figure 3.10 Relations between the dimensionless fetch and peak frequency
obtained for four alternatives at Hopa.
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Figure 3.11 Relations between the dimensionless peak frequency and energy
obtained for four alternatives at Hopa.
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Figure 3.12 Relations between the dimensionless fetch and energy obtained for
four alternatives at Gelendzhik.
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Figure 3.13 Relations between the dimensionless fetch and peak frequency
obtained for four alternatives at Gelendzhik.
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Figure 3.14 Relations between the dimensionless peak frequency and energy
obtained for four alternatives at Gelendzhik.

It is observed in Figure 3.6 that increasing the area around the station at
Sinop does not affect the relationship between E and X when 22.5° interval
1s used to represent the directions. However, if 45° interval is used, increase
in area causes a change in the slope of the best fit lines and a downward
shift of the line representing the use of greater area. Except the line obtained
by applying 45° interval and the smaller area, other three alternatives
appears to give reasonable results when compared to the envelop of the
previous studies. A similar conclusion is also reached by investigating the
relationship between f and X (Figure 3.7). When 22.5° interval is applied,
there is almost no change between increasing the area or not. However the

use of 45° interval leads to changes. For the relation between E and f,

(Figure 3.8), all four approaches seem to give almost the same results and

they stay inside the limits of previous studies. Thus, in case of Sinop, it was
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decided that, except the use of 45° interval and the smaller area, other three

alternatives give results consistent with the previous studies.

From the figures showing the relationships derived from the Hopa records,
different results are observed compared to Sinop. In Figure 3.9, it is seen
that the use of 22.5° interval (not the 45° interval) gives different results in
relation to the use of the smaller or larger area for the relationship between
E and X . While the regression line obtained by using 22.5° interval and the
smaller area is near the lower limit of previous results, it shifts upward to the
center of the envelop almost with the same slope when the larger area is
utilized. In the case of using 45° interval, it seems that although there is a
difference in the slopes of regression lines corresponding to the smaller or
larger area, the difference is not too pronounced. Except the relationship
obtained for 22.5° interval with smaller area, other three alternatives give

similar relationships between E and X. It is also observed in Figure 3.10
that these three alternatives give close results also for f and X relationship,
but they are below the lower envelop especially at smaller X values. The
line for 22.5° interval and the larger area approach is the closest to the result

of JONSWAP. In this case, only the relationship obtained by using 22.5°

interval and the smaller area falls inside the envelop and follows closely the
JONSWAP line. If the relationship between E and f. in Figure 3.11 is
examined, all four approaches seem to give similar results gathered near the
lower envelop. However, similar to f_ and X relationship, the regression

line obtained using 22.5° interval with the smaller area has the best

agreement with the lower envelop of Evans and Kibblewhite (1990).

Unlike the results for Sinop and Hopa, all four relationships obtained from

Gelendzhik wave records show significant differences with the envelops
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from the previous studies. The worst agreement is observed when the 45°
interval is used. This is clearly seen in Figure 3.12 which shows the E and
X relationship. When the direction interval of 45° is used for the analysis of
Gelendzhik records, slopes of the regression lines for both smaller and
larger areas are significantly different from the results of previous studies
and have much flatter slopes. The energy is rather high at small fetches, but
its increase with fetch is milder. The use of 22.5° interval gives relatively

more reasonable regression lines compared to the use of 45° interval.

As observed from Figures 3.6 to 3.14, it is difficult to drive definite
conclusions as to the best choice among four possibilities to be used in the
analysis of records from three stations. It should be noted that most of the
previous studies were performed under relatively controlled special
conditions such as selecting the study area, location of the recorder, etc. to
work mainly on the theory of fetch dependencies of fetch limited waves.
Even so, they show considerable differences. In the present study, the aim of
this section was to deduce the relations of estimated spectral parameters
with fetch and wind speed by using the available ECMWF analysis wind
fields, and to find out the fetch dependencies of measured wind waves
which were isolated for belonging to developing sea (y>1.5) at three
locations. It was decided that the use of 22.5° increment for the directional
variability together with the larger area for averaging around the stations
gave the most appropriate results among four alternatives. The results for
the selected alternative are given for Sinop, Hopa and Gelendzhik in Figures
3.15 to 3.17. It is seen that variation of E with Xis the highest at Hopa
followed by Sinop and Gelendzhik. However, for a larger ranges of X,

Gelendzhik is found to have higher E values compared to Sinop and Hopa.
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Figure 3.15 Relations between dimensionless fetch and energy obtained for 22.5°
angle and the larger area around the stations.
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Figure 3.16 Relations between dimensionless fetch and peak frequency obtained
for 22.5° angle and the larger area around the stations.
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Figure 3.17 Relations between dimensionless peak frequency and energy obtained
for 22.5° angle and the larger area around the stations.

The final identified data sets after the described selection procedure was
assumed to be for developing seas of stable wind conditions without any
swell presence. The scatter plots for the relationships of dimensionless
spectral parameters and mean o parameter with dimensionless fetch are
given in Figures 3.18, 3.19 and 3.20 together with the regression lines and
corresponding equations. Numbers of data used are respectively 155, 181
and 197 for Sinop, Hopa and Gelendzhik. Consistent with the previous

studies, E is found to increase with X while f. and a decrease at three

locations. Scatter of data points for o and E is high. It is relatively lower for

f .

m
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The mean values and standard deviations for the JONSWAP parameters, o,
¥ and f, obtained from the observed spectra of wind waves identified as
belonging to developing sea of stable wind conditions were recomputed.
The results are given in Table 3.17. It is seen that when compared to the
values obtained in Section 3.3 (Tables 3.13, 3.14 and 3.15), the mean o
increases, while the mean y and f, decrease for this data sub-set at Sinop and
Hopa. However, for Gelendzhik records the change in mean « is negligible.
In case of mean y and f, however, slight decreases are observed similar to

Sinop and Hopa data.

The observed spectra for wind waves identified as belonging to developing
sea of stable wind conditions, were converted to the dimensionless form by
dividing the energy densities with ngp's and the frequencies with f,.
Envelops obtained for the non-dimensional spectra of Sinop, Hopa and
Gelendzhik together with the JONSWAP spectrum obtained by using the
mean values of «, y and f;, (the mean JONSWAP spectrum) are given in
Figures 3.21, 3.22 and 3.23 respectively. Figure 3.24 compares the non-
dimensional mean JONSWAP spectra at three locations. JONSWAP

spectrum was rewritten to be dimensionless in the following form:

-5

_ s ] ]

It is observed from Figures 3.21, 3.22 and 3.23 that mean spectral shapes
(the mean JONSWAP spectrum) do not satisfactorily represent the
individual spectra. Mean spectra are exceeded significantly at all three
locations. From the comparison of the non-dimensional mean JONSWAP
spectrum (Figure 3.24), it is seen that Hopa has the mildest spectral shape,

whereas Gelendzhik has a more peaked shape.
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Figure 3.21 Cluster of dimensionless spectra together with the mean JONSWAP
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CHAPTER 4

SUMMARY AND CONLUSIONS

For investigating the characteristics of wind-wave spectra of the eastern
Black Sea, long-term wave measurements obtained by directional buoys
deployed offshore Sinop and Hopa in Turkey and Gelendzhik in Russia
were utilized. Respectively, 2450, 5538 and 8284 observed frequency
spectra at Sinop, Hopa and Gelendzhik were analyzed. The wave records
were grouped into sea states defined by significant wave height limits of
0.5 m, 1.0 m, 2.0 m and 3.0 m. Results obtained throughout the study were

generally given for these different sea states.

Analysis of the records was carried out in three steps. Firstly, the number of
spectral peaks of each record were identified. Occurrences of spectral peaks
were computed at each sea state as well as overall data. Secondly, the single
peaked spectra, which were determined in the first step, were fitted to the
JONSWAP model spectrum. Spectra for which y parameter was less than
1.5 were separated as belonging to the fully arisen sea state. These records
were reanalyzed to estimate the spectral parameters of the corresponding
PM model spectrum. The remaining data (records with y parameter greater
than or equal to 1.5) were considered as developing sea records. In the third
step, these developing sea records were further investigated for identifying
the data that belonged to developing sea, which was generated by a stable

wind field. Rather rigid criteria were applied for the identification process.
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Fetch dependencies of dimensionless spectral variables, mean parameters of
JONSWAP model spectrum and the envelop of dimensionless spectra were

determined for this data sub-set.

The followings are the main results and conclusions of this thesis study:

- Percent occurrences of the multi-peaked spectra decrease with increasing
significant wave height. For all sea states and for overall data, occurrence of
the multi-peaked spectra was higher at Sinop and Gelendzhik compared to
Hopa. There was no significant seasonal variability for occurrence of multi

peaked spectra at any of the locations.

- Percent occurrences of the double-peaked spectra for the data recorded at
Sinop and Gelendzhik were computed in the order of 20-25%, while at Hopa

it was considerably less (around 10-15%).

- For the uni-modal spectra which were identified as developing sea,
JONSWAP spectrum parameters were estimated. In general, mean o values
decreased with decreasing significant wave height at all three locations.
However, for y values, the dependency on the sea state is less sensitive. The

peak frequency increases with decreasing significant wave height.

- Hopa has the smallest mean o values for each sea state as well as for the
overall data. On the contrary, y values are the highest for Hopa records. Both
o and y have higher values at Gelendzhik than at Sinop, except the o value
for the highest sea state (e.g. He>3.0 m). In the case of peak frequency Hopa
records give lower values than those of Sinop and Gelendzhik. Generally,

standard deviation of a is rather large, indicating the high variability with
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this parameter. At all three stations, the mean y values are smaller than the
value of 3.3 which was obtained for the original JONSWAP data of the
North Sea.

- For the uni-modal spectra which were identified as fully arisen sea, the PM
spectrum parameters were estimated. The o parameter obtained from the
Hopa records is the lowest among three locations. Standard deviation of a is
again high. At all stations, a is less than 0.0081 which is the mean value for

the original PM spectrum.

- Only a very small sub-set of the records were identified for belonging to
developing sea state generated by rather stable winds from thousands of data

at three locations.

- Consistent with the previous studies, dimensionless energy is found to
increase with dimensionless fetch while dimensionless peak frequency and
o decrease at three locations. Scatter in the values of a and energy is high

but it is relatively low for peak frequency.

- Compared to the mean spectral parameters estimated for all single peaked
spectra, the mean o increases, while the mean y and f, decrease for the
records identified as belonging to developing seas generated by stable winds
at Sinop and Hopa. However, for Gelendzhik records the change in the
mean o 1s negligible. In case of mean y and f,,, a slight decrease is observed

similar to Sinop and Hopa data.

- Clusters of the dimensionless spectra show that mean spectral shapes (the

mean JONSWAP spectrum) do not satisfactorily represent the individual
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spectra. Mean spectra are exceeded significantly at all three locations. Hopa
has the mildest spectral shape, whereas Gelendzhik has a more peaked

shape.

The following two subjects are recommended for further studies.

In the scope of the present research, only the frequency spectra were
studied. However, wave records utilized were obtained from directional
buoys. So, directional spectra can also be computed from these records.
Directional spectra can be analyzed to provide information on directional
distribution of wave energy as well. Besides, the use of directional spectra
could be important in multi-modal spectra identification. For example,
spectra composing of mixed wave systems coming from different directions
but have very close peak frequencies can not be identified by analyzing the
frequency spectra alone. This type of spectra can only be identified by
investigating the directional spectra. Therefore, it would be useful to make
the analysis by utilizing the directional spectra and compare its results with

the ones obtained in this study.

Secondly, records exhibiting more than one spectral peak were identified in
this study and the percent occurrences of these multi-modal spectra were
computed without any further investigation on these records. Since the
bimodal sea states can have significant impacts on the design and operability
of fixed and floating offshore platforms, and in other ocean engineering
applications, it will be valuable to investigate the characteristics of bimodal

spectra in the eastern Black Sea.
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APPENDIX A

CONTENT OF THE SPECTRA FILES

Spectra files used as the source of this study were provided directly by the
Datawell Waverider buoys. The data is automatically assembled and
processed by means of a spectral analysis system provided by Datawell. The
results of this analysis are saved in a Datawell pre-defined file, which have a
‘SPT’ extension. They are named corresponding to the time they represent
as ‘MMDDHHmMmm.SPT’. ‘MM’ stands for ‘month’, ‘DD’ for ‘day’, ‘HH’
for hour and ‘mm’ for minute. The files contain the energy density, mean
direction and directional spreading for each frequency band from which

other general parameters can be calculated.

A sample page with explanations added for each value is given in the next

page.
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‘01260014.SPT’ (Name of the file)

7 | : Current transmission number
423 | : Significant height (cm)  (4Ym,)
8.510638 | : Mean period (sec) (N(my/ my,))
46.62763 | : Maximum spectral density (m?/Hz)
25.3 | : Sea surface temperature (° C)
9.8 | : Reference (dummy) temperature (° C)
7 | :Battery condition (7=full, 0=empty)
-0.14875 | : Vertical accelerometer offset (m/secz)
-0.42375 | : X accelerometer offset (m/secz)
0.115 | : Y accelerometer offset (m/sec?)
310.7813 | : Compass heading (°)
59.0625 | : Magnetic field inclination (°)
Normalised
Frequency spectral Mean Directional | Skewness | Curtosis
(Hz) density direction (°) | spread (°)
0.025 0.000396 291.575 70.27681| 3.399935| 2.417151
0.03 0.00093 277.5125 57.29575| -2.51416| 3.71875
0.035 0.001159 288.7625 45.20992| -3.45568| 5.295888
0.04 0.001416 285.95 40.28607 | 1.662612| 6.74838
0.045 0.001114 284.5438 53.71476| 0.955116| 3.054301
0.09 1 281.7313 17.90492 8| 34.4064
0.095 0.612626 285.95 26.40976 6| 13.28853
0.1 0.499075 281.7313 23.2764| -2.63137| 17.92654
0.11 0.267135 284.5438 27.305| 1.221766| 13.37147
0.12 0.113608 281.7313 24.17164 | 1.824712| 9.156328
0.13 0.098274 281.7313 21.03828 | 0.870321| 9.898194
0.14 0.077305 287.3563 20.59066 -1| 15.98348
0.15 0.060205 288.7625 20.59066 | -0.77277| 13.17319
0.16 0.031905 278.9188 29.54312| 1.295878| 8.855686
0.17 0.027187 281.7313 31.78123| 1.390882| 7.223699
0.53 0.00024 247.9812 59.53386 | 0.410506| 2.284015
0.54 0.000277 252.2 55.95288 | 0.646747| 1.909381
0.55 0.000296 250.7937 57.29575| 0.454004| 1.84375
0.56 0.000268 240.95 52.81952 | 0.745917| 2.262079
0.57 0.000264 270.4813 57.29575| -0.93556| 2.171875
0.58 0.000235 274.7 58.63861| 0.394411| 2.124079
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APPENDIX B

NUMBER OF SEASONAL DATA

Table BI Number of Winter measurements in each significant wave height

range.
SINOP HOPA GELENDZHIK

Hs > 6.0 m. 0 0 5

50m. <Hs <6.0 m. 0 1 2

40m.<Hs<5.0m. 2 6 36
3.0m. <Hs<4.0 m. 24 31 134
2.0m. <Hs<3.0m. 81 224 656
1.0m. <Hs<2.0m. 408 551 1329
0.5m.<Hs<1.0m. 610 777 835
Hs <0.5 m. 210 1727 777
TOTAL # 1335 3317 3774
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Table B2 Number of Spring measurements in each significant wave height

range.
SINOP HOPA GELENDZHIK

Hs > 6.0 m. 0 0 0

50m. <Hs <6.0m. 0 0 6

4.0m. <Hs<5.0m. 0 0 17

3.0m. <Hs <4.0 m. 4 0 41
2.0m. <Hs<3.0 m. 47 53 196
1.0m. <Hs <2.0m. 322 441 556
0.5m.<Hs<1.0m. 601 782 486
Hs <0.5m. 541 2087 914
TOTAL # 1515 3363 2216

Table B3 Number of Summer measurements in each significant wave

height range.
SINOP HOPA GELENDZHIK

Hs > 6.0 m. 0 0 0

50m. <Hs <6.0 m. 0 0 0

40m.<Hs<5.0m. 0 0 0

3.0m. <Hs<4.0 m. 0 3 29

2.0m. <Hs<3.0m. 1 42 93
1.0m. <Hs<2.0 m. 75 331 457
0.5m.<Hs<1.0m. 54 885 965
Hs < 0.5 m. 101 2276 2447
TOTAL # 231 3537 3991
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Table B4 Number of Autumn measurements in each significant wave height

range.
SINOP HOPA GELENDZHIK

Hs > 6.0 m. 0 0 0

5.0m. <Hs <6.0m. 0 0 1

40m.<Hs<5.0m. 1 6 4

3.0m. <Hs<4.0 m. 12 46 57
2.0m. <Hs<3.0m. 65 182 395
1.0m. <Hs<2.0m. 87 535 1026
0.5m.<Hs<1.0m. 56 642 958
Hs <0.5 m. 111 1595 1838
TOTAL # 332 3006 4279
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APPENDIX C

MESH OVER THE BLACK SEA
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