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Introduction

The thesis deals with wave data analysis for the long-term statistics of sea storms and wave
energy resources estimation. The correct evaluation of extreme values of significant wave
height is one of the most important areas of scientific interest in maritime engineering because
of its relevant contribution to the design stage of maritime structures and wave energy devices.
The thesis gives an overview of the various methodologies employed in extreme values analysis
of wave height focusing on the ““Equivalent Storm Models”. Belonging to this category are the
Equivalent Triangular Storm (ETS) and Equivalent Power Storm (EPS) models. They enable us
to analyze storms by representing them through a simpler geometric shape associating to each
actual storm a statistically equivalent one, defined by means of two parameters: the first
representative of storm intensity and assumed equal to the maximum significant wave height in
the actual storm, the latter representative of storm duration, determined assuming that the
maximum expected wave heights in the actual and equivalent storms are the same. They provide
a solution for the return period R(Hs>h) of a storm whose maximum significant wave height is
greater than a fixed threshold h, and for the mean persistence Dy, (h) above h. In the case of ETS
model the solution of both R(Hs>h) and Dy(h) are achieved in a closed form, while the solutions
for EPS model have to be solved numerically. The EPS model gives a more realistic
representation of storms affording more conservative predictions. In the thesis a new model
called Equivalent Exponential Storm Model is developed in order to combine all together the
advantages of the previous ones. Several interesting results are obtained applying the new
model. Furthermore the thesis presents various original analyses performed applying the three
“Equivalent Storms Models” and processing different kinds of wave data. The variability of
parameters of intensity and duration of equivalent storms with the assumption of different time
interval between two consecutive records is investigated and its influence on long-term
predictions is evaluated. A sensitivity analysis of return values to storm threshold is performed
applying both the EES and Peak Over Threshold methods. Furthermore, considering the
importance of wave direction when an angle dependent structure or device has to be designed,
the thesis addresses the problem of directional analysis, providing a criterion to classify storms
as “directional storms™ with wave direction pertaining to a given directional sector. The
introduced methodology concerns also the identification of the appropriate center and width of
the sector. Another analysis performed in the present work deals about the long term statistics
of ocean storms starting from time series of partitioned sea states, considering separated wind

and swell seas. The ETS model is applied for long term predictions to time series of significant



wave height calculated considering both contributions, and the wind sea only, in order to
evaluate variability of return values due to having neglected swell contribution. Concerning the
estimation of wave energy resource, in the thesis a simplified formula for the calculation of
average wave power in deep water is applied for wave energy mapping of Mediterranean Sea in
parallel to extreme values mapping, showing how the conjunction of these two information is
fundamental at the design stage of wave energy device.

The thesis is made up by eight chapters. Each of them contains results that have been already

published by the author and are proposed here in a more detailed version.
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Chapter 1 — Introduction to extreme
values analysis of storm waves

This chapter gives an overview on the methodologies for extreme values analysis of
wave data. A classification of the various methods is provided. First the classical
approaches are discussed, and then the short and the long-term statistics are
introduced for extreme analysis and predictions of sea storm via the Equivalent
Storm Models. Finally several kinds of wave data used for extreme wave analysis

are discussed.

1.1. Overview and classification of methods for extreme values
analysis of wave data

Extreme values analysis of waves plays a significant role at the design stage of marine
structures and wave energy converters. The use of an appropriate methodology in estimation of
extreme wave condition is then a key point. A lack in the selection of the design wave involves
an overdesigned structure, if the design wave is overestimated, making the investment
unattractive from the economical point of view. Vice versa, an underestimated design wave may
imply the failure of the structure. Extreme wave heights, also referred as m-year return values,
are wave height that will occur in average once in a period of m years. In the selection of an
extreme wave height, when designing for survivability, 100-yr return values are often used
because of the low probability of occurrence associated with them. Wave energy converters are
usually designed for a service life of 20-30 years, but return values of longer periods (50-100
yrs.) have to be considered in the evaluation of extreme conditions. Depending on the
methodology employed in the selection of data sample from a given time series, may be

distinguished two different approaches for extreme values analysis:
e Total Sample Method;
e Peak Value Method.

The former, called also Initial Distribution method or Cumulative Distribution function method,

utilizes the whole available data of wave heights observed visually or instrumentally during a
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number of years. It was proposed by Draper (1966) when wave observation projects were at
their initial stage and wave data availability in terms of time of observation was limited. It is
applicable even when time series are few years long. The latter consists in dividing time series
in storms/time windows of a given duration and to pick up the largest wave height per each
window. If the block has duration of one year and only the maximum wave height per each
block is taken into account in the analysis, the method is called Annual Maxima. Instead, it if
only storm peaks greater than a given threshold are considered it is called Peak Over Threshold
(POT) (Coles, 2001; Goda et al. 1994; Goda, 2000; Ferreira and Guedes Soares, 1998). An
alternative approach that may be considered belonging to the category of Peak Values Method is
based on the Equivalent Storm Models (Boccotti 1986, 2000; Arena and Pavone, 2006, 2009;
Fedele and Arena 2010). These models utilize the geometric representation of storms replacing
actual storm with a statistically equivalent one characterized by a simpler geometric shape.
Starting from a given time series storms are identified by means of a sea storm definition
(Boccotti 1986, 2000) and each of them is replaced with the equivalent one. The equivalent
storm is determined by means of two parameters: the first representative of storm intensity and
equalled to the maximum significant wave height in the actual storm, the latter representative of
storm duration, calculated by imposing the equality between the maximum expected wave
heights of actual and equivalent storms. The sequence of actual storms is the actual sea, while
the sequence of equivalent storms represents the “Equivalent Sea”. The actual and equivalent
seas are characterized by same number of storms, each of them with the same maximum H;. As
a consequence the return period of a storm whose maximum Hj is greater than a fixed threshold
h is the same in the actual sea and in the equivalent sea. This approach has been introduced by
Boccotti (1986, 2000) with the Equivalent Triangular Storm (ETS) model and then developed in
a more general form by Fedele and Arena (2010) via the Equivalent Power Storm (EPS) model.
In the case of ETS a triangular shape is considered, while with EPS storm history is given by a
power law with A exponent (A=1 gives linear law of Hy(t) and triangular shape). For these
models a solution for the calculation of the return period R(Hs>h) of a storm whose maximum
significant wave height is greater than a fixed threshold h, has been developed basing on the

concept of “Equivalent Sea”.

One important aspect in preparing a statistical sample is to satisfy the requisites of stochastic
independence and homogeneity. Stochastic independence means that individual data has to be
statistically independent of each other (correlation coefficient of successive data close to zero).

Concerning homogeneity, it requires that individual data in a sample have a common parent
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distribution, all belonging to a single group of data, which is called population. The choice of
methodology must be done taking into account the above conditions. Total Sample method is
very easy to be used, but violates the stochastic independence between individual data. In fact,
regularly recorded wave data are mutually correlated with a correlation coefficient remaining
over 0.3 — 0.5 for a time lag of 24 hours (Goda, 1979). The Peak Value Method category
satisfies the condition of stochastic independence. The Annual Maxima to be applied requires
the availability of time series of several decades long to have enough points for curve fitting. In
fact, a small size of the sample involves a large confidence interval and low reliability in a
statistical sense. For these reasons the recommended approaches are Peak Over Threshold and
Equivalent Storm Models, which are the ones used herein. It is worth mentioning that POT and
equivalent storm models have some analogies in sample selection, but are quite different
approaches. Applying POT data are analysed in a form of cumulative distribution to be fitted by
several distribution functions. Once the function that gives the best fit of the data is selected,
return values are determined by extrapolating the distribution function at the level of probability
corresponding to the given period of years, considered in the design process. In the case of
equivalent storm models, return values are calculated by means of the return period R(Hs>h). It

is based on the concept of Equivalent Sea and depends upon two functions: significant wave
height distribution and a base-height regression E(a) which gives the relationship between

parameters of intensity a and duration b of equivalent storms. In this way return values are not
determined directly from data fitting and because of that are more accurate, especially if return
period of 50-100 yrs. are considered. In following sections POT, ETS and EPS models will be

treated.

1.2 Peak Over Threshold method

The Peak Over Threshold method is a statistical approach utilized for extreme wave analysis
that uses only the maxima of wave height in time series data. The sample of the maxima is
selected by dividing time series into storms of given duration At and by taking into account only
the storm maxima above a fixed threshold hgi. The choice of the duration At and of the
threshold h.; plays a significant role on the predicted wave height (Coles 2001). In order to
perform a correct analysis individual data point need to be statistically independent of each
other and because of that At it needs to be adequately large (in general a At from two to four
days should be appropriate) (Mathiesen et al 1994, Coles 2001). Furthermore the POT is
threshold dependent and then hg; needs to be chosen carefully because the assumption of

different h.; may produce significant differences on the predicted wave heights (Neelamani
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2009). Once the sample has been selected two parameters are important for the analysis: the
average number of event/year | and the total number N of events involved in the analysis. Then
by arranging data in a descending order the probability of exceedance P(m) of the mth order
may be calculated by means of one of the plotting position formulas given in literature (Goda

2000). The best known position formula is the Weibull formula:

m
N +1

P(m) = (1.1)

where m is the order number. Then the theoretical distribution of best fit has to be identified.

The candidate functions often employed are (Goda, 2000):

1) Gumbel distribution

F(h) =1—exp{— exp(—h_TBﬂ —o<h<oo (1.2)
2) Frechet distribution
h-B)"
F(h)y=1-exp|—| 1+ B-kA<h<o (1.3)
KA
3) Weibull distribution
h-B)'
F(h)ZI—CXp— T B<h<w (14)

4) Lognormal distribution

1 (Inh-BY

f(h) = ————exp| —————2-
= aman p{ 2N

} 0<h<o (1.5)

Where F(h) and f(h) denote the cumulative distribution and probability density function

respectively.
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These functions have two or three parameters. Parameter A is called the scale parameter because
it governs the linear scale of h, B is the location parameter because it fixes the location of the
axis of h and Kk is the shape parameter because it determines the functional shape of distribution.
The parameter k is dimensionless, while A and B have the same dimension of h except for
lognormal distribution. There are several methods of fitting a theoretical distribution function to
a sample of extreme data and estimating the parameters values. The most common are:

1) graphical fitting method;
2) least square method;

3) method of moments;

4) maximum likelihood method.

Both the graphical fitting method and the least square method require the representation of data
in the probabilistic paper of the considered distribution in the way that the distribution may be
represented by a straight line. In the first case the line is drawn by visual judgment, while the
least square method enables an objective comparison of the goodness of fit. With the method of
moments parameters are determined by calculating mean and standard deviation of the sample
and equating them to the characteristics of the distributions which are tabled. The maximum
likelihood method is another approach to estimate parameters distribution. It is applied by
means of likelihood function. The searched parameters are those that maximize the mentioned
function (See Goda 2000).

The relationship between probability of exceedance P and the return period R is given by:

P:ﬁ (1.6)

Follows that and considering the Weibull distribution the return values of wave height h(R) for a

given return period R may be calculated as:

h(R) = B+ Alln(IR)]""* (1.7)
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It is worth noting that the same procedure followed to apply POT may be used in the case of
Annual Maxima, simply by considering the time interval At of one year and the threshold hy
equal to zero.

1.3 Sea waves at different time scale: short and long term statistics

The sea surface elevation is a non-stationary stochastic process which is studied as a series of
stationary Gaussian processes describing the sea-state in short periods. During each of these
short periods, the sea surface elevation process is completely characterized by a spectral
function and is summarized by spectral parameters such as the significant wave height, Hs, the
common indicator of sea-state severity, the peak period T,, and the dominant wave direction. In
this context, a sea state is a sequence of a few hundred of waves. The number of waves has to be
sufficiently large to well represent statistical properties of sea condition and enough small to
have quasi-stationary conditions (usually 100-300 waves). A sea storm is defined as a sequence
of sea states during which the significant wave height Hy is above a certain threshold h.; and
does not fall below it for a certain time interval (Boccotti 1986, 2000). Commonly, the time

interval is assumed 12 hours, while the threshold h.; is related to the average significant wave
height Hs at the given location. Thus, it depends on the characteristics of the recorded sea

states at the considered site. Boccotti proposed a value of the threshold h.;; equal to 1.5 Hs.

1.3.1 Statistical properties of waves in a sea state: probability distribution of crest-to-
trough wave height

The statistical distribution of crest-trough wave height has been determined by considering
that the free surface to a first order in a Stokes expansion is a random Gaussian process of time.
Longuet-Higgins (1952) obtained that the crest-to-trough heights have a Rayleigh distribution,
for an infinitely narrow spectrum; therefore the probability that a wave has crest-to-trough
height greater than H, in a sea state with significant wave height Hs =h (being H=4c, where ¢ is

the standard deviation of the surface displacement) is:
H2
P(H;H, =h)=exp{—2(rj :l (1.8)

Later, both field data and numerical simulation (Earle, 1975; Haring et al., 1976; Forristall,
1978; Boccotti, 1989; Arena, 1999; Prevosto et al. 2000) showed that Rayleigh distribution
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overestimates the wave height. This overestimation is a consequence of the finite spectral
bandwidth (Longuet-Higgins, 1980; Boccotti, 1982; Forristall, 1984). The general form of the
probability of exceedance for finite bandwidth was obtained analytically by Boccotti (1981,
1989, 1997, 2000) as a corollary of the quasi-determinism theory. It is given by:

2
P(H;Hszh)zexp{_lj (ﬂ” (1.9)
v

h

where J* is a narrow bandedness parameter of the spectrum, defined as the absolute value of
the quotient between the absolute minimum (T') and the absolute maximum i(0) of the
autocovariance of the surface displacements. The parameter is equal to 1 for an infinitely
narrow spectrum [in this condition, Equation (1.9) gives the Rayleigh distribution (1.8)] and
tends to 0 as the bandwidth grows. Some characteristic values are { ‘= 0.73 for a mean
JONSWAP spectrum (Hasselmann et al., 1973) and ¢'= 0.65 for a Pierson-Moskowitz
spectrum (Pierson and Moskowitz, 1964). Equation (1.9) was derived analytically in the limit as
H / h—oo. Field data showed that it well fits the height data for H/ h > 0.8 +1 (Boccotti, 1989,
2000).

1.3.2 Long term variability of Hs: significant wave height distribution

The long term variability of the significant wave height describes the wave climate at a given
site. Several models have been proposed to represent this variability, especially for the
estimation of extreme values. The most used distributions have been the Log-normal (Jaspers,
1956) and the Weibull (Battjes, 1971; Guedes Soares and Henriques, 1996, Boccotti 1986,
2000). A part from these other models have been considered, such as a mixture of Log-normal
and Weibull distributions (Haver, 1985), the Generalized Gamma distribution (Ochi, 1992), or
the Beta distributions (Ferreira and Guedes Soares, 1999). Here in the three-parameters

Weibull distribution is considered:

P(H,>h)= exp{— (h;wh'j :l defined for Hg>h, (1.10)

The parameters of the distribution (1.10) are estimated by applying an iterative procedure (See
Goda, 1999): for fixed values of the shape parameter, the values of h; and w are evaluated by

applying the least square method. We choose the value of u and consequently the values of h,
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and W which maximizes the correlation coefficient between the sample data and the estimate
distribution (the closer the correlation coefficient is to 1 the better the fitting). If the parameter h,
is equal to zero the two parameter Weibull distribution is considered which is achieved from
Equation (1.10) with h=0.

For the directional long term distribution of Hs Boccotti (2000) proposed an asymptotic law to
fit the directional extreme significant wave heights. Specifically, he proposed to describe such a

probability as a difference between two Weibull distributions. That is,

P(H, >h;A8)=eXp[_(hv;hlJ ]_exp{—(%J ] (1.11)
a B

In Equation (1.11) u is the shape parameter pertaining to Equation (1.10) and the parameters

W, and Wy depend on the sector AS. Parameters Wy and Wp, are positive with Wg<w,<w, where

W is the scale parameter pertaining to Equation (1.10).

1.3.3 Statistical properties of waves in a sea storm
Statistical properties of waves during storms were investigated by Borgman (1970, 1973),
who obtained the probability of exceedance of the maximum wave height during a sea storm

P(H,. > H). By representing a sea storm as a sequence of Ns sea states, we have

N _
P(H, >H)=1-T[[1- P(H:H =hp]>""™ (1.12)

i=1

where the i"" sea state has the significant wave height H = h. , the mean zero up-crossing wave

period T_( h;) , and the duration D,. Following Borgman, Equation. (1.12) may be rewritten in

the integral form as

D

P(H. >H)= l—exp{[ Inft - P(TH[;:)S]: h(t))]dt} (1.13)
0

where D is the storm duration. Finally, the maximum expected wave height H during the

max

sea storm is obtained as the integral over (0, ) of the probability of exceedance P(H__ >H)

max

given by Equation (1.13):
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D

H s =T1—exp{jln[I_P(H;Hs :h(t))]dt}dH (1.14)

. TIh(t)]

1.4 Equivalent Storm Models

The equivalent storm models utilize the approach to extrapolate sea storms from time series
of significant wave height and to associate to each actual storm a statistically equivalent one via
the equivalent storm models, the knowledge of the storms sequence together with the
probability distribution of significant wave height at a given location enables to calculate return

periods of storms with given characteristics.

1.4.1 Equivalent Triangular Storm (ETS) model

The ETS model allows associating to each actual storm an equivalent triangular one by
means of two parameters: the triangle height a, representing the storm intensity and the triangle
base b, representative of the storm duration. The triangle height a is equal to the maximum
significant wave height of the real storm (Figure 1.1), while the triangle base b is determined by
following an iterative procedure imposing the equality between the maximum expected wave
heights of the ETS (Boccotti 1986, 2000) and of the real storm (Equation 1.14). The sequence of
ETSs obtained replacing each real storm with the related ETS is called “equivalent triangular
sea”. By relying on the concept of equivalent triangular sea, Boccotti (1986, 2000) developed an
analytical solution for the return period R(Hs>h) of a storm whose maximum significant wave
height is greater than a fixed threshold h, and for the mean persistence D, (h) above h. The

solution for R(Hs>h) is given by the following equation:

_ b(h)
~ hp(H =h)+P(H, > h)

R(H, >h) (1.15)

whereb(h) is the base-height regression for ETSs, P(Hg>h) is the probability of exceedance of H
and p(Hs=h) is the probability density function of the H, (=-dP(Hs>h)/dh).
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Figure. 1.1 — Example of actual storm and associated ETS.

The function b(h) for Mediterranean Sea has the form of a linear regression as the following:

= h
b(h):blo(kla—+k2) (1.16)

10
where a;o and by are the average values of bases and heights respectively, of the N=10n,,
strongest storms (N, is the number of years of observation). Parameters K;, k, are characteristics
parameters of the location and are determined by representing all the couples (a,b) in a
Cartesian plot normalized respect to a;o and by, and fitting the data by a linear law. In Oceans an

exponential law (see Boccotti, 2000; Arena and Barbaro, 1999) as the following is considered:

b(h) = bk, exp(kz aij (1.17)

10

The mean persistence D,(h) is the average time interval during which H is above h in the
storms exceeding the threshold h. It may be calculated as the ratio between the total time
interval in which Hg>h, during an appropriately large time interval T, and the number of storm

during T with maximum significant wave height greater than h:

P(H, > h)
%{(Hs >h)

Considering the three-parameter Weibull distribution (1.10), Equations (1.15) and (1.18) may be

D, (h) = (1.18)

rewritten as:
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R(H, > h) = hb(:) — expl(h;vh'j } (1.19)
)

b(h)
u-1
1+uh(h —hy j
w'ow

Along the same line of Boccotti (2000), Arena, et al. (2013) derived the “directional” return

(1.20)

period R(Hs>h;AB). That is, the return period of a sea storm in which the maximum significant
wave height exceeds a fixed threshold, h, and the dominant wave direction belongs to a given
sector AB. Specifically, they showed that, in this context, Equation (1.15) holds if p(Hs=h) and
P(Hs>h) are replaced by, respectively, p(Hs=h;AB8) and P(Hs>h;AB). Thus, by adopting the

directional probability distribution given by Equation (1.11), the following equation is derived:

R(H, >h;A0) = bch)

u u-1 u u-1
h—h, h {h-h, h—h, h {h-h,
exp| — l+u—; —exp| — l+u—r
w,, wilow, W, wy | W,

(1.21)

This solution is based on the assumption that the dominant wave direction of a sea storm, at the
apex phase of its development, is constant and that the base-height regression E(h) is not

dependent on the dominant direction.

1.4.2 Equivalent Power Storm (EPS) model
The Equivalent Power Storm model by Fedele and Arena (2010) generalized the concept of
triangular storm: the significant wave height in time domain, during a storm, is represented with

a A power law (A>0), as:
Hs(t) =a[l-(2Jt|/,)"] (1.22)

where the peak of the storm (equal to &) occurs at t=0 (see Figure 1.2). Note that H (t) in
Equation (1.22) is defined for -b/2<t<b/2. For a given value of A, the EPS is defined by
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means of the height a and the base b, which are achieved as for the ETS. The maximum

expected wave height in a power storm with height a and baseb,, is:

a

0 1/A-1
m(a,bk)=jl—exp{ljln{l_P(H H, zh)}(l—hJ dh}dH. (1.23)
0

ra g T(h) a

The EPS model was introduced to give a better representation of the storms, and for the extreme
values of wave heights (Fedele and Arena, 2010). They showed that the EPS model has a good
stability for 2>0.7. Furthermore, the value of A characterizes the storm: we have a parabolic
storm for A=2, a cubic storm for A=3, a cusp-storm for A=0.5 and so on (Figure 1.2). For A=1 we
have triangular storms. The authors showed that the optimal value A, for the modelling of

extreme sea storms, is 0.75; finally they determined R(Hs>h) by considering the EPS model.

14
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Figure. 1.2 — Example of actual storm and associated EPSs (4=0.5, 0.75, 1, 2, 3).

It is given by the equation

RH, >h=— (1.24)
2 G(1,a)da
b(a)

= S 8

where b(a) is the mean base-height regression, which relates the mean value of duration b to

the intensity a of the EPSs and G(A,a) is a function related to the probability density function of
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the EPS intensities. The expression of b(a) is derived from strictly empirical arguments, as it is

highly dependent on the location under examination. Analysis of several data has shown that the
mean base-height regression formula in the form of an exponential law (see previous section)

provides a good estimation of R(Hs>h). The function G(A,a) is defined as:

. Qa2
sin(z/2) [ d P(H;>Z)| (x—a)"dx
IR A
if A>1;
2
L P(dH52>a) i a1 (1.25)
a
non . 9 qn+2
CD'a" sinm) {4"P(H, > 2]y g,
oo o de™ |
it A=m+u’<l.

1.5. Wave data sources

Several data sources are used as input for extreme wave analysis. They may be classified in:
e instrumentally measured data;
e visually observed data;
e hindcasted data;
e forecasted data.

Instrumentally measured data are the best source, provided that they cover a sufficiently
long time span and the downtime is kept minimum. Hindcasted data of storm waves are the
second best source, provided that the wave hindcasting method has been well calibrated with
several storm wave records in the area of interest. Wave forecasting has been carried out in
recent years by meteorological agencies of many countries. The data bank accumulated trough
this work has proved to provide a good source of extreme wave data in the near future.
However, the accuracy of wave height information would be inferior to instrumental records
and hindcasted wave data, because wave forecasting is made on uncertain weather condition
forecasted in advance. There are two types of visually observed data: one is the observation

made at a fixed station at regular interval, the other is a compilation of ship report data, which
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are presented in a form of joint distribution of wave heights and periods. Visual observation
data should be used as the last recourse, because the accuracy of individual data is low. In the
analyses proposed in the thesis only two of the above typologies are used: buoys data from both
NOAA-NDBC (National Oceanic and Atmospheric Administration’s — National Data Buoy
Center, USA) and Italian buoys network (RON — Rete Ondametrica Nazionale - managed by
ISPRA), and hindcasted data from HIPOCAS project (Guedes Soares et al., 2002; Pilar et al.,
2008), from HOMERE database (Boudiere et al., 2013), and from wave simulation in
Mediterranean Sea (ENEA). The NOAA manages the NDBC, which consists of many buoys
moored along the US coasts, both in the Pacific Ocean and in the Atlantic Ocean. Some buoys
were moored in the late 1970s, so that more than 35 years of data are available. The historical
wave data give hourly significant wave height, peak and mean period. Only few buoys are
directional. The Italian buoys network (RON) started measurements in 1989, with 8 directional
buoys located off the coasts of Italy. Currently, the network consists of 15 buoys, moored in
deep water. RON buoys give up to two records per hour; for each record, the data of significant
wave height, peak and mean period and dominant direction are given. The HIPOCAS project
(Hindcast of Dynamic processes of the Ocean and Coastal Areas of Europe) provided a
simulation of 44-years (1958-2001) wind, waves, sea level data and current climatology. The
hindcast wave model used in HIPOCAS is the third generation wave model WAM cycle 4
modified for two-way nesting by Gomez and Carretero (1997), which gives the following
output parameters: significant wave height Hs, wave direction, mean period Ty, peak period T,
with a time step of three hours. HOMERE is a sea-states hindcast database, based on
WAVEWATCH III model (version 4.09) on a unstructured grid covering the English Channel
and Bay of Biscay (NGUG) over 1994-2012 period (19 years). The data set includes 37 global
parameters and the frequency spectra on a very high resolution grid (~110 000 points) as well as
directional spectra on a high resolution grid (4096 points), with a one hour time step. Wave
simulations in Mediterranean Sea have been performed using a parallel version of WAM wave
model Cycle 4.5.3 (Ginther and Behrens, 2011). WAM is a third generation spectral wave
model, largely used in wave forecasting systems, that solves the spectral energy balance
equation without any a priori assumption on the spectral shape. The model domain used covers
the entire Mediterranean Sea from 5.50°W to 36.126°E of longitude and has been discretized
with a regular grid in spherical coordinates at the uniform resolution of 1/16° in each direction.
The resulting grid cell has a size of about 5-7 Km. Model bathymetry has been derived from the
General Bathymetric Chart of the Oceans (GEBCO) 30 arc-second gridded data set (GEBCO)

by averaging the depths of data points falling in each computational cell. The directional wave
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energy spectrum has been discretized using 36 directional bins and 32 frequencies starting from
0.06 Hz and increasing with relative size increment of 0.1 to a final frequency of 1.15. The
climatology has been produced for the period 2001-2010 using as surface forcing for the model
six-hourly wind analysis fields produced operatively by ECMWF at %4° spatial resolution. The
main wave parameters, including significant wave height (Hs), wave direction (6,) and mean

period (Tr,) have been estimated every 3 hours for all points in the domain.
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Chapter 2 — A new approach for long-term
statistics of ocean waves: the Equivalent
Exponential Storm (EES) model

The idea to represent the time history of an ocean storm with a triangular shape
was introduced by Boccotti (2000) in the equivalent triangular storm model.

The generalization to a general power law (equivalent power storm model) was
achieved by Fedele and Arena (2010), and their work concluded that a storm
should be represented with a power law with an exponent equal to 0.75.

Both models have been applied to derive, with an analytical approach, several
solutions for the return period of severe storms (Boccotti, 2000; Arena and
Pavone, 2006, 2009; Fedele and Arena, 2010).

In this chapter, a new equivalent exponential storm model is introduced to
modeling sea storms with an exponential law to determine the long-term statistics
of ocean waves. The expression of the return period of a sea storm in which the
maximum significant wave height exceeds a given threshold is achieved in a closed
form. Then, it is shown that the duration of the equivalent exponential storms well
represents the duration of actual storms. Finally, comparisons with the previous

models are given.

2.1. Introduction

Stochastic modeling of significant wave height time series has allowed for the development
of statistical methods that can predict extreme waves (Krogstad, 1985; Boccotti, 2000; Prevosto
et al., 2000). The various steps involved in the procedure to predict extreme wave heights such
as data collection (time series of significant wave heights over many years), selection of the
adequate distribution, and selection of the wave height corresponding to a given return period
have been reviewed by Isaacson and Mackenzie (1981). Reviews of several such methods may
also be found in Goda (1999). Guedes Soares (1989) proposed a method to combine
information coming from different predictions in a single design value. If individual crest-to-

trough wave heights or crest heights are modeled, one needs to combine the wave statistics
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during the sea state (i.e., short-term statistics - Rice, 1944; Boccotti, 2000; Forristall, 2000;
Fedele and Arena, 2005) with the distribution of significant wave heights at a given location
(long-term statistics). In this context, a storm is a non-stationary process defined as a sequence
of sea states with a significant wave height greater than a fixed threshold. Each of them is
considered as a homogeneous and stationary process that is fully defined by knowledge of the
directional spectrum of the sea surface and the associated moments. Starting from a significant
wave height time series, Boccotti (1986, 2000) introduced the concept of the equivalent
triangular sea, which involves substituting the sequence of actual storms extrapolated from the
given time series with a sequence of equivalent storms having a triangular shape; this is called
the equivalent triangular storm (ETS). The ETS associated with a given storm is defined by two
parameters: one gives the storm intensity and the other the storm duration. Once the actual
storm time history is known, the intensity parameter can be equated to the maximum significant
wave height in the actual storm and the duration can be achieved by an iterative procedure
through imposing equality between the maximum expected wave height of the actual storm
(Borgman 1970, 1973) and the equivalent storm (Boccotti, 2000). On the basis of the notion of
the equivalent triangular sea, Boccotti (2000) developed a procedure to determine an analytical
solution for the return period R(H >h) of a sea storm in which the maximum significant wave

height is greater than the fixed threshold h, and further for the return period R(H) of a sea

storm in which the maximum individual wave height exceeds the fixed threshold H (Boccotti
1986, 2000; Arena and Pavone, 2006). Arena and Pavone (2009) determined the analytical
solution of the return periods Ry and R.\ of a sea storm in which N or at least N waves higher
than a fixed threshold occur. Recently, Fedele and Arena (2010) (see also Arena et al., 2014)
proposed the equivalent power storm (EPS), a generalization of Boccotti’s ETS model that
includes different shapes for equivalent storms characterized by a more realistic description of
the significant wave heights in the temporal history; specifically, a generic storm is described by
a power law with A exponent (if A = 1, we have the ETS model). The EPS model was exploited
to choose the best value of A (which is also a shape parameter) that best fits the maximum wave
height distribution of the actual storm. The searched value proved to be equal to 0.75, and the
predictions were slightly more conservative than those of the ETS model. Note that the EPS
model does not use a closed form solution for R(H, >h). The equivalent exponential storm
model presented here aims to introduce a model that is based on the same principles of the

previous ones, but which is able to combine together the benefits of both the two previous
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models, i.e., predictions close to the those obtained by the EPS model with A = 0.75 and a

closed form solution for R(H, >h).

2.2. Equivalent Exponential Storm (EES) model

A sea storm is a non-stationary process where the significant wave height varies randomly in
the time domain. Here, the equivalent exponential storm (EES) model is introduced, which
represents the storm history of any actual storm as an EES whose significant wave height h

varies in time t according to an exponential law, as follows:
h(t) = aexp(—oc|t|) (2.1)
where 0 is a shape parameter. We impose that
h(t=0)=a
(2.2)

h(t = ibE /2) = hcm

where a represents the storm intensity and is equal to the maximum significant wave height

during the actual storm and b is the time interval in which h is above the storm threshold heyit.
From Equation (2.2) it follows that

Nyt = aexp(—abg /2), (2.3)

and then it is possible to express the shape parameter « as a function of heyt and b :
2
o= —b—ln( Neic /@) - (2.4)

E

By means of the above expression, Equation (2.1) may be rewritten as
2
h(t) = aexp {b—ln( Nerie / a)|t|} . (2.5)
E
We may conclude that an EES is defined by means of two parameters:
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e the storm intensity a, which is equal to the maximum significant wave height during the
actual storm;

e the storm duration bg, which is such that the maximum expected wave height is the

same in the EES and in the actual storm.

Parameter a is achieved directly from the storm history, while parameter b is determined by

following an iterative procedure.

Let us consider an EES with intensity a and duration b. . The maximum expected wave height

will be given by

a

be J-ln[l—P(H;Hszh)]
ln( hcrit /a))

Hmax(aﬂbE)ZJ;I_eXp{_ _F(h) h

ldh} dH . (2.6)

herit

Where P(H;H, = h)is the crest to trough wave height distribution (1.9). To determine the EES

durationby, first the maximum expected wave height in the actual storm H has to be

max

calculated by means of Borgman Equation (1.14). Then starting from the obtained value

of H .. , we fix the tentative valueb.. Next, if H, ., of the actual storm is greater than

H,,..(a,b), we have to fix a larger value for b (because by >b) and vice versa. We iterate in

this way until the equality H . =H . (a,bg) will be satisfied.

Note that the base [ of the EES is slightly different with respect to the base definition given by
Boccotti (2000) for the ETS and by Fedele and Arena (2010) for the EPS. This is because in

previous definitions the storm base is referred to H, =0. For the EESs, because H, goes

asymptotically to zero for increasing values of t, the base [ is determined for H, =h In

crit *

other words, b: represents the time in which H is above hy,

. in the EES.

2.2.1. Distribution of storm peaks pa(a)
The distribution of storm peaks P,(@) is determined by following the logic introduced by

Boccotti (1986, 2000) for the ETS, that is by imposing the condition that the average time

during which Hs is above h is the same both in the actual sea and in the equivalent storm
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sequence. Here, the sequence of EESs is considered, which is achieved by replacing each actual
storm with an EES using the procedure described in the previous section. Let us consider a large

time span 7 ; the time in which Hs > h during 7 is
wP(H, >h) (2.7)

where P(H, > h) represents the probability of exceedance of the significant wave height at

the given location. This time may be also given by

Tes(h) = [ [t(h,hg.a,b ) dN(abe) 2.8)

a=h bz =0

where dN (a,bE) is the number of exponential equivalent storms with peak amplitude A in

(a,a+da) and duration B in (bc,h. +dbg) during © . More explicitly,
dN(abe) = N(T)pA(a)me(bE |a)db:da (2.9)

where N(7) is the number of storms during t.

The time ts in which the significant wave height is above h in the EES is given by

In(h/a)
t(h,h,,,a,be) =by ————. 2.10
R R TCTS 219
It follows that
T In(h/a)

Tees(h) = b —————N a b. |a)db.da, 2.11
(h) jj a2y N (DPA@Paa(be [2)db, (2.11)

and by considering Equation (2.7), we obtain

T 1

P(H hy= |b N(t)——— 2.12
tP(H, > h) aLE(a) (1) Y pA(a)ln(h/a)da (2.12)

where
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Be(a) = [ b pgjalbe |a)dbe - (2.13)

be =0

From Equation (2.12), by defining

G(a) = by (a) N ET) —ln?h(a(l/;) (2.14)

an integral Volterra equation of the first kind for G is obtained as

P(H, > h)= TG(a)ln(h/a)da. (2.15)

a=h

The solution for G proceeds by differentiating both members of Equation (2.15) twice with

respect to h and setting h = a:

dP(H,>a) _ d°P(H,>a)

G(a)=- 2.16
@) da da’ 210
and finally from Equation (2.14):
1 1t (dP(H,>a) _d*P(H,>a) (h .tj
a)=—— : +a : In| —<% |, 2.17
PA(@) be (@) N(7) ( da da’ "a @17)

Note that the probability density function p,(@) is achieved in a closed form as a function of

the probability of exceedance of significant wave heights at the examined location. The logic
followed is this section is similar to the original logic by Boccotti (1986, 2000), who obtained

the p,(a) in a closed form, and to the logic of Fedele and Arena (2010), who derived it for the

EPS without solving the integral in Equation (2.15), which requires a numerical calculation.

2.2.2. Return period R(Hs>h) of a storm in which the maximum significant wave
height exceeds the threshold h

The return period R(H¢ >h) of a sea storm where the maximum significant wave height

exceeds h is equal to the return period of an EES whose peak A exceeds h. Thus,
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T

RH>M = mas h)

where 1 is a large time interval and

N(t;A>h)= T TdN(a, be) :N(I)T pa(a)da

a=h bg=0 h
is the average number of EESs whose peak A exceeds h during 7 . It follows that

1

ln[h““jG(a)da
a

R(H, >h)=

Se— 8
O'l

m

—_]
<]

N

where G(a) is defined by Equation (2.16).

(2.18)

(2.19)

(2.20)

Because the convergence of the integral in Equation (2.20) is very quick and the function

E(a) varies gradually, we may assume E(a) is constant in the integration domain and

consider E(a) = E(h) . Then, by substituting expression (2.16) of G(a) in Equation (2.20)

follows that:

R(H, > hy = 2.

I +1,

where

L= ln[h““j dp(j; 2 da

0 2
-] aln(h;”‘jd .

a=h
Finally, by integrating per parts |, and taking into account that:
lim P(H,>a)=0

a—owo
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(2.22)
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(2.24)



limap(H,=a)=0 (2.25)
a—o0
it follows that

I1+I2=—h1n(%jp(HS=h)+ P(H, >h) (2.26)

Then, the R(H, > h)is obtained in a closed form:

be (h)

R(H, >h)= - (2.27)
—hln(;]”th(HS =h)+P(H, >h)
where p(H,=h)= —Wis the probability density function of the significant wave

height H,. Assuming that the significant wave height is distributed as a lower-bounded three

parameter Weibull distribution (1.10), the following expression is obtained:

be (h) h-h )’
— M (2.28)

u-1 exp|:(
ENCENEN

u

w

R(H, >h)=

where the parameters (h,,u,w) characterize the significant wave height distribution at the

examined location.

2.2.3. Base-heights regression for EESs
In the previous sections, it has been shown that each EES is represented by two parameters:
the height a and the base b. Furthermore, it has been shown that, starting from the equivalent

sea, which is achieved by substituting an EES for each actual storm, the expression of the return
period R(H, >h) is given by Equation (2.28). Its expression depends upon function E(h) ,
which represents the average base of the EESs with height h. To determine this function, a set of

N storms in the given location must be analyzed by determining N values of (&;,bg ) with i =

1,..N for the corresponding EES. Then, function E(h) is achieved by considering a well
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defined law to describe the regression of the (&;,bg, ) dataset. In this paper (see Applications), a

linear regression will be considered for the EESs, which is given by
be(a)=ka+k, (2.29)

where (k,,k, ) are characteristic parameters of the location.

2.3. Data analysis

Data of three buoys from the National Oceanic and Atmospheric Administration’s National
Data Buoys Center (NOAA-NDBC), which were obtained off the U.S. coast, have been
processed (Figure 2.1). The buoys used include buoy 42001 in the Gulf of Mexico, buoy 46042
in North Pacific Ocean, and buoy 46001 in the Gulf of Alaska. The analysis was carried out

with the significant wave height time series.
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1000 Km
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Figure. 2.1 — Locations of the analyzed buoys from the National Oceanic and Atmospheric
Administration’s National Data Buoys Center (NOAA-NDBC) (USA).
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First, the average value of significant wave height H, was calculated (Table 2.1) and the storm

threshold h;; was fixed equal to 1.5 times the H_S . Then, all storms in the dataset were identified

and analyzed by means of the ETS, EPS (with A = 0.75), and EES models. Figure 2.2 shows the
strongest storm recorded at buoy 46042.

Buoy Available data Hqa [m] H_S [m] herie [m]
42001 08-13-1975/12-31-2012 11.20 1.1 1.7
46042 06-17-1987/12-31-2012 9.92 2.2 3.3
46001 10-01-1972/12-31-2012 14.8 2.7 4.1

Table. 2.1 — Maximum and average significant wave heights and storm thresholds h.
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Figure. 2.2— (a) Strongest actual storm at the 46042 buoy and associated equivalent triangular storm
(ETS), equivalent power storm (EPS) (1= 0.75), and equivalent exponential storm (EES). Comparisons
of the probability of exceedances for the maximum wave height calculated for the actual storm and for (b)

ETS, (c) EPS with A= 0.75, and (c) EES.
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2.3.1. Correlation between intensity and duration of actual and equivalent seas
(ETS, EPS, EES) and the base-height regression bg(a)

In this section, the correlations between the intensities and durations of both actual storms
and equivalent storms (ETSs, EPSs, EESs) are investigated. The results show that for the ETSs
and EPSs the correlation coefficients between storm parameters a and b are small and negative
(in agreement with the results of Arena and Pavone, 2006, for the ETSs): these values ranged
between -0.281 and -0.154 for the ETSs and between -0.286 and -0.160 for the EPSs (see Table
2.2).

For the EESs, the correlations coefficients between a and be were positive and larger (in terms

of the absolute value), and the values ranged between 0.432 and 0.551.

In addition, the correlation coefficients between the duration D of actual storms and the
intensity of storms a were investigated, where the duration D is defined as the time in which the
significant wave height stays above the storm threshold h.: the values ranged between 0.604
and 0.673 (see Table 2.2). Note that only storms with durations D > 12 hours were considered in

the analysis.

ETS EPS EES Actual storms
Buoy Pab Po.p Pab Po.p Pabe Po. D Pa,p
42001 -0.154 0.216 -0.160 0.210 0.551 0.652 0.604
46042 -0.281 0.114 -0.286 0.108 0.495 0.640 0.673
46001 -0.263 0.095 -0.267 0.090 0.432 0.549 0.661

Table. 2.2 — Correlation coefficients between parameters a and b and between b and duration D for
actual storms and ETSs, EPSs (4= 0.75), and EESs; the coefficients of correlation between a and
duration D for actual storms (storms with duration D > 12 hours have been considered).

The result is that while for the ETS and for the EPS we could assume bases b independent from
storm intensity a (Arena and Pavone, 2006), for the EESs we should consider function E(a) .

Figure 2.3 shows the plots (a,bz) for each storm and the resulting linear regression E(a)

given by Equation (2.29) whose parameters are summarized in Table 2.3.
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Buoy ki [hm™] Ko [hours]
42001 6.080 29.480
46042 5.010 2.600
46001 1.380 21.720

Table. 2.3 - Coefficients K;, K, of the linear base-height regressions for EESs.

It is noteworthy that the base-height regression B(a) for ETS and EPS is usually a

monotonically slightly decreasing function (Boccotti, 2000; Arena and Pavone, 2006, 2009;
Fedele and Arena, 2010; Arena et. al., 2014). For the EESs, the average values of bases bg
increase with storm intensity a (see Figure 2.3). This trend of the EES is in agreement with the
results given for actual storms, i.e., from a and D. Finally, the coefficients of correlation

between the duration D of actual storms and the bases of ETS, EPS, and EES are investigated.
For the ETSs and EPSs, the p, ranges were (0.095-0.216) and (0.090-0.210), respectively.

For the EESs, thep, pwas higher, and it ranged between 0.549 and 0.652. In conclusion, we

may consider the parameter be of the EESs as more representative of the storm duration with

respect to parameter b of the ETSs and EPSs.

< EES 42001

——regression 200 -

« EES 46042

——regression

Figure. 2.3 — Parameters by versus parameters a and the linear base-height regression b(a) of EESs.

- EES 46001

——regression
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2.3.2. Comparison of the long-term statistics for the actual sea and equivalent sea
as represented by the ETS, EPS (1=0.75), and EES models

A basic assumption of Boccotti’s ETS model, as well as of the EPS and the new EES

models, is that the actual sea is substituted by an equivalent sea. In this section, comparisons are

made among the probabilities of exceedance of significant wave height for the actual sea and

the ETS, EPS (with 4 = 0.75), and EES. This comparison is necessary to verify the differences

among the actual sea and equivalent seas.

Data are presented in Figures 2.4-2.6 as Weibull plots. Then, the distribution is fitted with a
three parameters according to the Weibull law (1.10), and the parameters are reported in Tables
2.4 and 2.5. The results show good agreement between the P(Hs > h) for the actual sea and the

equivalent seas. Furthermore, the EES well represented the significant wave height distribution.

Buoy u w [m] hy [m]
42001 0.671 0.262 1.10
46042 1.176 1.042 1.30
46001 1.209 1.591 1.50

Table. 2.4 — Parameters u, w, and h, of the significant wave height distribution P(H, > h) for the actual

sea.

Buoy u W [m] h; [m]
42001 0.651 0.232 1.10
46042 1.242 1.103 1.30
46001 1.343 2.094 0.40

Table. 2.5 — Parameters u, w, h; of the significant wave height distribution P(H > h) for EESs.
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Figure. 2.4 — Comparison between the significant wave height distribution P(Hg>h) of the actual sea
and of the equivalent sea at 42001 for (a) ETS, (b) EPS (4= 0.75), and (c) EES.
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Figure. 2.5 — Comparison between the significant wave height distribution P(Hs>h) of the actual sea
and of the equivalent sea at 46042 for (a) ETS, (b) EPS (4= 0.75), and (c) EES.
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Figure. 2.6 — Comparison between the significant wave height distribution P(H > h) of the actual sea
and of the equivalent sea at 46001 for (a) ETS, (b) EPS (1=0.75), and (c) EES.

Finally, comparisons were made between the return periods R(Hs>h) calculated with the
parameters of the P(Hs>h) distribution for the actual sea and the EES (see Tables 2.4 and 2.5);
the data is shown in Figure 2.7. As we can see, the differences are negligible for return values
calculated for R = 100 years, i.e., the differences are smaller than 4%. Hence, we can conclude

that the EES model well represents the actual sea for calculations of the return period for

extreme storms.
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Figure. 2.7 — Return periods R(H; > h) of the actual sea and of the equivalent exponential sea at buoys:
(a) 42001; (b) 46042; () 46001.

2.4. Conclusions

A new model called the equivalent exponential storm model has been introduced to represent
sea storms. Following the previous works of Boccotti (2000), Arena and Pavone (2006, 2009),
and Fedele and Arena (2010) regarding the representation of a storm with a triangular law or
with a more general power law (so as to have parabolic storms, cusp storms, and so on), the new
model represents a storm history with an exponential law with two parameters. One parameter

represents the storm intensity and the other the storm duration.

Fedele and Arena (2010), by applying their EPS model, concluded that a power law with an

exponent A smaller than 1 (equal to 0.75; it is 1 for triangular storms) well represents ocean
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storms. The EES model is less than linear, like the one proposed in their paper for 4 = 0.75. In
addition, with respect to the EPS, the new model has some advantages. The solution for the
return period in which the significant wave height exceeds a given threshold has been derived in
a closed form, and therefore it may be calculated easily. The bases of the EESs represent the
storm duration better than those of the previous models (ETS and EPS). Additionally, it was

found that the storm duration increases with the storm intensity.
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Chapter 3 — On sampling between data of
significant wave height for long term

statistics with equivalent storm models

In this chapter a sensitivity analysis of equivalent storm models to the time interval
At between successive data is performed. A different sampling At between
successive data may produce differences in the recorded sea state and in the
storms history. In this chapter the Equivalent Triangular Storm (ETS) and the
Equivalent Exponential Storm (EES) models are applied for the analysis in order
to evaluate the variability of parameters of intensity and duration of equivalent
storms calculated starting from time series with different sampling At between
successive data. Finally the effect of the variability of parameters of equivalent
storms on the long-term statistics is investigated by means of the return period
R(Hs>h).

3.1. Data analysis

The analysis is performed starting from significant wave height time series given by four
buoys of NOAA-NDBC (National Oceanic and Atmospheric Administration’s — National Data
Buoy Center) network (USA) moored in Pacific Ocean: the 46035, 46028, 46006 and the 44005
(Figures 3.1a and 3.1b). The analysis is carried out by applying both the ETS and the EES
models, assuming for the data acquisition different time intervals At (1, 3, 6 hours) between two

consecutive records.
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Figure. 3.1a — Locations of NOAA-NDBC 46035, 46028, 46006 buoys.

6974 0= W

Bermuda
%

Figure. 3.1b — Location of NOAA-NDBC 44005 buoy.
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The analysis consists of the following stages:

Calculation of parameters of the distribution of significant wave height (1.10);
extrapolation of actual storm sequences from time series of significant wave height
with time interval between successive data At equal to 1, 3, 6 hours by means of the
definition (1.3);

calculation of parameters of both ETSs and EESs starting from each of the above
actual storm sequences;

calculation of the related base-height regressions for both ETSs and EESs;
calculation of return period R(Hg>h) for both ETSs and EESs by means of Equations
(1.19) and (2.28) respectively;

calculation of return values of significant wave heights h(R) for fixed return periods
R (10, 20, 50, 100 years) by means of Equations (1.19) and (2.28) respectively;

evaluation of the variability of h(R) due to the assumption of different At.

3.2. Significant wave height distribution P(Hs>h) at the examined locations

For this application the lower bounded three-parameters Weibull distribution (1.10) is

considered to fit data of the significant wave height at the examined locations. The parameters

of the distributions (Table 3.1 and Figure 3.2) are calculated by following the procedure

presented in (1.3.2).

Buoy u w[m] h[m]
46035 1,269 2,064 0,7
46028 1,226 1,117 1,3
46006 1,145 1,268 1,4
44005 1,233 1,434 0,0

Table. 3.1 — Parameters u, w, h;, of significant wave height distribution P(Hg>h).

Results show that at 46035, 46028 and 46006 the three-parameter Weibull distribution well fits

the data, while at 44005 a two parameters one may be considered.
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Figure. 3.2 — Significant wave height distribution P(Hs>h) at the considered locations.

3.3. Extrapolation of actual storm sequences, calculation of ETSs and EESs,
determination of the base-height regression functions

As explained previously for the analysis proposed in this chapter time series with different
time interval At (1, 3, 6 hours) between successive data are used as input. Data of NOAA-
NDBC are recorded every one hour so first the original time series are considered (case
At=lhour). Then from the original time series only data with At=3 hours are considered, and
finally only data with At=6 hours. In this way three time series of significant wave height are
analysed at each considered location. From each of them the actual storm sequence is
extrapolated and for each actual storm the related ETS and EES are calculated. Once the ETSs
and EESs sequences are known the linear base-height regression functions may be calculated by
representing the couple (a,b) of ETSs and EESs in a Cartesian diagram and by determining the
least square line. Figures 3.3-3.6, show linear base-height regression functions for ETSs (top)
and EESs (bottom) for each the different At (1, 3, 6 hours) considered (from left to right), for
46035, 46028, 46006 and 44005 buoys, respectively. Parameters k;, k, of the above functions

are summarized in Tables 3.2-3.4.
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Figure. 3.3- Linear base-height regression function for ETSs (Top) and for EESs (bottom) calculated
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At=1h ETS EES

Buoy Ky[h/m] K,[hours] Ky[h/m] K,[hours]
46035 0,432 72,256 8,041 -16,125
46028 -4,448 88,870 4,196 3,098
46006 -3,533 93,912 2,495 14,790
44005 6,627 32,563 20,175 -55,317

series with time interval At = 1 hour.

Table. 3.2 — Parameters k;, k,, of linear base-height regression of ETSs and EESs calculated from time

At=3h ETS EES

Buoy Ky[h/m] K,[hours] Ky[h/m] K,[hours]
46035 -8,455 207,870 7,281 17,248
46028 -5,127 155,030 15,503 -37,952
46006 -7,381 175,830 4,257 26,274
44005 -2,288 124,550 17,180 -13,669

series with time interval At = 3 hours.

Table. 3.3 — Parameters k;, k,, of linear base-height regression of ETSs and EESs calculated from time

At=6h ETS EES

Buoy Ky[h/m] K,[hours] Ky[h/m] K,[hours]
46035 -13,814 326,770 16,471 -15,359
46028 -27,340 356,960 12,830 -0,648
46006 -13,199 294,060 10,564 11,784
44005 -6,874 220,140 24,991 -10,482

series with time interval At =6 hours.
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Table. 3.4 — Parameters k;, k,, of linear base-height regression of ETSs and EESs calculated from time

Looking at the base-height regression functions it is possible to see that considering
increasing time interval At the duration b of both ETSs and EESs grow. To understand this
phenomenon it is needed to look at the modifications of the single storm. Considering
increasing At the significant wave height corresponding to the storm peak may be not
intercepted and the maximum significant wave height H; .« of the actual storm may be smaller
(see Figure 3.7). In this way the structure of the actual storm in correspondence of the storm
peak is modified becoming flatter and causing an increase of the duration b. In fact the duration
b depends upon the sea states near the storm peak and tend to increase as flatter is the structure

of the actual storm. If this effect is verified in a big number of storms it produces an increase of
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Figure. 3.7 — Actual storm and associated EESs and ETSs for At= 1, 3, 6 hours at 46035 buoy.
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3.4. Calculation of return period R(Hs>h) and of return values of significant wave
heights h(R)

The return period R(Hs>h) depend upon two functions: the probability distribution of the
significant wave height P(Hs>h) and the base-height regression function b(a). In this section the
effects due to the variation of the base-height regression functions on the calculation of return
period of ETSs and EESs are evaluated. Return period R(H¢s>h) is calculated for both ETSs and
EESs by considering the three different base-height regression function (At=1, 3, 6 hours)
determined in previous section. Results are shown in Figures 3.8 and 3.9. Results show that in
the greatest part of the cases for fixed return period R the return values of significant wave
height h(R) tend to decrease if the base-height regression function corresponding to increasing
At are considered (see Tables 3.5-3.7). Tables 3.8, 3.9 show the variation Ah of h(R) in

percentage passing from At=1 hour to At=3 hours and passing from At=3 hour to At=6 hours,

respectively.
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Figure. 3.8 — Return period R(Hs>h) for ETSs at the considered locations.
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Figure. 3.9 — Return period R(Hs>h) for EESs at the considered locations.

At=1h ETS EES

Buoy | h(R=10yrs) | h(R=20yrs) | h(R=50yrs) | h(R=100yrs) | h(R=10yrs) | h(R=20yrs) | h(R=50yrs) | h(R=100yrs)
[m] [m] [m] [m] [m] [m] [m] [m]

46035 13,00 13,80 14,80 15,50 13,10 13,80 14,80 15,50

46028 8,74 9,21 9,82 10,27 8,95 9,39 9,96 10,38

46006 13,78 14,66 15,80 16,66 13,87 14,66 15,7 16,47

44005 8,83 9,38 10,09 10,61 8,8 9,35 10,06 10,58

Table. 3.5 — Return Values h(R) for At=1hour.

At=3h ETS EES

Buoy | h(R=10yrs) | h(R=20yrs) | h(R=50yrs) | h(R=100yrs) | h(R=10yrs) | h(R=20yrs) | h(R=50yrs) | h(R=100yrs)
[m] [m] [m] [m] [m] [m] [m] [m]

46035 12,80 13,60 14,70 15,50 12,80 13,60 14,60 15,30

46028 8,20 8,67 9,28 9,72 8,37 8,81 9,38 9,80

46006 13,13 14,04 15,23 16,13 13,22 14,04 15,09 15,87

44005 8,72 9,31 10,07 10,63 8,71 9,27 10,00 10,54

Table. 3.6 — Return Values h(R) for At=3hours.
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At=6h ETS EES
Buoy | h(R=10yrs) | h(R=20yrs) | h(R=50yrs) | h(R=100yrs) | h(R=10yrs) | h(R=20yrs) | h(R=50yrs) | h(R=100yrs)
[m] [m] [m] [m] [m] [m] [m] [m]
46035 12,20 13,10 14,20 15,1 12,20 13,00 13,90 14,70
46028 8,08 8,61 9,30 9,83 8,28 8,73 9,31 9,75
46006 12,56 13,49 14,72 15,64 12,52 13,32 14,37 15,15
44005 8,34 8,95 9,74 10,32 8,36 8,93 9,67 10,21
Table. 3.7 — Return Values h(R) for At=6hours.
1h-3h ETS EES
Buoy | Ah(10yrs) | Ah(20yrs) | Ah(50yrs) | Ah(100yrs) | Ah(10yrs) | Ah(20yrs) | Ah(50yrs) | Ah(100yrs)
[%0] [%0] [%0] [%6] [%0] [%0] [%0] [%0]
46035 2,1 1,3 0,4 -0,1 2,1 1,7 1,4 1,2
46028 6,2 5,9 5,5 5,4 6,5 6,2 5,8 5,6
46006 4,7 4,2 0,6 1,1 4,7 4,2 3,9 3,6
44005 1,2 0,7 0,2 -0,2 1,0 0,9 0,6 0,4

Table. 3.8 — Variation in percentage between return values calculated with At=1hour and At=3hours.

3h-6h ETS EES

Buoy | Ah(10yrs) | Ah(20yrs) | Ah(50yrs) | Ah(100yrs) | Ah(10yrs) | Ah(20yrs) | Ah(50yrs) | Ah(100yrs)
[%0] [%0] [%0] [%0] [%0] [%0] [%0] [%0]

46035 4,0 3,7 3,3 3,0 4,8 4,6 4,3 4,1

46028 1,5 0,7 -0,2 -1,1 1,1 0,9 0,7 0,5

46006 4,3 3,9 3,3 3,0 5,3 5,1 4,8 4,5

44005 4,4 3,9 33 2,9 4,0 3,7 3,3 3,1

Table. 3.9 — Variation in percentage between return values calculated with At=3hours and At=6hours.

Results show that Ah decreases with increasing values of R both for ETSs and EESs, but for

ETSs the reduction of Ah is greater than EESs.

3.5. Conclusions

The analysis proposed in this chapter has shown how the structure of the storms changes

with different values of the time span At between two consecutive records. The variability of the

intensity and duration of the storms, represented with both the ETS and EES models, has been

investigated, for increasing value of time At between two consecutive records in the range (1, 6

hours). Value of 6 hours is widely used for analysis of significant wave heights from
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meteorological models (for example, the WAM-ECMWF). The result is that for increasing
values of At the storm duration is increased significantly, and the storm intensity may be
smaller. This error produces changes in the base-height regression functions and may be
important for long-term analysis based on the ETS and EES models. In fact return values of
significant wave height h(R) calculated via the ETS or EES models decrease increasing At and
because of that return values h(R) calculated starting from time series with sampling At between
data of 1 hour are more conservative than those calculated with greater time sampling At (3-6

hours) .
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Chapter 4 — Sensitivity analysis of return
values to storm threshold
for Peak Over Threshold and

Equivalent Exponential Storm models

This chapter proposes a comparison between two statistical approaches used for long-term
predictions of extreme significant wave heights: the Equivalent Exponential Storm (EES) model
and the Peak Over Threshold (POT) method. One important aspect when a statistical analysis is
done is the choice of the sample in order to have individual data statistically independent of
each other. For this purpose the mentioned methodologies identify storms from time series. In
the case of the EES model, storms are identified by means of a storm definition linked to a
threshold hg of significant wave height. For what concerns the POT method, storms are
extrapolated from time series of significant wave height by dividing time history in storms of a
given duration At and by taking into account only storms with maximum significant wave height
greater than a fixed threshold hi. As the methods are defined they are both threshold
dependent. In the paper the variability of return values of significant wave height due to the
assumption of different thresholds is investigated both for EES model and POT method. In
addition a further analysis is carried out for POT method by assuming different storm durations
At. Results confirm that both methodologies are affected by a certain sensibility to the threshold,

which is limited in the case of EES model.

4.1. Introduction

The extreme wave analysis aims to estimate return values of wave height that will occur
once in a long time period of, say, 50 or 100 years. These values are essential for the correct
evaluation of safety and design condition of marine structures. A lack in the estimation of the
design wave may imply either an unsafe structure (if return values are underestimated) or an
over-designed and uneconomical structure (if return values are overestimated). This kind of
analysis requires a series of observed or hindcasted data adequately large (a decade or more).

The fundamental purpose of long-term statistics is to determine the relationship between large
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wave heights and their occurrence probability and to calculate their return period. There is no
theoretical foundation for the choice of the extreme events distribution and the most commonly
used approach is to test several distributions and to select the one that provides the best fit.
There are several works on extreme values prediction of wind and waves. The first who has
developed a statistical method for extreme values prediction of natural random events is Gumbel
(1958). Several statistical methods that may be applied to carry out extreme values analysis are
discussed in Mathiesen et al. (1994), Goda (1992, 1993, 2000). A review of the various steps
involved in the procedure applied for prediction of extreme wave height, such as data collection,
selection of the adequate distribution, the selection of the wave height corresponding to a given
return period, may be found in Isaacson and Mackenzie (1981). One of the most commonly
method applied for extreme wave analysis is the Peak Over Thresholds (POT) in which only
wave data above a fixed threshold are taken into account. Information about POT may be found
in Goda (2000), Coles (2001) and in Ferreira and Guedes Soares (1998). An alternative
approach is the Equivalent Triangular Storm (ETS) model proposed by Boccotti (1986, 2000) to
predict return period of extreme wave events starting from a given sequence of storms in time.
Approaches inspired by ETS model are the Equivalent Power storm (EPS) model of Fedele and
Arena (2010) and the Equivalent Exponential Storm (EES) model by Arena and Laface (2015).
In this chapter data from buoys of NOOA-NDBC are processed to predict return values of
significant wave height h(R) corresponding to return periods R of 10, 20, 50, 100 years, by
applying both POT and EES approaches. Sensitivity analyses are carried out with respect to
variability of threshold h.; value both for POT and EES and with respect to the variability of

the storm duration At for POT, in order to evaluate the robustness of the methodologies.

4.2. Data analysis

In this section a brief explanation of the various steps involved in the analysis done with EES
model and POT method is presented and results are given and compared. The analysis has been
carried out by considering data given from two buoys of NOAA-NDBC (National Data Buoy
Center): the 46035 and the 46006 (Figure 4.1.). For both buoys more than 25 years of data are
available. The EES and POT approaches have been applied to calculate return values of
significant wave height h(R) corresponding to different return periods R (10, 20, 50, 100 years),

by varying the threshold h.;, from 1.5 times the average significant wave height Hsto 4 Hs with

a step of 0.25 Hs (see Table 4.1).
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Figure. 4.1 — Locations of the analysed buoys.

Perit 46035 46006
herit(m) herit(m)
Hs 2.6 2.8
1.5Hs 3.9 42
1.75Hs 4.6 4.9
2Hs 52 5.6
2.25Hs 5.9 6.3
2.5Hs 6.5 7.0
2.75Hs 7.2 7.7
3Hs 7.8 8.4
3.25Hs 8.5 9.1
3.5Hs 9.1 9.8
3.75Hs 9.8 10.5
4Hs 10.4 11.2

Table. 4.1 — Average significant wave height Hs and value of each threshold he (from 1.5 Hs to

4Hs ) considered for the analysis at the given locations.

4.2.1 Analysis with Peak Over Threshold (POT) method

As explained in the previous section, the calculation of return values of significant wave
height h(R) for different return periods R by applying POT is done by considering different
threshold hey, (from 1.5 Hsto 4ﬁs) and different storm duration At (24, 48, 72, 96 hours). The
first step is the selection of the data sample starting from time series. The fact to consider 11
thresholds h.; and 4 values of storm duration At involves that 44 data sample are analyzed at

each considered location. Each sample is achieved from time series by extrapolating storms
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with the fixed duration At and by taking into account only the storm maxima above the
considered threshold h.;. Once the samples are selected each of them is analyzed by means of

the same procedure which consists in the following steps:

e arranging data in a descending order;

e calculation of the probability of exceedance be means of the plotting position formulas
(L.1);

e testing different distribution to identify the one that gives the best fit of the data;

e calculation of the parameters of the selected distribution;

e calculation of return values h(R) corresponding to R=10, 20, 50, 100 years .

At both considered location the Weibull distribution (1.4) is selected and return values h(R) are
calculated by means of Equation (1.7). Tables 4.2-4.9 show h(R) for fixed At and different h.y.
For fixed At the variability of return values h(R) due to the assumption of different thresholds
hei 1s investigated. Tables 4.10 and 4.11 show for fixed At and R, the maximum difference in
percentage between the maximum and the minimum h(R) calculated by varying the thresholds
heir. Results show that for a given storm duration At the maximum variation Ahp,, of return
values increases for increasing values of return periods R reaching values greater than 15% and

12% at 46035 and 46006, respectively, for R=100 years.

herit (m) 10 years 20 years 50 years 100years
h(m) h(m) h(m) h(m)

3.9 13.73 14.60 14.90 15.61
4.6 13.88 14.80 14.89 15.60
5.2 13.84 14.77 14.93 15.64
59 13.86 14.81 14.93 15.64
6.5 13.91 14.88 14.98 15.69
7.2 13.85 14.80 15.00 15.70
7.8 13.88 14.86 15.04 15.75
8.5 13.92 14.94 15.03 15.74
9.1 13.96 15.12 15.11 15.82
9.8 13.95 15.19 15.16 15.88
10.4 13.92 15.26 15.29 16.00

Table. 4.2 — Return values of significant wave height h(R) for different return periods R,
calculated by applying the POT method assuming different thresholds he
and a storm duration At of 24 hours, for 46035 buoy.
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herit (m) 10 years 20 years 50 years 100years
h(m) h(m) h(m) h(m)

3.9 13.67 14.55 15.68 16.52
4.6 13.87 14.81 16.04 16.96
5.2 13.89 14.86 16.12 17.07
5.9 13.97 14.97 16.29 17.28
6.5 13.91 14.90 16.20 17.18
7.2 13.91 14.90 16.19 17.16
7.8 13.87 14.84 16.12 17.08
8.5 13.92 14.94 16.28 17.29
9.1 13.96 15.12 16.70 17.94
9.8 13.96 15.18 16.89 18.24
10.4 13.92 15.25 17.15 18.68

Table. 4.3 — Return values of significant wave height h(R) for different return periods R,
calculated by applying the POT method assuming different thresholds he
and a storm duration At of 48 hours, for 46035 buoy.

herie (m) 10 years 20 years 50 years 100years
h(m) h(m) h(m) h(m)

3.9 13.65 14.49 15.56 16.34
4.6 13.74 14.62 15.74 16.56
5.2 13.80 14.71 15.88 16.75
5.9 13.92 14.90 16.16 17.10
6.5 13.93 14.92 16.22 17.19
7.2 13.87 14.84 16.10 17.05
7.8 13.90 14.90 16.22 17.21
8.5 13.92 14.96 16.33 17.37
9.1 13.97 15.16 16.78 18.05
9.8 13.97 15.23 17.00 18.40
10.4 13.92 15.28 17.24 18.83

Table. 4.4 — Return values of significant wave height h(R) for different return periods R,
calculated by applying the POT method assuming different thresholds h.
and a storm duration At of 72 hours, for 46035 buoy.

herie (m) 10 years 20 years 50 years 100years
h(m) h(m) h(m) h(m)

3.9 13.64 14.47 15.53 16.30
4.6 13.72 14.60 15.71 16.52
5.2 13.89 14.84 16.06 16.95
5.9 13.87 14.82 16.06 16.97
6.5 13.89 14.86 16.13 17.06
7.2 13.94 14.94 16.25 17.22
7.8 13.96 14.99 16.34 17.35
8.5 13.96 15.02 16.42 17.48
9.1 13.95 15.08 16.61 17.80
9.8 13.97 15.24 17.01 18.42
10.4 13.93 15.22 17.03 18.47

Table. 4.5 — Return values of significant wave height h(R) for different return periods R,
calculated by applying the POT method assuming different thresholds h.; and
a storm duration At of 96 hours, for 46035 buoy.
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herie (m) 10 years 20 years 50 years 100years

h(m) h(m) h(m) h(m)
4.2 13.64 14.56 15.75 16.64
4.9 13.66 14.60 15.83 16.74
5.6 13.71 14.68 15.94 16.89
6.3 13.77 14.77 16.08 17.07
7.0 13.78 14.81 16.18 17.21
7.7 13.93 15.08 16.63 17.82
8.4 14.02 15.33 17.14 18.57
9.1 13.88 15.01 16.52 17.67
9.8 14.01 15.30 17.06 18.42
10.5 13.95 15.32 17.22 18.71
11.2 13.93 15.28 17.13 18.57

Table. 4.6 — Return values of significant wave height h(R) for different return periods R,
calculated by applying the POT method assuming different thresholds h.; and
a storm duration At of 24 hours, for 46006 buoy.

herie (m) 10 years 20 years 50 years 100years

h(m) h(m) h(m) h(m)
4.2 13.74 14.69 15.92 16.83
4.9 13.73 14.70 15.95 16.87
5.6 13.76 14.75 16.03 16.98
6.3 13.79 14.80 16.11 17.09
7.0 13.91 15.00 16.45 17.54
7.7 13.94 15.09 16.61 17.77
8.4 14.03 15.31 17.07 18.43
9.1 14.03 15.34 17.15 18.56
9.8 14.04 15.36 17.14 18.53
10.5 14.02 15.31 17.03 18.35
11.2 13.95 15.28 17.11 18.53

Table. 4.7 — Return values of significant wave height h(R) for different return periods R,
calculated by applying the POT method assuming different thresholds h.; and
a storm duration At of 48 hours, for 46006 buoy.

herit (m) 10 years 20 years 50 years 100years

h(m) h(m) h(m) h(m)
4.2 13.76 14.73 15.96 16.86
4.9 13.84 14.85 16.15 17.12
5.6 13.84 14.87 16.20 17.19
6.3 13.87 14.92 16.28 17.30
7.0 13.97 15.10 16.60 17.73
7.7 13.98 15.15 16.72 17.91
8.4 13.89 15.00 16.46 17.57
9.1 14.05 15.39 17.23 18.67
9.8 14.05 15.33 17.04 18.35
10.5 14.02 15.31 17.03 18.35
11.2 13.93 15.24 16.97 18.28

Table. 4.8 — Return values of significant wave height h(R) for different return periods R,
calculated by applying the POT method assuming different thresholds h.; and
a storm duration At of 72 hours, for 46006 buoy.
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herie (m) 10 years 20 years 50 years 100years

h(m) h(m) h(m) h(m)
4.2 13.69 14.62 15.79 16.65
4.9 13.74 14.70 15.93 16.84
5.6 13.81 14.83 16.13 17.09
6.3 13.89 14.96 16.35 17.40
7.0 13.96 15.10 16.62 17.77
7.7 13.98 15.17 16.77 17.98
8.4 14.07 1541 17.25 18.68
9.1 14.06 15.43 17.31 18.78
9.8 14.05 15.34 17.07 18.40
10.5 14.02 15.32 17.07 18.41
11.2 14.00 15.29 17.06 18.39

Table. 4.9 — Return values of significant wave height h(R) for different return periods R,
calculated by applying the POT method assuming different thresholds h.; and
a storm duration At of 96 hours, for 46006 buoy.

R(years) 24 hours 48 hours 72 hours 96 hours
AN max(%) AN max(%) Ah max(%) Ah max(%)

10 2.18 1.66 2.35 245
20 4.81 448 5.47 5.29
50 9.34 9.30 10.83 9.64
100 13.08 13.29 15.25 13.33

Table. 4.10 — Maximum variation Ah ,,, of return values h(R) due to the assumption of different
threshold hgy, for EES model for each storm duration At and each return period R, for 46035 buoy.

R(years) 24 hours 48 hours 72 hours 96 hours
AN max(%) AN max(%) Ah max(%) Ah max(%)

10 280 2.26 2.07 2.77
20 5.28 4.52 4.51 5.77
50  9.27 7.70 7.99 9.60

100 12.42 10.24 10.72 12.77

Table. 4.11 — Maximum variation Ah ,,, of return values h(R) due to the assumption of different
threshold hgy, for EES model for each storm duration At and each return period R, for 46006 buoy.

Considering the return value h(R) corresponding to a given threshold h.; and to a fixed return
period R, for each of the considered storm duration At (24, 48, 72, 96 hours) return values
variability due to the assumption of different storm duration At is investigated. The maximum
variation in percentage between the maximum and the minimum return values is calculated and
results are given in Tables 4.12 and 4.13. Results indicate that the variability of return values

h(R) due to the assumption of different storm duration At is lower than that due to the thresholds
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e, being limited to the 3% and 7%, at 46035 and 46006 buoys respectively, for return period

of 100 years. It decreases if for fixed h;; lower values of return period R are considered.

herit (m) 10 years 20 years 50 years 100years
AR max(%) AN max(%) AN max(%) Ah max(%)

39 070 0.89 1.19 1.44
4.6 1.10 1.45 2.10 2.63
52 0.69 1.01 1.50 1.89
59 075 1.09 1.57 1.94
6.5 0.30 0.41 0.58 0.72
7.2 0.65 0.95 1.28 1.50
7.8 0.1 0.97 1.37 1.63
8.5 0.32 0.56 0.87 1.08
9.1 0.18 0.51 1.02 1.42
9.8 0.13 0.39 0.74 0.98
104  0.06 0.44 1.24 1.91

Table. 4.12 — Maximum variation Ah ,,, of h(R) for fixed h.; due to the assumption of different At (from
24 hours to 96 hours), for 46035 buoy.

Nerit (m) 10 years 20 years 50 years 100years
Ah max(%) Ah max(%) Ah max(%) Ah max(%)
4.2 0.95 1.15 1.29 1.33
4.9 1.31 1.68 2.04 2.24
5.6 0.95 1.28 1.59 1.76
6.3 0.87 1.29 1.68 1.90
7.0 1.34 1.97 2.76 3.28
7.7 0.37 0.62 0.94 1.18
8.4 1.28 2.74 4.76 6.29
9.1 1.23 2.76 4.78 6.28
9.8 0.30 0.36 0.61 0.96
10.5 0.49 0.12 1.10 1.97
11.2 0.16 0.24 0.93 1.60

Table. 4.13 — Maximum variation Ah ,,, of h(R) for fixed h.; due to the assumption of different At
(from 24 hours to 96 hours), for 46006 buoy.

4.2.2 Analysis with Equivalent Exponential Storm (EES) model

The calculation of return values of significant wave height h(R) for given return periods R by

applying the EES model is performed by means of the following steps:

e fix a storm threshold h.;, of significant wave height;
e identification of actual storm from time series of significant wave height by means of
definition given in section (1.3);

e calculation of parameters a and bg of EES associated to each actual storm;

e determination of base-height regression bg (h) function for EESs;
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e determination of the parameters u, W, h; of the distribution (1.10) of significant wave

height;

o fixed R, solving iteratively Equation (2.28).

This procedure is repeated for R=10, 20, 50, 100 years and for each threshold h.; given in
Table 4.1. The obtained return values of significant wave height are summarized in Tables 4.14
and 4.15. For each return period R the difference in percentage between the maximum and the
minimum return values h(R) are calculated (Table 4.16). Results confirm a certain sensibility of
the model to the threshold h.;, but it is worth noting that it is quite limited and the maximum

variation Ah,,, of return values h(R) with the storm threshold h.; is less than 3% at each

considered location.

herie (m) 10 years 20 years 50 years 100years
h(m) h(m) h(m) h(m)
39 13.20 13.94 14.90 15.61
4.6 13.20 13.93 14.89 15.60
52 13.23 13.98 14.93 15.64
59 13.23 13.98 14.93 15.64
6.5 13.28 14.02 14.98 15.69
7.2 13.30 14.04 15.00 15.70
7.8 13.32 14.07 15.04 15.75
8.5 13.34 14.08 15.03 15.74
9.1 13.42 14.16 15.11 15.82
9.8 13.40 14.18 15.16 15.88
10.4 13.50 14.29 15.29 16.00

Table. 4.14 — Return values of significant wave height h(R) for different return periods R, calculated
applying the EES model for different thresholds h., for 46035 buoy.

herit (m) 10 years 20 years 50 years 100years

h(m) h(m) h(m) h(m)
4.2 13.87 14.68 15.72 16.50
4.9 13.95 14.76 15.80 16.58
5.6 13.95 14.75 15.80 16.57
6.3 14.00 14.81 15.86 16.64
7.0 14.03 14.83 15.87 16.64
7.7 14.09 14.90 15.95 16.73
8.4 14.13 14.98 16.08 16.88
9.1 14.21 15.00 16.03 16.79
9.8 14.27 15.06 16.08 15.84
10.5 14.24 15.03 16.04 16.80
11.2 14.28 15.10 16.15 16.92

Table. 4.15 — Return values of significant wave height h(R) for different return periods R, calculated
applying the EES model for different thresholds hy, for 46006 buoy.
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Buoy 10years 20years 50years 100years
AN max(%)  Ah max(%) Ah max(%) Ah max(%)
46035 2.27 2.58 2.69 2.56
46006 2.96 2.86 2.74 2.55

Table. 4.16 — Maximum variation Ah ,,, of return values h(R) due to the assumption of different
threshold h., for EES model for each return period R.

4.3. Conclusions

In this chapter a comparative extreme values analysis has been proposed by applying the
EES and POT models. In particular a sensitivity analysis of the models to the threshold value
has been carried out. Furthermore for the case of POT a further analysis is proposed to evaluate
return values variability with different storm duration At (24, 48, 72, 96 hours). Concerning the

return values variability due to the storm threshold h.; the analysis has been performed by

considering 11 threshold values from 1.5 times the average significant wave height Hsto 4Hs,

with a step of 0.5 Hs. The results have showed that for EES the difference between the
maximum and the minimum wave heights predicted assuming different thresholds is less than
2.7% at 46035 and 3.2% at 46006. For POT this variation is about 15,25% at 46035 and
12.77% at 46006. For what concerns the amplitude of time interval At, the variation on the
predicted wave height is less than 3% at 46035 and less than 7% at 46006. From a comparison
of the results given by the two models it is clear that in both cases a certain sensibility to the
thresholds is observed, which is limited in the case of EES and is quite important in the case of
POT. Furthermore for POT method the sensibility to the threshold is combined with the
sensibility to the storm duration and because of that this method is in general less efficient than

the EES one.
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Chapter 5 — Directional analysis

of sea storms

The chapter deals with the directional analysis of sea storms in the Atlantic and
Pacific Oceans and in the Mediterranean Sea. The main focus of the study
presented here is the investigation of variability of wave directions during sea
storms. The analysis is carried out starting from significant wave height and wave
direction time series. At the first stage storms are selected from time series without
any condition on wave direction. Subsequently the directional analysis of each
identified storm is performed by considering the wave direction associated with
each sea state during the storm. A methodology to classify the selected storms as
“directional storms” pertaining to a certain directional sector is proposed. Finally
a technique to determine the main directions of occurrence of the strongest sea
storms and the appropriate width of directional sectors centred on these directions
is suggested. Results are useful for different kind of applications such as
directional long-term predictions for the design process of angle-dependent

structures or for wave energy converter devices.

5.1. Introduction

It is important, for engineering applications, to consider directionality during storms to
develop criteria for the prediction of extremes values that take into account the wave direction,
and enable to determine the long-term statistics for any directional sector. This approach may be
very useful in determining the directional extreme values offshore, which will be propagated in
coastal areas to calculate the design wave for any maritime structure. Recently Jonathan and
Evans (2007) developed an approach to establish appropriate directional criteria and an
associated omnidirectional criterion. Jonathan et al. (2008) showed that a directional extreme
model is generally better than a model which ignores directionality and omnidirectional criteria
derived from a directional model are more accurate and should be preferred. Many models such
as Peak Over Thresholds divide a single storm in sub-sets associated to different directional
sectors, but could be more appropriate to develop criteria that enable to associate each storm to

a given directional sector. The main objective of the analysis presented here is to introduce the

67



concept of directional storm that could be the base for a physically based model for directional
long-term analysis. The variability of direction during storm history (which is defined as the
significant wave height in time domain during the evolution of the storm) is investigated. Then
a criterion to classify storms as “directional storms” pertaining to a certain sector is proposed.
Furthermore a methodology for the determination of the centre and the width of the directional
sector is given. This kind of analysis are useful for several kind of application such us
directional long-term predictions, design process of angle-dependent devices (Arena et al.

2014), but also to check the correct operation of buoys if data of different kind are compared.

5.2. Directional sea storms

To define a sea storm as a “directional storm” pertaining to a certain sector (Si iAS) the
variability of wave direction during the storm has to be investigated. The analysis proposed in
this chapter (see section 5.4) shows that during the storms a certain variability of wave direction
is observed: it is quite relevant in storm queues (lower sea states) and tend to reduces itself near
storm peak (stronger sea states). Directional sea storms may be defined as a sequence of sea
states in which the significant wave height exceeds a given threshold hey; and the wave direction
is within a given sector (Si + ALQ). Because of the strong variability of wave direction in storm
queues to introduce a directional criterion should be appropriate to refer to the wave direction of
the sea state above a fixed threshold h’.

Let us determine the sea storms from the whole time series of significant wave height

(whichever the wave direction is). From the whole set of sea storms, we may define:

(i) a sea storm as a “ directional storm” with wave direction within the sector (9, +A9), if

the wave direction at the maximum significant wave height H falls in (Si + ALQ);

S max

(ii) a sea storm as a “ directional storm™ with wave direction within the sector (9, +A9), if

the average wave direction@(t) calculated for the sea states with H, > h'falls
in(J £A9).
Note that in (ii), if h'=h

oit the whole storms are considered. Furthermore definition (ii) is

related to the wave direction trend above a fixed threshold of significant wave height. In the
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paper it is applied for thresholdh'>0.5H, . . Figures 5.2 and 5.3, show some examples of sea
storms with wave direction during the sea states which characterize the storms.

Concerning to the sector (9 +AJ) it is defined starting from the direction 9, and the width
A9. It is worth noting that it has no meaning to refer to directional sector of minor relevance
from which a few number of (less intense) storms occur, when a directional analysis is done.
For this reason the sectors to which is appropriate to focalize are those centered on the main or
secondary (if any) directions from which the strongest storms occur. Thus to classify directional
storms first the main and secondary directions have to be identified and then the most
appropriate A9 has to be determined. Increasing A9 it will result an increasing number of

storms belonging to any considered sector.

5.3. Statistical properties of waves in a directional sea storm
The statistical properties of waves during storms were investigated by Borgman (1970,
1973), who obtained the cumulative distribution function P(H,_, <H) of the extreme

individual wave height in a sea storm. This probability is obtained starting from the crest-to-

trough wave height cumulative distribution in a sea state.

To generalize the Borgman’s results to a directional storm associated to a direction 9, + A9, by

assuming the stochastic independence of wave heights, we have

N, B
P(Ho < H:8288) = [ [[P(H:H, =, 8,289 T (5.1

i=1

where D, is the sea state duration, T the mean period (Rice, 1958) and N, is the number of sea

states during the storms.

The probability that a wave has height smaller than H in a sea state with significant wave height

Hs equal to h is related to the wave direction sector 4, £ AY by means of:

2
Bl irg-a9<9 <g+a9
h (5.2)

=1—-exp|— -
P(H;H,=h,8 £tA9)= l+y

=1 otherwise
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where J, is the dominant wave direction of the sea state and " is the narrow bandedness

parameter of the spectrum and it is equal to the ratio, in absolute value, between the absolute
minimum and the absolute maximum of the covariance function of the sea state. It is equal to 1
for an infinitely narrow spectrum [note that in this condition, Equation (5.2) gives the Rayleigh
distribution, to 0.73 for a mean JONSWAP spectrum (Hasselmann et al., 1973) and to 0.65 for a
Pierson-Moskowitz (1964) spectrum. Then, the cumulative distribution

functionP(H . < H; £A9), following the Borgman’s logic, is written in an integral form as

D . —
P(H o < H:;$2A9) = exp{ j Inft - P(H ’%Shzt;‘](t)’giiw)] dt} (5.3)
0

where D is the storm duration. Finally, the maximum expected wave height H, __ during the
sea storm is obtained as the integral over (0,00) of the probability of

exceedancel —-P(H . < H;9,£A9).

5.4. Data analysis

This chapter deals with the directional analysis of sea storms carried out by processing wave
data coming from different sources: data given by directional buoys of RON and NOAA
networks, and by HIPOCAS project (see section 1.5). Six locations in Atlantic Ocean from
HIPOCAS (Figure 5.1a), one in central Mediterranean Sea (Figure 5.1a) from RON network
and one in US coast in Pacific Ocean (Figure 5.1b) from NOAA-NDBC are considered. The
analysis is performed by processing significant wave height and wave direction time series. At
the first stage sea storms are extrapolated from significant wave height time series by means of
the definition given in section (1.3) which doesn’t take into account the wave direction, but it is
only related to the average significant wave height at the considered site (see Table 5.1). Then
the directional analysis is done by considering the sequence of sea states during each sea storm
with the sequence of the related wave directions (see Figures 5.2 and 5.3). First only the wave
direction associated to the peak of the storm Hy , is regarded. Figures 5.4 and 5.5 (left) show
the wave direction at the sea state with the maximum significant wave height (storm peak) Hgpax
versus Hynax (each point represents a storm). From the figures it is clear that at each considered

site it is possible to identify one or more main directions from which the strongest storms occur.
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Figure. 5.1 — a) Locations of the analysed points from HIPOCAS and of Mazara del Vallo buoy from
RON network; b) Location of 46042 buoy from NOAA-NDBC.
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Location Es(m) herie(m) Nestorm(Hsmax>2 herit)

HIPOCAS(1) 24 3.6 137
HIPOCAS(2) 2,79 4,19 115
HIPOCAS(3) 2272 4,08 163
HIPOCAS(4) 3,31 4,96 215
HIPOCAS(5) 3,55 5,32 269
HIPOCAS(6) 3,51 5,27 227

MAZARA(RON) 0,97 1,45 232
46042- NDBC 2,21 3,31 34

Table. 5.1 — Average significant wave height Hs , critical threshold h.; and number of storms with
>2h

maximum significant wave height H,, .. >2h; -

For example, one at HIPOCAS (1) (9, =300°), two at RON (§, =280°, J, =140°), three at
HIPOCAS (6) (4, =80°, 4, =190°, 9;=360°) and three at NOAA 46042 (Y, =320°,
9, =160°, 9, =10°), (see Tables 5.2 and 5.3). Subsequently the average wave direction during

the whole storm is calculated starting from wave direction of all sea states (Figures 5.4 and 5.5
right). Then a comparison between the average direction and the direction at storm peak is
shown in Figure 5.6: these two directions are very close to each other for most of the storms, but
in some cases a difference is observed. Then, a deeper analysis is proposed by considering the
strongest storms (Hgma>2herit), by calculating the standard deviation of wave direction and by
considering its average values for classes of maximum significant wave height Hg,.x. The same
calculation is done for the whole storm history first and then by considering only sea sates
above a fixed threshold h' (from 0,5Hmay to 0,8H, max) of significant wave height. Figure 5.7

shows the average value of the standard deviation of direction versus the average maximum

significant wave height ﬁsmax for storms with Hg,.x in given classes of H,. The results show that
during the storms a certain variability of wave direction it is observed: it is quite relevant if the
whole storm history is considered and tends to reduce itself if only sea states above a fixed
threshold h’ of significant wave height are taken into account. In particular the standard
deviation of wave direction decreases for increasing thresholds h'. It is due to the strong
variability of wave direction in storm queues (less intense sea states). Starting from the above
results the definitions 5.2(i) and 5.2(ii) of directional storm are introduced and applied to
classify the identified storms (without any condition of wave direction) as directional storms

pertaining
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Figure. 5.2 — Some storms histories: significant wave height H and related wave direction during the
storms with quite regular (left) and irregular (right) trends of wave direction.
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Figure. 5.3 — Some storms histories: significant wave height H and related wave direction during the
storms with quite regular (left) and irregular (right) trends of wave direction.
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Figure. 5.4 — Wave direction at maximum significant wave height Hy i,y versus Hg max (left), average
wave direction during the storm versus Hg .y (right).
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to a given directional sector (9, + AJ). The direction J, is fixed as the wave direction from which
the strongest storm occurs and for the width A 9values of 10°, 20°, 30° are considered. Tables
5.2 and 5.3 show the number of storms classified by means of 5.2(i) and 5.2(ii) as directional
storms in the directional sector (9, +AJ) for each of the main directions J, identified and for
each considered with A9 and for h’=0,5Hgn.x. The number of directional storms pertaining to a
given directional sector (9, +A9) increases for increasing values of the width AJ. Furthermore

definitions 5.2(i) and 5.2(ii) tend to give the same result if widths of 30° or more are considered.

HIPOCAS(1) 9:=305°  A9=10° A8=20° AY=30°

(1) 52 97 121
(i1) 66 99 121
HIPOCAS(2) 9,=110° A8=10° A9=20° AG=30°
(1) 42 64 87
(ii) 35 69 94
HIPOCAS(3)  9:=110° A9=10° A9=20° A9=30°
@) 59 90 118
(i1) 55 98 124
HIPOCAS(4) 9:=110° A8=10° A9=20° AH=30°
(1) 73 120 156
(i) 76 138 172
9,=300° A8=10° A9=20° AH=30°
@) 1 1 2
(ii) 1 1 2
HIPOCAS(5)  9,=260° A8=10° A8=20° A9=30°
() 81 156 196
(i) 104 180 215
9,=30° A9=10° A9=20° AY=30°
(1) 3 5 7
(i) 2 4 7
HIPOCAS(6) 9:1=80° A9=10° A9=20° AY=30°
@) 80 132 169
(ii) 82 143 168
9,=190° A8=10° A9=20° AH=30°
@) 10 13 15
(i1) 8 12 14
9;=360° A8=10° A9=20° AG=30°
(1) 1 1 3
(i) 0 3 10
Table. 5.2 — Number of directional storms pertaining to directional sector 9, +AS, classified by

1=1,2,3 —

means of criteria 2.1 (i) and 2.1 (ii) at each location from HIPOCAS.
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It is worth noting that the main purpose of the analysis proposed here is related to the
introduction of a physically based approach which enables us to associate each storm to a given
directional sector. Let us consider the storms with maximum significant wave height Hgpax
>2hgit (see Table 5.1), by applying definition 5.2(i) or 5.2(ii)) with a width AJof 30° it is
possible to classify more than 80% of the storms as directional storms at both HIPOCAS (1) and
HIPOCAS (6), more than 70% at Mazara Del Vallo RON and more than 60% at 46042-NDBC.
The lower percentages for buoys data may be related to the greater variability in the data
probably due to instruments malfunction. Finally to test the validity of the criterion the
maximum expected wave H max heights calculated for the whole storm (storm selected without
any condition on wave direction) and for directional storm are calculated are calculated and
compared (See Figures 5.8 and 5.9). Results show that if a width AJof 30° is considered the

maximum expected wave height of the whole storm and of the directional storm tend to

converge.
MAZARA (RON) 9,=280° A8=10° A9=20° A9=30°
(1) 107 126 143
(ii) 95 116 146
9,=140° A8=10° AY9=20° AI=30°
(1) 28 49 50
(ii) 28 39 41
46042-NDBC = 9,=320° A9=10° A9=20° A9=30°
(1) 7 11 11
(ii) 3 4 6
$=160° A9=10° A9=20° A9=30°
(1) 2 7 8
(ii) 0 1 1
9:=10° A9=10° A9=20° A9=30°
(1) 3 11 11
(ii) 0 4 6
Table. 5.3 — Number of directional storms pertaining to directional sector 9, +AS, classified by

1=1,23 —

means of criteria 5.2 (i) and 5.2. (ii) at Mazara del Vallo (RON) and at 46042 NDBC.
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5.5. conclusions

The analysis proposed in the chapter has investigated the variability of wave direction during
sea storms, showing how it is increased for lower sea states (storm queues) and is reduced by
considering the wave direction associated to sea states above increasing thresholds of significant
wave height (storm peak). The comparison between average wave direction during storm and
direction at Hgy,x has revealed that for most of the storm these two directions are quite similar.
A definition of directional sea storm pertaining to a given directional sector is introduced. It has
been found as the number of directional storms pertaining to a given directional seector
increases for increasing values of the width of the directional sector. Finally it has been proved
that an appropriate amplitude for the directional sectors may be of 60°(width AJof 30°)
because it enables to classify as direcional storm a quite great part of the storm set giving the

same maximum expected wave height for the whole storm and the directional storm.
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Chapter 6 — Long-term statistics of ocean
storms starting from time series of

partitioned sea states

This chapter deals with the long-term statistic of ocean storms carried out starting
from time series of partitioned sea states. Data from HOMERE database (see
section 1.5) are used as input. The main focus of the study presented here is to
evaluate the variability of return values of significant wave height due to having
neglected the contribution of swell components to the significant wave height data.
In particular return values of significant wave height corresponding to return
periods of 5, 10, 20, 50, 100 years are calculated by applying the Equivalent
triangular Storm (ETS) model to the time series of total significant wave height
(contribution of both wind and swell components) first and then to the wind sea
only. Three different sites with different characteristics are considered: two wind
sea dominated and one with comparable wind and swell seas. Results show how in
locations dominated by the wind sea the swell component may by neglected in
long-term predictions, while for locations with swell and wind comparable seas

neglecting swell significant differences in return values may be appreciated.

6.1.Data analysis

The analysis proposed in this chapter is carried out by considering time series of partitioned
sea states, separated wind and swell significant wave heights, at three locations among
HOMERE database (see Figure 6.1). The analysis is performed by processing first total
significant wave height H; time series (combined wind and swell components) and then only
wind significant wave height Hy, in order to evaluate return values variability neglecting swell
components. Three locations are considered for the application (see Figure 6.1). At each site
first the average significant wave heights for total, wind and swell components are calculated
(Table 6.1). The calculation of the average total significant wave height is useful to determine
the threshold h.; used for the storms identification. Instead, the average wind and swell

significant wave heights are compared to each other in order to understand if the considered site
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is wind or swell dominated, or it is characterized by comparable wind and swell seas. Results
show that both HOMERE (1) and HOMERE(2) are wind dominated while HOMERE(3) has
comparable wind and swell seas. Storms are identified starting from total significant wave

height time series by means of Boccotti’s definition given in section (1.3).

Location Hstot hcrit st Hss Hsmaxtot Hsmaxw Hsmaxs
(m) (m) (m) (m) (m) (m) (m)
HOMERE(1) 1,01 1,65 0,97 0,38 7,998 7,998 4,426
HOMERE(2) 1,55 2,32 1,35 0,55 8,670 8,670 5,873
HOMERE(3) 2,65 3,98 1,79 1,63 9,875 9,875 6,431

Table. 6.1 —. Average total significant wave height, critical threshold, average wind sea significant
wave height, average swell sea significant wave height, maximum total, wind sea and swell sea
significant wave heights.

Then for each identified storm the sequence of the wind significant wave height during the
given storm is also considered and the ETS model is applied to both storm histories (see Figure
6.2) to calculate return values of significant wave height h(R) for return periods R of 5, 10, 20,
50, 100 years. The analysis is performed by means of the following steps:

e determination of parameters of the distribution P(Hs>h) of both total and wind
significant wave heights (Figure 6.3) fitting the data with the two-parameters
Weibull distribution obtained from Equation (1.10) with h=0;

e calculation of ETSs starting from total and wind actual storm histories;

e determination of base-heights regression functions for ETSs both for total and wind
sea;

e calculation of return values h(R) for R=5, 10, 20, 50, 100 years first by considering
the distribution of significant wave height and the base height regression estimated
starting from total significant wave height and then by considering those obtained
from wind significant wave height time series.

e comparison of the obtained return values for the evaluation of return values
variability due to having neglected swell components.

The parameters of the distribution of both total and wind sea significant wave height are
determined following the procedure explained in section (1.3.2). The representation in the
Weibull plot is given in Figure 6.3. The related parameters are summarised in Table
6.2.
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Figure. 6.2 — Some actual storms, total, wind sea and swell sea significant wave heights during the
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Figure. 6.3- Distribution P(Hs>h) total and wind sea significant wave heights.

Location Utotal Wiotal (m) Uywind Wyind (m)
HOMERE(1) 1,297 1,535 1,260 1,482
HOMERE(2) 1,265 1,126 1,198 1,038
HOMERE(@3) 1,460 2,662 1,184 1,942

Table. 6.2 —. Parameters of P(Hs>h) for total and wind sea significant wave heights.
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From Figure 6.3 it is possible to note that at each considered site the distributions of wind sea
and total sea intersect each other identifying a threshold of probability P> which defines two
regions where the distributions have different behaviours. For P greater than P’ considering
only wind sea data the return values of significant wave height are underestimated, while for P
smaller than P’ are overestimated. This effect is related to the fact that in the less intense events
swell components are strong, but the extreme events are due to wind sea only. This leads to
have the parameter U of the distribution of total significant wave height smaller than that of
wind sea and because of that the two distributions intercept each other. Once the distributions
of total and wind seas significant wave height are known, to apply the ETS model for the
calculation of return values h(R), the base-heights regression functions of both total and wind
seas have to be determined. In order to do that first actual storm are identified from time series
of total significant wave height Hy and then for each storm the ETS model is applied to both
wind and total seas storm histories. Figure 6.4 shows a comparison between the parameters a
and b of ETSs calculated by means of total and wind seas time series. In the left panel is shown
the comparison of the intensities a, while on the right of the bases b. It is worth noting that at
HOMERE (1) and HOMERE (2) it is possible to identify a threshold of Hs above which the
intensities of the storms are due only to the wind sea. Considering lower threshold storm peaks
have strong swell components, and because of that neglecting swells a certain variability of both
intensities @ and durations b is observed. The variability of b, is related to the fact that its value
is strongly dependent on the storm structure at storm peak which is affected to significant
variation neglecting swells. Concerning the site HOMERE (3) it is not possible to identify a
threshold above which swells may be neglected, apart for the extreme storms. Then, in site like
this, characterized by comparable wind and swell seas, neglecting swells the ETSs are strongly
modified.

Starting from the ETSs sequences calculated using total and wind sea time series the base-
heights regression functions are determined. Figure 6.5 shows the linear base-heights regression
functions for total (left) and wind (right) seas. The parameters of the regression are summarised
in Table 6.3. No significant changes in the base-heights regression functions may be appreciated
at HOMERE (1) and HOMERE (2) , unlike for HOMERE (3). Finally return period R(Hs>h)

and mean persistence D,(h) are calculated for both total and wind seas (Figure 6.6).
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Location Kl total I<2 total Kl wind I<2 wind
(m™) (hours) (m™) (hours)
HOMERE(1) -6,567 123,010 -5,925 118,320
HOMERE(2) -9,158 115,520 -8,539 111,730
HOMERE(@3) | -6,276 173,220 -2,098 108,140

Table. 6.3 —. Parameters of bas- height regression for ETSs calculated from total and wind sea

significant wave heights.
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From a comparison of both return periods and mean persistence it is evident that they follow
the same behaviour of the probability distributions. Concerning the return period it is possible to
identify a value of R above which return values of significant wave height are overestimated
considering only wind sea contribution to H, data. In Tables 6.4 and 6.5 are given return values
h(R) for R=5, 10, 20, 50, 100 years calculated by means of total and wind seas time series
respectively. From a comparison of the results it is clear that at the considered levels of return
period R, accounting only wind sea contribution return values h(R) are overestimated respect to
the case accounting the total significant wave height (wind and swell seas). The maximum
differences are less than 3% at HOMERE (1) and HOMERE (2) which are wind sea dominated
locations, while it reaches the 7,8 % at HOMERE (3), which is a site characterized by

comparable wind and swell seas.

Location h(R=5years) h(R=10years) | h(R=20years) | h(R=50years) | h(R=100years)
[m] [m] [m] [m] [m]
HOMERE(1) 8,36 8,95 9,53 10,27 10,82
HOMERE(2) 6,51 6,99 7,46 8,06 8,51
HOMERE(Q3) 11,72 12,47 13,2 14,12 14,8

Table. 6.4 — Return values of significant wave height h(R) calculate by applying the ETS model to

total significant wave height time series.

Location h(R=>5years) h(R=10years) | h(R=20years) | h(R=50years) | h(R=100years)
[m] [m] [m] [m] [m]
HOMERE(1) 8,46 9,07 9,67 10,45 11,02
HOMERE(2) 6,58 7,09 7,6 8,26 8,75
HOMERE(@3) 12,06 12,99 13,90 15,07 15,95

Table. 6.5 — Return values of significant wave height h(R) calculate by applying the ETS model to
wind sea significant wave height time series.




6.2.Conclusions

In the chapter the long-term analysis of ocean storms is proposed starting from time series of
partitioned sea states. The analysis has been carried out by applying the ETS model both to the
total significant wave height (combined wind and swell contributions) and to the wind
significant wave height time series, in order to evaluate return values variability if swell
components are neglected. Results have showed how different behaviours may be observed
comparing locations characterized by comparable wind and swell components with locations
wind sea dominated. In particular, if the considered site is wind sea dominated it is possible to
identify a threshold of significant wave height h* above which the contribution of swells to the
storm intensity is negligible. Instead, for locations with comparable wind and swell sea, only the
strongest sea storms are wind dominated. In both cases neglecting swell contributions and
determining the distribution of the significant wave height accounting only wind sea it is
possible to identify a threshold of probability P’ to which corresponds the equality of the
distributions of total and wind significant wave heights. For probability P>P’ neglecting swell
significant wave height are underestimated, while for P<P’ are overestimated. The above
results involve differences in return values if the ETS model is applied to the wind significant
wave height time series. These differences are quite limited if the considered site is wind sea

dominated and could be relevant for locations with comparable wind and swell sea.
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Chapter 7 — Wave climate analysis for the
design of wave energy harvesters in the

Mediterranean Sea

The objective of the work proposed in this chapter is to provide a synthetic tool for
determining expeditiously the wave climate conditions in several areas of the
Mediterranean Sea. In the open literature, several authors have already conducted
this specific analysis also for the area examined here. However, the need of
discussing aspects strictly related to the design of wave energy harvesters is still
relevant. Therefore, considering the variety of devices and the amount of
information needed for conducting an energy-wise optimization and a structural
reliability assessment, a holistic view on the topic is provided. Specifically, the
work elucidates the theoretical aspects involved in the estimation of wave energy
statistics and in the calculation of relevant return values. Next, it provides synthetic
data representing the mean wave power and the return value of extreme events in
several coastal areas of the Mediterranean Sea. In this regard, this work
complements information available in the open literature by discussing the
influence of the directional pattern of the sea states in the determination of sea

state statistics as well as in the design of a wave energy harvester.

7.1. Introduction

The optimized design of any wave energy harvester is based on the quantitative description
of the wave climate at a certain location. Indeed, structural safety, as well as energy production,
relies on the calculation of relevant statistical parameters, such as wave height of given return
period, average annual wave power, etc. Thus, the remarkable number of contributions given in
the field of wave resource assessment, with the construction of wave atlases, is not surprising.
From a methodological perspective, wave atlases are constructed by utilizing either recorded or
artificially generated wave data. The first category involves the utilization of buoy or of satellite

data. The second one uses numerical codes, such as WAM models (T.W. Group, 1988), for
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simulating the wave field generation and evolution by using wind field information as input.
Depending on data quality and on numerical code peculiarities, wave atlases were developed at
different spatial scales. Global estimates were proposed, for instance, by Cornett (2008),
Barstow, et al. (2009), Mark, et al. (2010) and Arinaga and Cheung (2012). The key
characteristic of these analyses is the possibility of identifying wide areas of interest for the
realization of a wave energy harvester. Obviously, the coarse scale used in these global analyses
does not allow the complete design of a wave energy harvester. Nevertheless, it is useful for
defining locations where fostering the realization of wave energy devices. Detailed
investigations are restricted to well defined areas and involve the use of high-resolution
numerical codes. This aspect is quite relevant in closed areas, such as the Mediterranean Sea,
where the spatial variability is not compatible with the resolution associated with classical
measurement techniques (Liberti et al. 2013). Several authors proposed a holistic view on the
wave energy status by focusing on certain areas. For instance, Liberti, et al. (2013) investigated
wave energy availability in the Mediterranecan Sea with an emphasis on the Italian area; Ayat
(2013) developed a wave power atlas for the Eastern Mediterranean Sea and the Aegean Sea; a
similar analysis was proposed by Aydogan, et al. (2013) for the Black Sea and by Sierra, et al.
(2014) in Spain. The mentioned analyses are necessary for an energy-wise optimization of the
device. However, an extreme value analysis must be pursued in parallel for predicting extreme
actions on the device. So that, a reliability assessment can be conducted by considering certain
extreme events. In this regard, the process invokes concepts developed in the context of
classical coastal and marine engineering. The common procedure involves an analysis at short
time scale (~hours) and at long time scale (~years). This distinction accommodates convenient
representations of the wave motion. Specifically, the short-term analysis is pursued by invoking
a spectral representation of the free surface displacement, which is connected to a stationary
representation of the process (Ochi, 2005). The long-term statistics involves the non-stationary
character of the free surface displacement, which is treated by accumulating the statistical
information of the process in a few synthetic parameters (commonly, significant wave height,
peak spectral period, mean wave direction) described via simplified models (Goda, 2010). In
this context, recently proposed models for extreme value analysis are the Equivalent Triangular
Storm (ETS) model and the Equivalent Power Storm (EPS) model (Arena and Pavone 2006;
Fedele and Arena, 2010). These models found on a theoretical representation of real sea storms,
which accommodates the derivation of closed form solutions of relevant return values.

To conduct a joint analysis of extreme waves and of wave climate along the coasts of the

Mediterranean Sea is the objective of this work. Specifically, the chapter presents a holistic
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view on the preliminary wave related steps involved in the design of a wave energy harvester.
The findings of this analysis are useful for designing a device as it provides the crucial
information for optimizing the energetic performance as well as for conducting a reliability
assessment of a device. In this regard, it is worth mentioning that the variety of devices
developed in the last decades requires a more detailed quantification of the wave climate.
Indeed, some devices can be designed by considering only the energetic characteristics of the
sea states, but several are highly influenced by the mean wave direction (see Falcdo, 2010) for a
review of the available technologies). Therefore, the work considers, in addition, the directional
features of the recorded sea states, as it is relevant in the design of several wave energy devices.
The analysis utilizes data generated by a WAM numerical model. Thus, a reliability assessment
of this model is conducted by restricting the attention to the directional pattern of the sea states.
Then, this work elucidates the key characteristics of the theoretical model used in the successive
analysis. Next, the results of the analysis are disseminated by investigating both the mean wave
power (in conjunction with its “directional” distribution) and the return period of significant

wave height (with its “directional” distribution, as well).

7.2. Wave data: reliability assessment of the used WAM model with emphasis

on mean wave directions.

Wave simulations have been performed using a parallel version of WAM wave model Cycle
4.5.3 (Gunther and Behrens, 2011). An extensive validation of the model both against buoys
of the Italian Buoy Network (Rete Ondametrica Nazionale, RON) and against satellite data has
been already presented in (Liberti et al., 2013). Here model results are compared with buoy
data in two of the most energetic sites in the coasts of Central Mediterranean Sea (from Italian
Buoy Network): Alghero (West coast of Sardinia Island - buoy coordinates: 40.548°N,
8.107°E) and Mazara del Vallo (Sicily Channel - buoy coordinates: 37.525°N, 12.533°E).
Buoy data have been compared with values extracted from the nearest computational model
point. Only simultaneous data have been considered, buoy records where the peak spectral
period T, fell in the infra-gravity waves range, above 20 s, have been excluded from the
analysis.

Tables 7.1 and 7.2 show the principal statistics computed between buoys and model results for
significant wave heights and circular statistics for mean wave directions, computed as
described by Mardia and Jupp (2000). In particular, Table 7.1 includes values of the bias

between model and measures, root mean square error (rmse), slope of the best fit line passing
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through the origin and scatter index (si), and Table 7.2 the directional bias (bias®) and the
directional variance (var). The statistics in these two sites give quite good results, with the
slope close to the unity and the bias of the order of 1 cm. Figures 7.1 and 7.2 show histograms
with the relative frequency of occurrence of Hs divided in bins of 0.2 m for buoy and model
data. In both sites the measured distribution is well reproduced and the main difference

observed is the overestimation of the number of events with H; in the lowest range (0-0.2 m).

Buoys Bias (m) Rmse (m) Slope Si
Alghero -0.005 0.311 0.985 0.278
Mazara del Vallo 0.013 0.257 1.022 0.253

Table. 7.1 — Main statistics of the significant wave height between buoy and model.

Buoys Bias (°) var
Alghero 4.5 0.036
Mazara del Vallo 11.0 0.057

Table. 7.2— Main statistics of the mean wave direction between buoy and model.

A further validation focusing on the sea state directional characteristics is accomplished, as
this aspect is relevant for near-shore and on-shore devices.
Figures 7.3 and 7.4 show polar plots associated with buoy and model data at Alghero and
Mazara del Vallo, respectively. Data are divided in classes of significant wave heights with
intervals of 1m; calms are identified as significant heights less than 0.5m. In both sites the
prevailing propagation is toward ESE as both places are influenced by the north-westerly winds
blowing over most of the western Mediterranean. The wave direction of propagation at Alghero
is very well reproduced as shown also by values in Table 7.2. At Mazara del Vallo the most
frequent class in model results appears to be slightly rotated northward respect to observations,

the circular bias (see Mark et al., 2010) is 11° as shown in the table.
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Figure. 7.1 — Histogram with the relative frequency of significant wave heights in bins of 0.2 m at
coordinates corresponding to the buoy of Alghero. Filled grey relates to buoy data, black line to model
data.
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model data.
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7.3 Synthetic equation of the wave power and of the mean wave power

Consider an undisturbed wave field of significant wave height H;, frequency spectrum E(w) (w
being the angular frequency) and peak spectral period T, (=2n/W,; W, being the peak frequency
of the spectrum). For this sea state, the wave power per unit width is calculated by the equation
(see Boccotti, 2000)

® =pg j ¢, (0)E(0)do, (7.1)
0

where p denotes the water density, g is the acceleration due to gravity and C, is the group

velocity. In deep water, Cy equates half wave celerity in deep water. Thus, Equation (7.1)

reduces to the equation
g’ |
®= "T j o 'E(o)do. (7.2)
0

Equation (7.2) can be related explicitly to the statistical characteristics of the sea state via the

associated spectral moments m;, which are defined by the equation (see Ochi, 2005)
m, =jwiE(w) do. (7.3)
0

Specifically, by observing that the significant wave height is related to the zero™ order moment

mOa

H, =44/m, , (7.4)

that the mean wave period Ty, can be calculated via the zero™ and the second-order moments,

T, =2mym,/m,, (7.5)

and that an energy period T, can be defined by the equation (see Cruz, 2008)

T,=2nm_ /m,. (7.6)
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It is seen that Equation (7.2) can be manipulated by selecting a priori a certain spectral shape.
For instance, consider the classical JONSWAP spectral model proposed by Hasselmann, et al.

(1973). Introducing the dimensionless frequency W=w/w,, it may be written in the form

_ 2 5.5 _ -4 _(W_1)2 7.7
E(w) =09 0, W exp(—1.25w ") expq Iny exp = s (7.7)
c

where Opy is the Phillip’s parameter and y and 0 are the shape parameters of the spectrum. The
parameter Opy varies between 0.008 and 0.02 for wind waves and y varies over the interval 1 - 7,
being equal to 3.3 and 1 for the mean JONSWAP and the Pierson-Moskowitz (PM) spectrum

(1964), respectively. Such a formulation allows defining the dimensionless spectral moments

W

2
w exp(—1.25w"4)exp{lnyexp{— (Wz;i)}} dw, (7.8)
c

3
Il
S =38

which are related to the spectral moments (7.3) by the equation

m; = aPngo);”ijJ . (7.9)

So that, the mean wave period Tr, and the energy period Te may be expressed in function of the

peak period T, respectively, through the following conditions,

T =o,T (7.10)

(7.11)
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being

Otfl =.,/m /mW

Wo

(7.12)

L
and

oy =m, /m, . (7.13)

Wo

For example, 04=0.81, 0=0.91 for the mean JONSWAP spectrum and 0;=0.75, 0,=0.86 for
the PM spectrum. Finally, by combining Equations (7.4), (7.10) and (7.11), the energy power
per unit crest length on deep water [Equation (7.2)] may be calculated by the formula

2
P9 2
O="—y HT . 7.14
647TYf s'm ( )

The parameter y; is spectrum dependent, and is given by the equation

Yf =OLfZ/OLfl. (7.15)

Typical values are y¢ =1.12 for the mean JONSWAP spectrum and y; =1.15 for the PM

spectrum.

Obviously, Equation (7.14) does not compute the statistical distribution of the significant wave
height and of the mean period. Therefore, Equation (7.14) is associated with an adequate
probability distribution of the significant wave height for estimating the mean incident wave
power. Specifically, the mean wave power per unit width at a certain location is calculated by

the equation
5=j®(h)p(Hs=h)dh (7.16)
0

where p(Hs=h) is the probability density function of the significant wave height, which is
specified in the next section. Further, to account for the directional distribution of the sea states,
Equation (7.14) can be exploited for obtaining the mean wave power associated with a given
sector of wave propagation. Denoting AB the given sector, the mean wave power per unit width

for given values of wave direction is
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@0 =j®(h)p(HS = h; A0)dh, (7.17)
0

where p(Hs=h;A8) is the “directional” probability density function, that is the probability
distribution of the significant wave height extracted from a subset of sea states with wave
directions belonging to the sector AB. This function is defined more precisely in the next

section.

The attractive feature of Equations (7.16) and (7.17) is the fact that they do not require time-
consuming calculations in frequency domain, as they postulate the agreement between the
theoretical JONSWAP spectrum and the “real” one. Even if this assumption is quite restrictive,
section 7.4.1 will show that it can be adopted for the purpose of estimating the mean wave

power without losing significant information even in case of bimodal seas.

7.4 Data analysis

A data analysis is pursued for a certain number of locations in the Mediterranean Sea. The
locations are selected by considering only zones in the vicinity of coastal areas, as these are the
most likely to host a wave energy harvester. The proposed map covers approximately the entire
Mediterranean Sea. However, some areas with a low energetic contribution are not investigated,

because of the restricted interest in wave energy applications.

Figure 7.5 shows point locations, while Table 7.3 shows the specific coordinates. In the
following, wave energy potential, extreme waves and sea state directional features pertaining to
these locations are disseminated. However, a preliminary analysis is proposed regarding the

formulae derived in section 7.3, in order to assess their reliability.

7.4.1 Reliability of Equation (7.14)

The data analyses involve the calculation of the mean wave power at each location via Equation
(7.14). Thus, before conducting the analyses, this section shows that the estimations conducted
by the proposed method are reliable. That is, the discrepancies between the results provided by

adopted method and by a more rigorous approach are small.
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Figure. 7.5 — Map of the Mediterranean Sea and locations of the investigated areas.

The crucial limit of the formula (7.14) is the assumption of unimodal frequency spectrum.
Indeed, by restricting the attention to a JONSWAP like frequency spectrum, the contribution of
bimodal sea states is neglected. This element could be crucial in locations with several bimodal
sea states per years. However, numerical evidence proves that this is not relevant for the
calculation of the mean wave power associated with each sea state. Specifically, consider
locations P9, P16 and P17. The wave power considering the contribution of the bimodal seas is
calculated and compared to the one estimated via Equation (7.14) (see Figure 7.6). In this
regard, note that the calculation via the simplified formula is pursued by considering a
significant wave height calculated from the significant wave height values pertaining to each
component of the bimodal sea, while the peak period is the period associated with the peak of
the frequency spectrum over the entire frequency domain. It is seen that the calculations provide
in all cases results in quite good agreement. The mean error implied by the proposed method is

calculated by the equation

1 N
&= N _1\/Z[q)i(Hs’Tm)_q)i(HSW’HSS’TmW’Tms)]2 P (718)
i=1

N being the number of sea states, ®i(Hs,Ty) is the wave power calculated considering the
unimodal frequency spectrum and ®j(Hsw,Hss, Tmw, Tms) is the wave power calculated via the

bimodal frequency spectrum.
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Marker Latitude Longitude Depth [m] Distance [km]
P1 35,70000 -3,00000 866 29,1
P2 36,95000 2,00000 2630 41,8
P3 36,95000 4,37500 559 6,5
P4 37,20000 8,50000 133 30
P5 36,38750 11,56250 224 65
P6 34,70000 12,75000 120 160
P7 33,26250 13,18750 237 40
P8 31,38750 17,18750 139 28,5
P9 32,45000 20,00000 257 27

P10 31,95000 25,50000 806 45
P11 31,45000 28,50000 1382 40
P12 31,57500 33,18750 244 38
P13 33,45000 34,75000 1516 47
P14 35,95000 30,75000 2595 44
P15 35,13750 23,25000 3557 30
P16 36,20000 21,68750 3467 69
P17 38,20000 19,56250 3513 70
P18 38,45000 17,00000 1424 36
P19 42,20000 17,50000 1118 68
P20 42,38750 14,75000 98 24.5
P21 38,20000 14,06250 1290 18,4
P22 36,57500 13,68750 609 42,2
P23 40,26250 13,50000 1902 94
P24 43,95000 9,00000 880 43
P25 42,57500 6,25000 2547 52
P26 41,95000 3,50000 339 22,5
P27 40,07500 1,00000 113 61
P28 42,20000 8,00000 2795 46,5
P29 42,20000 10,00000 359 36,5
P30 40,45000 7,50000 2624 59
P31 39,95000 10,00000 1548 25,5

Table. 7.3 — Coordinates of the investigated points, water depth and distance from the shoreline.

Location
P9 P16 P17
&(KW/m) 3,75E-06 2,57E-05 1,27E-05

Table. 7.4 — Error ¢ calculated via Equation (7.18) at points P9, P16 and P17.
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7.4.2 Wave power

For a given recorded sea state time history, the mean wave power is given by Equation
(7.17). The computation has been pursued by considering that all data are in deep waters. As
mentioned previously, the directional pattern of the wave climate is relevant in the design of
several energy harvesters. Therefore, the wave power is investigated by considering the
directional distribution of the sea states. Specifically, the estimated time histories allow
calculating the mean wave power associated with a certain sector of wave propagation. In this
analysis, the width of each sector is 20°. The Figures 7.7-7.9 show the wave power of each
record (points) and the mean wave power associated with sea states propagating to a certain
direction. They provide a holistic view on the energy characteristic of the sites. Indeed, given a
certain location, the characteristics of the wave energy harvester, and the orientation of the
shoreline with respect to the North direction, a preliminary investigation on the energy-wise
performance of the device can be pursued. Obviously, these results are relevant also for devices
in a coastal area, as they can be coupled to a classical wave propagation model for determining
the wave field in the vicinity of the shoreline. In this regard, it is worth-mentioning that if the
wave direction corresponding to the largest amount of wave energy is almost orthogonal to the
shoreline, the total amount of wave energy is expected to be slightly smaller than offshore. Vice
versa, a large angle between the shoreline orthogonal and the wave direction implies a larger

reduction of wave energy due to refraction effects.
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7.4.3 Extreme values analysis

A structural reliability assessment involves an analysis of the device dynamics in extreme
conditions. Indeed, the long-term performance of the device is affected by the occurrence of
extreme events naturally occurring at a certain location. During the design stage, the crucial
issue is to determine the most probable “extreme wave” (significant wave height, individual
crest-to-trough wave height, etc.) occurring during the lifetime of the device. For the purpose,
the ETS method is suggested. The theoretical background was discussed in section 1.4 in
conjunction with the concept of replacing real storms with ETSs. Figure 7.10 shows several
examples, extracted from the WAM data, of real sea storms and of associated ETSs. It is seen
that the ETSs are capable of describing roughly the time variation of the real storms. However,

this aspect is not relevant as the related statistics are quite close to each other.

For implementing the methodology, the short-term probability distribution must be determined.
For the purpose, Table 7.5 shows the parameters of distribution given by Equation (1.10) (h=0)
and Figure 7.11 plots the omnidirectional distributions in conjunction with the directional
distributions (1.11) (h=0). Figure 7.11 pertains only to the locations with, at least, a double
peak in the energy distribution over direction and it is useful not only for calculating the
extreme values, but also for complementing the information of Figures 7.7-7.9. Indeed, it is seen
that the most energetic directions are quite close to the omnidirectional distribution (see for
instance the Sardinia case, P30). In some contexts, this characteristic is less evident. For
instance off Greece (P17) there are three different peaks, which are energy-wise equivalent. In
this case, the directional distributions are quite close to each other and do not allow determining

a “main” direction of wave propagation.
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Figure. 7.10 — Comparison between actual sea storms (continuous lines) and ETSs (dotted line) recorded
at the locations shown in the legends.

Figure 7.12 shows the return period given by Equation (1.19). This representation is relevant
for devices that work irrespective of the direction of wave propagation. The return period is
shown for all the case studies and, in addition, Table 7.3 shows significant wave height values
of a given return period. Obviously, these elements are necessary for identifying “operational”
and “extreme” sea states, but are not complete for designing an angle-dependent device. In this
context, the directional return period (1.21) is more appropriate. Figure 7.13 shows the
directional return period for the same locations investigated in Figure 7.11. From a design
perspective, the crucial element of these representations is that the significant wave height of a
given return period is smaller in the directional case. Thus, it implies that the design sea state is

less severe than a conventional omnidirectional case.
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Location Es [m] | Hsmax[m] u w[m]| ki[h] | ke [m'l] _CD [KW/m] | h(5yr) [m] | h(10yr) [m] | h(20yr) [m] | h(50yr) [m] | h(100yr) [m]
P1 1,09 6,39 1,274 | 1,149 | 80,86 1,22 6,3 6,1 6,5 6,9 74 7.8
P2 1,10 8,20 1,06 | 0960 | 85,03 037 6.8 7,2 7,8 8,4 9,2 9,7
P3 1,07 8,42 1,071 1 0,979 | 82,24 1,07 7.9 6,9 7,5 8,1 8,9 94
P4 1,22 11,34 1,057 | 1,162 | 104,59 | -037 11,1 8,8 9,5 10,3 113 12,0
P5 1,01 6,69 1,187 | 0,968 | 94,39 | 0,02 52 5,9 6,3 6,8 7,3 7.8
P6 1,10 6,48 1,276 | 1,120 | 83,04 | 0,59 64 6 6,4 6,8 74 7,7
P7 1,06 7,11 1,177 10,978 | 81,19 | 0,77 5.8 6 6,4 6,9 74 7.8
P8 1,06 6,90 1,128 | 1,071 | 90,04 | 0,60 6,1 6,9 7,5 8,1 8,8 93
P9 1,13 7,71 1,129 | 1,033 | 88,73 0,89 74 6,7 7,2 7,7 8,4 8,9
P10 1,08 7,71 1,022 ] 0,840 | 104,79 | 029 6,1 6,5 7,1 7,7 8,5 9,1
P11 1,12 8,35 1 0919 | 189,95 | -0,07 75 7 7,7 8,4 9,2 9,9
P12 091 5,71 1,054 | 0,738 | 106,49 | 0,01 4,0 5,5 6 6,5 7,1 75
P13 0,88 7,10 0,904 | 0,655 | 106,01 | -0,23 4,6 6,8 7,5 8,2 9,2 9,9
P14 0,84 6,92 1,039 | 0,755 | 77,90 | 0,68 43 5,8 6,3 6,8 7,5 79
P15 1,25 7,73 1,249 | 1,216 | 161,10 | -0,06 8,5 6,7 7,2 7,7 8,3 8,3
P16 1,15 7,48 1,194 | 1,140 | 103,16 | -0,09 7,5 6,8 74 7,9 8,5 9,0
P17 1,08 8,41 1,166 | 1,090 | 91,59 | 0,00 6.9 6,9 74 7,9 8,6 9,1
P18 0,84 8,21 1,012 ] 0,763 | 90,83 0,00 4,1 6,3 6,8 74 8,1 8,7
P19 0,75 6,06 1,076 | 0,728 | 74,28 0,44 29 53 5,8 6,2 6,8 72
P20 0,57 5,75 0,949 | 0,503 | 83,93 | -0,09 1.8 4.8 53 5,7 6,3 6.8
P21 0,67 6,76 095 0,618 (101,93 | -042 32 5,9 6,4 7 7,8 83
P22 1,09 7,46 1,16 | 1,094 | 99,17 | -029 8,2 7 7,5 8,1 8,7 9.3
P23 0,89 7,38 1,061 | 0,880 | 87,57 | 0,00 5,1 6,6 7,2 7,8 8,5 9,0
P24 0,77 7,02 1,005 | 0,690 | 87,67 | -033 3,6 5,9 6,4 7 7,6 82
P25 1,39 8,69 1,545 | 2,024 | 73,02 2,30 11,0 8 8,5 8,9 9,5 9,9
P26 1,23 12,52 127 | 1,320 | 73,21 2,64 8,7 6,8 7,2 7,7 8,3 8,7
P27 0,86 6,58 1,052 | 0,782 | 72,87 1,01 4,1 5,8 6,3 6,8 74 79
P28 1,25 7,93 1,198 | 0,736 | 92,46 | 0,01 11,4 4,4 4.8 5,1 5,5 5.8
P29 0,65 8,27 0,9 0,503 | 80,41 0,22 22 53 5,8 6,4 7,1 7,6
P30 1,40 10,27 1,176 | 1,499 | 100,11 | 025 15,1 9,2 9,9 10,6 115 12,1
P31 0,68 7,47 0,924 0,580 | 81,70 | 046 2,8 5,7 6,2 6,8 7,5 8,1

Table. 7.5 — Average significant wave height

H, , maximum significant wave height Hgy,y, parameters of

the Weibull distribution (1.10) (h=0) and of the base — height regression (1.16), mean wave power per
unit length , and return values of the significant wave height h(R) calculated at the considered locations.
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Figure. 7.11 — Omnidirectional distribution and directional distribution of significant wave height
estimated from the wave data generated artificially at the locations shown in the legends.
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7.5 Discussion

The results shown in section 7.4 confirm the outputs of previous studies (Liberti et al.,
2013). Indeed, the highest wave energy potential is in the North-West of the Mediterranean Sea.
At this location, the results show that the mean wave power is up to 15.1kW/m in Alghero
(P30). However, it is seen that there are several areas that can be eligible for placing a wave
energy harvester. Specifically, Tunisia (P4) has a mean wave power of 11.1kW/m, the area of
Crete (P15) has a mean wave power of 8.5kW/m. In Sicily (P22) there is a mean wave power of
8.2kW/m, and in Greece (P16, P17) the mean wave power is about 7.3kW/m. These
considerations are relevant in a preliminary design stage, but they must be complemented by
proper considerations on the directional pattern of the sea states. Indeed, it is well known that
the direction associated with the maximum wave power is fundamental in the design of several
devices. In addition, further considerations are mandatory when a second maximum occurs at a
different wave direction. Consider for instance the directional wave power in Morocco (P1)
(Figure 7.7). In this context, it is seen that two maxima occur at 100° and at 240°. During the
design process of an angle-dependent device, this feature poses a crucial issue: it is quite
complex to harvest the total amount of energy. Indeed, in this situation the device can be
optimized for harvesting energy propagating from, say, 100°, but it cannot exploit the energy
propagating from the other direction. However, at the design stage in a coastal area, this
information must be connected with a bathymetric analysis in order to assess the convenience of
realizing a wave energy device. As the useful amount of energy can be drastically reduced with

respect to the offshore available energy.

In terms of available wave power, it is worth-mentioning the fact that in a European context the
Mediterranean Sea is not energy-wise rich. Indeed, the areas exposed to oceanic waves have
larger mean wave power values. Consider the case of the Azores Islands investigated by Rusu
and Guedes Soares (2012). In this context, the average wave power can be up to 75.5kW/m.
The difference is certainly relevant, as it is about 5 times larger than largest values calculated in
the Mediterranean Sea. A similar result can be obtained by considering for instance the location
investigated by Rusu and Guedes Soares (2012), the Madeira Islands, where the average wave
power is up to 65.4kW/m. The wave energy resource in the Atlantic European coasts was
investigated also by Guedes Soares, et al. (2014). They estimated seasonal parameters
(specifically, winter and summer periods) and showed that the winter mean wave power is

almost 100kW/m in Ireland, 21.66kW/m in UK and 52.45kW/m in France.
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In many respects, these comparisons could depict a quite inconvenient framework for the wave
energy devices in the Mediterranean Sea. Indeed, it may be argued that, the potentially
exploitable energy does not compensate the effort for constructing and for maintaining a wave
power plant. In this regard, a cost-benefit analysis is crucial. Irrespective of the specific
problems investigated in this context, two points are emphasized herein. First, it is relevant to
consider the fact that a variety of devices have been conceived and some of them work well in
the Mediterranean Sea (e.g., the REWEC3 plant: Boccotti, 2007, 2012; Malara and Arena,
2013; Arena et al., 2013). Further, hybrid solutions combining, for instance, wave energy and
wind energy harvesters are attractive in the Mediterranean context, as well. Second, the extreme
waves associated with the Mediterranean Sea are certainly smaller than the ones typically
occurring at an ocean sea (for a certain return period). This implies reduced
manufacturing/material costs, as the structural reliability is assessed in conjunction with severe,
but feasible, environmental conditions. A comparison between the calculated return values and
the mean wave powers shows that a direct correspondence cannot be identified. Indeed, a high
return value is not associated, in general, with a high mean wave power. In Sardinia (P30), the
largest return values and the largest mean wave power have been calculated. However, a
comparison with other locations shows a variety of situations. For instance, consider the data of
Tunisia (P4). In this context, the return values are quite close to the Sardinia ones, but the mean
wave power is markedly smaller. A location with energy content similar to the one of Tunisia is
in Corsica (P28). However, in this context it is seen that extreme events are quite mild in
comparison to the ones in Tunisia. As mentioned previously, these considerations are relevant
from a design perspective, as the design process involves an energy-wise optimization of the
device, and, at the same time, a structural reliability assessment in extreme conditions.
Therefore, by comparing the results of the last two mentioned locations, it is seen that a
hypothetical wave energy device installed in Tunisia harvests as much energy as in Corsica, but

it is exposed to extreme sea states as severe as in Sardinia.

7.6 Conclusions

This chapter has proposed a synthetic view on the wave related elements involved in the
design process of a wave energy harvester. The first part of the work has disseminated the
theoretical elements involved in the determination of the available wave power and of the
extreme events. In this context, a simplified formula for the calculation of the wave power in a
given sea state has been derived. This expression has been shown to provide reliable wave

power estimates in a variety of sea states by comparing their outcomes with the “real” ones. The
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return period of a sea state with a given wave height are been discussed by applying the
Equivalent Triangular Storm (ETS) model. The model allows determining closed form solutions
for the determination of relevant return values. The second part of the chapter has discussed the
wave climate characteristics along the coasts of the Mediterranean Sea. Specifically, it has been
identified the most energetic areas of the Mediterranean Sea and the most severe locations in
terms of extreme events. In addition, it has been elucidated elements connected to the design of
angle-dependent wave energy converters. Specifically, the chapter has shown that both wave
energy and return values must be determined by including the influence of direction and of
wave propagation. In this regard, it is seen that conventional analyses are irrespective of the
wave direction. Thus, they do not provide a complete description of the wave climate and are
inadequate for designing angle-dependent wave energy harvesters. The paper has showed that,
in these circumstances, a wave energy converter cannot exploit the total amount of wave energy.
This is due to the fact that the energy is not concentrated on a restricted directional sector, but is
distributed over several directions that cannot be covered simultaneously. Analogously, the
extreme events are not well predicted via conventional, angle-independent, techniques. In this
context, the use of a directional return period is suggested. Such a return period allows
estimating the significant wave height of a given return period and direction of wave
propagation. In this regard, the numerical results show that the use of a conventional return

period leads to overestimations of significant wave height values.
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Chapter 8 — Optimal configuration of an
U-OWC wave energy converter

This chapter deals with the geometric optimization of a REWEC3 (Resonant Wave
Energy Converter) or U-OWC device. An U-OWC is similar to a conventional
breakwater implemented by a U-shaped duct representing the active part of the
plant. The working principles is similar to the one of a classical OWC, but there
are not waves entering the plant: an oscillating water column produced by
pressure fluctuations on the outer opening of the vertical duct. The main feature of
the device is related to the possibility to design the vertical duct in order to tune the
eigenperiod of the plant very close to the peak period of the incident waves
reaching the natural resonance without any device for phase control. The
application proposed in this chapter aims to identify the key geometric parameters
which are involved in the identification of optimal geometric configuration
intended as the one giving the maximum converted power. Considering a real case
study pertaining to applications of the U-OWC in the Mediterranean Sea, the work
proposes a parametric analysis for investigating the influence of the geometrical
parameters involved in the mathematical description of the plant. The work shows
that few parameters are relevant in the design process of U-OWC plants and that
the maximum converted power occurs close to resonance, but these conditions do

not involve the same geometrical configuration.

8.1 Introduction

The U-OWC wave energy converter (also known as Resonant Wave Energy Converter,
REWEQC) is a device for converting wave energy into electrical energy. It was developed in the
past decade by Boccotti (2003) via modifications of conventional OWCs. The key characteristic
of the device is the use of a vertical U-duct for connecting the water column to the open wave
field. Such a vertical duct allows improving the performance of the plant. Indeed, Boccotti
(2003) proved by experimental data that such a device is capable of reaching naturally the
resonance condition with the incident waves, without the use of phase control devices, and, con-

sequently, of absorbing a larger amount of energy. From the perspective of technological
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development, the main steps involved the incorporation of the device into traditional maritime
structures. The first model involved a U-OWC incorporated into a submerged breakwater.
Nowadays, the most investigated U-OWC configuration is the one employed in conjunction
with classical vertical breakwaters. Boccotti (2007a) conceived this solution and proposed a
comparison with an analogous OWC. In this regard, he showed that the plant has a better
performance both in wind-generated sea states and in swell seas. The mathematical modelling of
the device was investigated by Boccotti (2007b) and validated against experimental data by
Boccotti et al. (2007). The relevant characteristic of the proposed model is the introduction of a
nonlinear term for describing the oscillating flow into the vertical duct. Indeed, head losses into
the duct are not negligible and must be modelled via a drag-type nonlinearity. In this context,
the proposed approach for describing the hydrodynamics relies on the determination of a
simplified representation of the wave field that is properly determined via an iterative procedure
maximizing the ratio between the absorbed wave power and the incident wave power. Despite
the fact that this representation is not consistent with the associated boundary value problem, the
predicted absorbed energy is in agreement with the experimental data. Malara and Arena (2013)
developed a consistent representation of the wave field surrounding the U-OWC. Specifically,
they proposed an approximate, but consistent, representation of the diffracted and of the
radiated wave field via an eigenfunction expansion of the related boundary value problem. In
this manner, they determined also infinite added mass and retardation function of the system.
Boccotti (2012) proposed a holistic view on the U-OWC design. He disseminated the key issues
involved in: numerical simulation of the plant dynamics; optimal plant determination; and
structural reliability assessment in extreme conditions con-ducted via a Quasi-Deterministic
approach (Boccotti, 2000). Considering the need of developing reliable and automated
techniques for the optimization of the device, the work proposed in this chapter addresses the
problem of identifying the key parameters involved in the optimization of a U-OWC plant. For
the purpose, a relevant case study is examined: U-OWC in Alghero, North-West Mediterranean
Sea, which is the most energetic site in Mediterranean Sea. Starting from a properly designed

plant, a parametric analysis is pursued and the relevant parameters are identified.

8.2 Working principles and hydrodynamic modelling of an U-OWC

Figure 8.1 shows a scheme of a U-OWC wave energy converter. The device is composed by
a partially closed air chamber, which is connected to the atmosphere via an air duct hosting a
turbine. Under the air chamber is located a water column, which is connected to the open wave

field via a small vertical U-shaped duct. The working principle of the device is similar to the
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one of classical OWCs. Specifically, the sea waves excite the water column by inducing
oscillations of the inner free surface that, consequently, compresses and expands the air
chamber. Thus, an alternating air flow is generated in the air duct, which is exploited by a
turbine (such as a Wells turbine) converting (in conjunction with adequate electrical equipment)
wave energy to electrical energy.

From the perspective of dynamic modelling, Boccotti (2007b) and Malara and Arena (2013)
elucidated the crucial elements involved in the description of the plant dynamics. The equation

of motion of the water column is

ot A2 " 2
VSdE - d

8.1
g s dt? g dt? @1
in which
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h'= _ I - a atm 2
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where g = acceleration due to gravity; & = air pocket height measured from the top of the air
chamber; &, = distance from the top of the air chamber to the mean water level; s’ = vertical
duct width; s = inner chamber width; I’ = water column length; I”” = vertical duct length; p, =
air pocket pressure; Pam = atmospheric pressure; p = water density; Ap = wave pressure at the

top of the vertical duct; and K, = head loss coefficient.

125



direction of wave 57
propagation 0 N
e
Y Ill
— h
d I
S. S"

Figure. 8.1 — Cross-section of a U-OWC wave energy converter.

Equation (8.1) is coupled to the equation of the air pocket, that is the equation of state,

Pa_ Pam (8.6)
p a p atm

k being the exponent of the equation of state, pam the atmospheric density and p, the air pocket
density. The numerical integration of Equations (8.1) and (8.6) is accomplished by considering
also the air density time variation and the air mass (M,) change due to the flow into the air duct.

These quantities are calculated as

M a
oo (8.7)

Pa =

in which b is the width of a single cell of the plant; and

dM 1 nD?
dta:_E(pa-'—patm) 4 Ua (88)

where U, is the air flow velocity and is related to the air pressure p, of the air pocket via the

equation
du p k p 1-1/k
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Ah, being given by
2
Ah, =[Ka“—a+ AhtJ“—a (8.10)
29 Jug|

where K is a head loss coefficient and Ah is turbine dependent. Equations (8.1)—(8.9) are

integrated numerically by a finite difference scheme given the initial conditions, at t =0,

d ,
E=¢&; d_f:(); M, =pambs’E, (8.11)

and the time history of Ap(t).

The time history Ap(t) is calculated given the wave pressure of the incident wave field Ap;(t).

Specifically, it is estimated as
Ap =C,Ap; (8.12)

being Cq a diffraction coefficient dependent on the absorption coefficient of the plant C,. That

1S,
C,=2-C, (8.13)

The absorption coefficient C, is the ratio of the average energy absorbed by the plant over the
average incident wave energy. Obviously, C, depends on the Ap. Thus, the calculation involves
iteration on the diffraction coefficient Cy. The procedure converges rapidly by assuming Cq = 2
at the first iteration. The time history of the incident wave pressure is synthesized via the
spectral method in conjunction with the Fast Fourier Transform (FFT) algorithm. For the

purpose, the theoretical spectrum used for the computation is

coshz[ko(d -0)]
cosh”(k,d)

S pp(®) = S() , (8.14)

where d is the water depth, g is the submergence of the U-duct opening, K, is the wavelength

estimated by the linear dispersion relation

2

k, tanh(k,d) =%, (8.15)
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and S(w) is the spectrum of the free surface displacement.

The performance of the plant is assessed according to three parameters: resonance index;
absorption coefficient and production coefficient. The resonance index R is given by the

equation:

R =4T,/T,, (8.16)

where T, is the peak spectral period and T; is the time lag of the first minimum of the cross-
correlation function between the wave pressure Ap and the air pocket height &. Such an index is
useful for checking if the plant is able to work in resonance conditions. Indeed, R close to 1
means that it works close to the resonance condition. This parameter is also quite useful for
tuning the plant, as it is sensible to the deviations from the resonance condition. If R<1, the
natural period of the plant is smaller than the peak spectral period, otherwise it is larger than the
peak spectral period.

The performance of the plant from the energy-wise perspective is described via the
absorption coefficient A and the production coefficient A,. These coefficients are calculated via

the equations:

A=<P, >/<P

inc

>, (8.17)

and

>/ < P>, (8.18)

Ap =< Pconv
Paps being the power absorbed by the plant, Py, being the power converter to electrical power,
Pinc being the incident wave power and <-> denotes averaging over time.
The coefficients (8.17) and (8.18) provide a quantification of the efficacy and efficiency of the
U-OWC. Indeed, the absorption coefficient renders a mean estimate of the fraction of incident
wave energy captured by the plant, while the production coefficient shows the fraction of
incident wave energy converted to electrical energy. Obviously, the effect of the head losses in
the vertical duct and of the turbine efficiency imply that

A> A, (8.19)

In the light of a U-OWC design, this distinction is relevant. Indeed, A allows optimizing the
performance of the plant in terms of absorption capability, while A, allows optimizing the

synergy of the plant with a certain turbine.
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8.3 Case study

The parametric analysis is conducted by estimating, from Monte Carlo simulations, the
parameters introduced in section 8.2 for a number of U-OWC configurations. The geometrical
configurations are selected starting from a U-OWC working in resonance conditions. That is,
given the “resonant” U-OWC, the subsequent systems are chosen by modifying one geometrical
parameter. In a preliminary stage, a certain sea state is determined for conducting the
simulations. In this regard, the objective is to identify the sea state propagating the most relevant

fraction of mean annual wave energy. Such a sea state plays the role of a “design” sea state.

8.3.1 Preliminary wave data analysis for the identification of design sea state

A preliminary wave data analysis is pursued to determine a relevant stationary sea state for
performing the Monte Carlo simulations. The location under investigation is Alghero (West
Sardinia, Italy), shown in Figure 8.2. This is an interesting site as it possesses the largest amount
of the mean annual wave energy of the Mediterranean Sea (Liberti et al. 2013, Vicinanza et al.
2013, Arena et al. 2014). The sea state is identified by processing the buoy data provided by the
Rete Ondamentrica Nazionale (RON) buoy network. This database provides significant wave
height Hs and mean wave period T, of the recorded sea states. Specifically, the present
computation considers data recorded from September 1%, 1989 to April 5™ 2008, which
includes 125442 records.
The design sea state is determined considering the average wave power associated with each sea

state, which is calculated as (Arena et al., 2013)

P9 2
O="—vy HTf, 8.20
647TYf s'm ( )

Figure. 8.2 — Location of Alghero.
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Figure. 8.4— Peak spectral period T, - significant wave height H, pairs recorded in Alghero.

where the parameter y; depends on the frequency spectrum and it is equal to 1.12 for the
JONSWAP mean spectrum (Hasselmann et al. 1973) and to 1.15 for the PM spectrum (Pierson
& Moskowitz 1964), and f is the frequency of occurrence of a certain sea state.

d & b s’ s” Sa d; q
20 8 425 25 4 275 075 2

Table. 8.1 — Geometrical characteristics of the U-OWC in Alghero with R=1. Note that S, denotes the
amplitude of the opening between the water column and the vertical duct and d, denotes the outer
diameter of the turbine. Units are in meters.
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Figure 8.3 shows that at Alghero the maximum wave power relates to a sea state with
significant wave height H=2.75m. The associated peak period is determined from a T, — H;
regression. Specifically, the peak spectral period associated with the significant wave height is
Tp=19.42s.

8.3.2 Plant design
An U-OWC is designed considering the “design” sea state identified in section 8.3.1.

Obviously, the mentioned parameters provide only a synthetic description of the sea state, while
the complete frequency domain representation is needed for conducting the simulations. In this
regard, a variety of spectral shapes could be selected for describing the incident wave field.
However, considering the mentioned H; - T, pair and the peculiarities of the site under
examination, the six parameter spectrum is adopted (Ochi and Hubble 1976). The turbine
adopted for pursuing the simulations is the monoplane Wells without guide vanes. These
turbines were investigated by Curran and Gato (1997). Their experimental data are used in con-
junction with the described numerical algorithm. Further, the turbine has 2/3 ratio between the
inner and the outer diameter. Considering these input data and the dynamical model described in
section 8.2, the U-OWC has been designed. Specifically, the plant with the geometrical
characteristics shown in Table 8.1 relates to a plant with R=1.008, A=0.46 and A,=0.16. In this
regard, note that the designed geometrical configuration is such that I’=d-q. That is, the floor of
the U-OWC is at the water depth level. Obviously, this is a specific design solution, which has
been invoked for accommodating the identification of a “resonant” U-OWC. Nevertheless,

different solutions could be adopted, as well.

8.3.3 Parametric analysis

The parametric analysis is developed starting from the plant with the geometrical
characteristics shown in Table 8.1. The analysis is conducted by varying one parameter per
simulation. So that, its influence is investigated by referring to resonance index R, absorption
coefficient A and production coefficient A,. Figure 8.5 shows the results related to the
parameters &, b, s°, s, q and S,. A common feature of all the figures is the sensibility of the
resonance index R. Indeed, it is seen that even a small change in one parameter relates to a
strong deviation of the system from resonance. The energy related parameters are less sensible,
but it is worth-mentioning that their maxima may be close to, but do not coincide with, R=1.

Such evidence is relevant from a design perspective, as it implies that by designing a plant via
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the resonance index does not ensure the maximum production coefficient. The parameters b and
q are seen to have a small influence on A and A, while they modify the eigenperiod of the plant.
On the other hand, s’ and S” relate to a modification of all parameters. The significant influence
of s> and s” on A and A, is connected to the head losses computed in the vertical duct and in the
water column dynamics. Indeed, by imposing an excessively small duct or water column, the
water flow is affected by an excess of head loss that dissipates the energy absorbed by the
system or may even reduce drastically the capability of absorbing wave energy. The parameters
b and q have a small influence on A and A,. Obviously, this fact does not imply that the
absorbed energy in kept unchanged, as the parameters provide merely a percentage of the
absorbed/converted wave energy. In this context, it is worth-mentioning that by in-creasing b
the absorbed wave energy is effectively increased. Thus, the converted power is increased, as
well. Nevertheless, by increasing the submergence g, the absorbed power decreases, as the wave
pressure amplitude decays with the submergence. Thus, the converted power decreases. The U-
OWC key feature is the capability of reaching naturally the resonance condition. Such a
condition is relevant for the energy performance of the plant. Indeed, as mentioned previously,
maximum production occurs close to R=1. In this regard, the decreasing patter of A and A, can
be read in the light of the fact that the plant is quite far from resonance. The parametric analysis
on the other parameters revealed that, despite a change in the resonance index, they do not affect
the production coefficient A,. Obviously, this does not apply to the turbine diameter d;, as in this

context the flow rate efficiency curve governs the performance of the system (Curran and Gato
1997).
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Figure. 8.5 —Resonance index R, absorption coefficient A, production coefficient A,, versus
geometric parameters &, b, S°, S, g, S..

8.4 Conclusions

The work presented in this chapter has proposed a parametric analysis focusing on the key
coefficients involved in the design of a U-OWC plant: resonance index, absorption coefficient
and production coefficient. For the purpose, a case study has been investigated: U-OWC in
Alghero. It is seen that R is quite sensible to short variations of the geometrical parameters,

while A and A, are less sensible. Other parameters have been investigated as well. However, it is
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seen that their influence on the energy-wise performance of the plant is not relevant. These
results are expected to be used in future researches pertaining to the optimal design of U-OWCs.
Specifically, given the identified key quantities involved in an optimal design (for instance,
based on the maximization of the production coefficient), an algorithm can be constructed for

optimizing a plant starting from a certain U-OWC configuration.
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Abstract

The thesis deals with advanced analyses of wave data for predictions of severe storms and wave
energy resource estimations, in the Mediterranean Sea and Atlantic and Pacific Oceans. The
correct evaluation of extreme values of significant wave height is one of the most important
topics of scientific interest in maritime engineering because of its relevance for the design of
maritime structures and marine energy devices. The thesis gives an overview of the various
methodologies employed in extreme values analysis of wave height focusing on the “Equivalent
Storm Models” (ESM). Several typologies of wave data are processed, considering time series
of significant wave height and wave direction by applying the ESMs. The study of existing
methodologies in conjunction with the obtained results from the performed analysis has allowed
the development of a new approach belonging to the category of ESM called Equivalent
Exponential Storm (EES) model, whose crucial element relates to the fact that it joins in a single
model the benefits of the previous ones. One of the main contribution given here concerns the
introduction of a directional criterion for classifying sea storms as “directional storm” pertaining
to a directional sector of given characteristics, which is useful in a lot of coastal engineering
applications. Concerning the estimation of wave energy resource, in the thesis a simplified
formula for the calculation of average wave power in deep water is applied for wave energy
mapping of Mediterranean Sea, in conjunction with extreme values mapping, showing how the

coupling of these two data is fundamental at the design stage of a wave energy device.
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