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Summary and keywords

Wave Spectra, Wave Groups, Bound Long Waves, Hilbert Huang Spectra, Surf Beats, Wave
Measurements, Infragravity Waves.

Real coastal waves measured at 4 different locations in the world werlyzathin detail. Long travelled swell
measured in the Pacific coast of Costa Rica, wind swell from the Atlantic coast of Costa Rica, short period wind
waves from the Ebro Delta in Mediterranean coast of Spain, and wagasured during the passing of Heanhe

Wilma near Cancun, Mexico were analyzed. A total of 5795 wave records from the sites above were analyzed.

A statistical stability analysis of the wave data was done. The measured wave height distribution was compared
with the Raleigh distribution. Ehcorresponding significant wave height and period distribution based on the zero
down crossing method was obtained for all the records. The joint individual wave fpegbtl distribution was
obtained and the characteristic statistic wave heights andquer were obtained. The time variation of these
parameters, including the skvnessand kurtosisof the time serieswere obtained todetermine the statistical
stability of the data.

A detailed spectral analysis using the Fourier transfaras done on all tke records. The whole record for each
locationwasrepresented as time variantdguency energy spectrogram. TKeA 3 KSad YSF adzNER NB
for each site wereexamined in detail. The peakedness, band width, grouping, reguigréigtralparameters, ad

the six principal moments of all the wave recerdiere obtained. Thespectra were thencompared tothe
JONSWAP spectrum. Special attenti@staken into the noAlinear components present in the spectra.

Temporal and energetic wave grouping parameteeye analyzed using the run length theory. Low frequency
modulation was examined against grouping observatiofhe capability of the variance spectra based on the
Fourier transform to describe the measured wave grouping was analyzed and confinnoegh the spectral
grouping parameter Ka.

The long wavepresent in the records were analyzeding a low pass filte6Gpectral analysis was carried out on

the filtered time series. The results between the different sites were compared and LoHiggnhs set dow
equation under wave groups was calibrated and validated to predict the long wave spectral significant wave
height, given the wave spectral significant height, the peak spectral period and the watdr defside the
breaker zone.

A spectral analysis umj the Hilbert Huang methodias done tothe most energetic measured events of each
record. A detail comparisorwasdone between the result of the Fourier transform variance spectral analysis and
the Hilbert Huang methodThe limitations of the Fourier badespectra and the new Hilbert Huang transform
spectra were examined in detail.
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1.0 Introduction

Waves arelie most importanipphenomenorthat affectscoastal and marine structureBefore the half of the 20
century he wave recordsvere obtainedthroughvisual observations. The most important parameter determined
gl a GKS GaaAiaayArTAaol yivisdly@iseriédea Sakein 9446 MuakSpRopoRed a prd¢etlure
for the observation and interpretatin of recorded wave data. Nowadays there is widespread use of different
instruments that use thewind wave variance spectrum based on thefast Fourier transformas a standard
description.

It is well documented that waves in the ocean travel in groups.grbaping of ocean waves appears stronger in
narrow banded variance spectrum conditions, as swell records, hence the importance of analyzing long travelled
swell which presents such characteristics. It is also documented that wave grouping affect thiey sthlsiome

marine structures, particularly floating structufesVave grouping is also associated with the modulation of cross
shore wave generated currents, hence with beach morphdlogdave groups have also been associated with a
series of coastal emgeering problems, among them we can mention surf beat and surf zone hydrodynamics,
harbor resonancéand, oscillations of vessels among others.

Even though the importance of these phenomena seems clear, wave grouping or its effects are not always
incorporated into design methods. The main reasons is because with the variance spectra, obtained through the
Fourier transform, (energy spectra), it is difficult to directly account for wave grouping or the associated bound
long waves. In order to account for waagroups a variety of theories and parameters are used to characterize the
wave groups. According to Medina and Hudspeth the main existing analysis methods of wave groups are, the
correlation function by Rye (1982), Markov chains developed by Kimura (8@lop methods SIWEH of(#

by Funke and Mansard (1979), the Run Length theory by Goda (1970) and the three axes by Hudspeth and
Medina (1988). The Hilbert transform has previously been used to analyze deep water wave motuation

wave grouping & well, more recently Veltcheva (2002) has analyzed wave and group transformations using the
new Hilbert Huang Transform Method.

adzyl YR ¢dzO1 SNJ AYRSLISYRSyite& RAZO2OSNBR FIyR NBO2NR
between 25and 106 SO2y Razx GKS& 6SNB RSTAYSR 0@ adzyl Fa &adzNK
agitation problems is a coupled problem with wave grouping. Bowers (1979), analyzed harbor resonance due to
set down under wave groups. When wave groups travel fr@gluce a set down which is called the bound long

wave, creating a trough where the highest waves of the group travel and a crest in the lower waves. This bound
long wave can be freed either by wave breaking, when it encounters steep changes in bathgmigyryvave
diffraction®. Once the bound long wave is free it travels at its own celerity and attains the characteristics of very

'aSRAYI Wowds | dzZREALISGK woded ! dzakB@EX Rd aAF (1 OY IR yBASNA A =2 W
ZIFfESNI L @/ 3 51 ENBYLIES wo!l & a[221Ay3 F2N 23S DNRdzZJIA Ay
P 26SNAS 90/ @ G2 @S 3A2dz2Ay3I YR KI Nb-258J RSaAadyés [/ 2Fadlft 9
‘aStOAfES 2oYD2¥2 PR a RiBrtoRRId Mectanics (198328489506
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long wave with very high reflection coefficients and low dissipation. It is documented that the surge natural
oscillationpe R F2NJ f I NAS &KALJA A& Ofz2asS G2 GKS ft2y3a g+ @S
harbor operations, and in some cases breaking mooring lines. The natural péhatbors is also in the order of

the of the long wave period, this can legéa resonance within the harbor, undesired movement of shil
stopping of harbor operations, with large economic implications and accidents. Small craft harbors also suffer
from agitation and this problem has been previously analyzed for marinas iRabiic Coast of Costa Rich

order to accurate model and design new harbors the characteristics of the long waves, and wave groups, have to
be determined accurately. The associated long wave height and period are then the important design
characterisics which need to be considered and accurately analyzed.

The generation of the long wave due to the wave groups is alinear process known as wawveave interaction.

This wavewave interaction is hardly included in steady state spectral models. In ¢odstudy the resonance
phenomena, Boussinesq type models, which can handle wee interaction, are used. However, the grouping
information of the incoming wave trains must be incorporated within the open offshore boundary, either in its
low frequency emrgy or in the occurrence probability of run lengths.

Currently there are debates whethdhe wind wave variance spectrum, based on theurier Transform, is
enough to characterize the temporal physical behavior of the wave erfeékgyong the basic assurtipns that a
given realization requires iarder to correctly apply a Fourier transformatias that it should be a stochastic
stationary, linearprocess. For a given time history a Fourier transformation represents the signal in a finite
number of timeinvariant harmonic component#n our case, theecorded time historof water surface elevatian
important featuresof the wave recordlike the wavegroupsand bound long wavesre difficult toanalyzedand
characterizewith this method.The energy beatg that the wave groups produdhroughits time historyhave to
be represented in a time averaged energy spectrum obtaittedugh the Fourier transformThere have been
methods proposed to analyze the wave groups, among them the SmastantaneousWawe History, SIWEH,
proposed by Funke and Mansagi®80), or therun length theory by God#1983. More recently Huang1998),
proposed a new methodology, the Hilbert Huang Transform, HHT, which psoditailed energy, frequency,
temporal representation é the wave record. The purpose of this work is to analyze the spettteawave
groupingand long wave characteristicg the wind wave spectrum using thEourier transform and Run Length
theoryand compare gresultswith the Hilbert Huang transform

Thework has been carried out usirsgveralwave measuremensets in different sites around the world of very

wave conditions in coastal water§he firstwave data sehas beenobtainedin an exposed site off th@acific

coast of Costa Rica. These wave meaisientshave been carried for the government of Costa Rica in order to
provide a calibratiorior an operational wave forecasting systeithe wave measurements have been caroed
intermittently since 2008 untipresent; however they are only activated vithy G KSNB | NB daid2 N,

°/ 2EXT WO/ @ YR 285342y ad+ds dal yALdz FGAy3a 1 ND2NI DS2YSGNR
®[ A dzZ tstkhezkind ivave fiequency spectrum outdage@cean Egineering 27 (2000) 52588
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forecasted. Recently the wave measurements have been carried out continutushe present studywo sets
of representative long swell measurements will be analyZdtk first campaign consists approximately one
month of wave measurementgarried out from August to October 2018nd the second campaign was of
continuousmeasured datdrom the 12" and ended the 19 of November201Q The continuous wave record has
been divided intdime series of 1024 seconds of duratio

The second data set consists 1 daysof wave measurements from Ebro Delta located in the Catalan Coast.
These wave measurements were carrimet from the ' to the 10" of November 1996 as part of the EbBelta

96 campaignThe third data set consed of 1 month of wave measurements on the Atlantic coast of Costa Rica
carried out in December 2010. All of the abowave measurements were carried out using a submersible
pressure sensor.

The last data set that was analyzed consiste® afaysof wave measurements off Cancun in Mexico, during
October 1995 when hurricane Wilma struck the codsk S Y SI adz2NBYSy i 201 GA2y 61 &
storm. In this case the measurements were carried out uaimgcoustic AWAC profiler.
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2.0 Orientat ion

2.1 Problem Definition

Wave grouping, the tendency of waves to appear in groups, and long wave phenomenon are considered to be
veryimportant in coastal engineeringnd ocean engineeringeveral studies relate coastal engineeringbtems

with thesetwo phenomenaMedina and Hudspetk1990) did a review of the analyses of ocean wave groups. In
their review they summarized the coastal phenomena and engineering problems related to wave grQapirey.

of the coastal, port and oceamngineering problems #t have been associated with teephenomena are

0 Harbor resonancestudied by Tucker 1950;Bowers 1977, Rye 1982 and Bruun1985.

o Damage and capsizing of shigsudied by Ewing 1973 and Godal976.

o Forces on moorindgines andOscillation and Positiorof Vesselsstudied by Hsu andBlenkarn,
1970;Johnson et al 1978Kimurg 1980 Rye 1982 Sand 1982 Bruun 1985 Mase and Ilwagaki
1986 Bowers 1988.

o Design of Marine Structure®Burchart 1979 Sand 1982 LonguetHiggins 1984

0 Runup Overtopping;Johnson, 1978Kimurg 1980;Rye 1982;Bruun 1985;Mase and Iwagaki
1986.

o Surf beat, Set up and Set down, and Smohe dynamicsMunk, 1946;Tucker 1950;Bowers
1977;Rye 1982;Sand 1982;Mase and lwagakiLl986;Battjes 1988 and Bowers1988.

o Desgn wave uncertainties Medina and Hudspeth 1987

0 Rubble mound stability,Johnson 1978; Rye 1982; Burchart 1979; Bruun 1985; Mase and
Iwagakj 1986;Van der Meer andilarcysk1984.

Burchart (198) showed that wave groups produced a jump in wave heighich affects wave ruup and run
down, furthermore the stability of dolos armour layers were also affected by wave steepness and wavé. fteriod
is clear that wave grouping angbund long wave phenomena are of sum importanioecoastal and ocean
engineering problems

The importanceof wave grouping and long wavyghenomenon isclear from the previous list~or the harbor
resonance problem it is well documented that the excitation penbthrge vesselis of several minutes, far from
wind wave periodsThis excitation occurs frofong periodwater fluctuations outside the harbaelated to the

wave groupd In order to accurately model, and design a harbor against resonance the external excitation, the
main boundary condition of any model, should be witbumented and understood. Hence the study of these
phenomena with the new available tqahe Hilbert Huang Transformay bepart of the solution to this problem.

8 Burcharth, H.F., 197@The effect of wave grouping on @ore structureé. Coastal Eng.,2: 18299.
BowersEl @ &1 | NB 2 NJ NB R2wlyy @S yrSdz8 K. Siuid®Ech. A8 )dxolar9, part 1, pp-92
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Spectral modelsbased on the Fourier transfornmave limited capacity to model tlee phenamena due to the
fact that a wave spectra obtaineithrough a Fourier transform losses all information related to wave phasing,
hence the variation of wave energy in a time history due to phenomena as wave grogpsbe lost Fourier
spectracannothandlenonlinearwaves;hence bound long waves are not accurately represented.

There are several methodologies to analyze a time dependant siyMalelet type analysis has been
incorporated to take into account the variation in time history of #rergy;howeve the most commonly used
the Morlet wavelet analysis uses Fourier transform and is unable to analyze nonlinear*\Wdwves recently
Huang 1998, proposed a new method, the Hilbert Huang Transform

The Hilbert transformis based on a empirical decompositiorof the main modes within the time history,
empirical mode decomposition. The individual characteristic oscillations are obtt#inmagh the decomposition

of the time historysignal;this process is defined in the method as empirical mode decompositibighwis
obtained assuming that the signal is composed of different intrinsic mode functions, where each intrinsic mode
function represents membedded characteristioscillatiors. Moments and marginals are easily defined with the
Hilbert Spectrum H(w,tand they can provide information like amplitude modulation and range of instantaneous
frequencies.

The application of the Hilbert Huang Transforfiduang N. 1998 is a recent development and it can provide
further understanding ofjrouping and long wavehgnomena in nodinear non stationary seaghe measured
long travelled sweltan contain important wave grouping and néimear effects’the Hilbert Huang transform
should provide an in depth insight into this phenomena.

The understanding and comprehensiof the wave grouping and long wave nonlinear complex phenomena using
the new developed Hilbert Huang transform method can prowadeew view of the non stationary non linear
spectral characteristics of these phenomena. Wawe modulation don¢hroughgrouping and its associated long
wave phenomena is responsible for a large variety of coastal engineering problems, from harbor agitation to
sediment transport, and the insight that the new HHT method provides on these phenomena is crucial de provi

a new Vew of wave spectrum and development of new analysis tools.
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2.2 Objectives

The general purpose of this work is tmadyzethe spectra, wave grouping and long wave phenomenon of
different measured wave conditions

Specifically:

0 Analyze thestatistics of the wave measurements

0 Describe the swell source and storm characteristicthe different measurements.

0 Obtain the Spectra and spectral characteristics of the wave measurements using the fast Fourier
transform.

0 Analyze the wave grouping phenomesiang therun lengththeory and compare it with the
obtained spectratharacteristics.

0 Analyze the bound long wave characteristics of the reedtd the Fourier tansform using a low
pass filter on the data.

0 Obtainthe Hilbert Spectrumthroughthe Hilbert Huangransform methodand compare the
results with the variancepgctrum obtained using the fastourier tansform

o0 Determine spectral characteristics that accurately describe the wave grauping

o Determine the long wave energy present in the different sea statesobtain a equation to
include this energy based on sea state parameters.

2.3 Scope of the Work

The present work is based on the diuof several wave measurements available from 4 completely different
locations. The first data sets analyzed consistethode wave measurement campaigns off the Pacific coast of
Costa Rica, the first campaign consistsapproximately one month of wave measuremertarried out from
August to October 2010, the secondmpaignwas ofcontinuousmeasured datastarted the 13" and ended the
19", of November, the thircdcampaign wasf continuousmeasurements carriedut from the 24" of November to

the 3% of December all in 2010.

The second data set consists 1 daysof wave measurements frorkbro Deltalocated in the CatalaCoast
These wave measurements were carrigat from the ' to the 10" of November 1996 as part of the Ebro 96
campaign.

The third data set consisted of 1 month @fntinuouswave measurements on the Atlantic coast of Costa Rica
carried out in Decembe010. All of the above measurements were carried out using a submersible pressure
Sensor.
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The last data set that was analyzed consisted of 1 month of wave measurements off Cancun in Mexico, during
October 1995 when huicane Wilma struck the coast.

First he source of the measured storms will be determined using the global WavewatebddQ dindcastfrom
NOAAfor the long travelled swell measurements off the coast of the Pacific Coast of CostalRicavave
measurements will be compareglalitatively with the hindcasts from the modébr the long travelled swell

Adetailed analysisf the wave measurements will lione to the whole record identifying energetic wave events
and calm conditiong~orthe whole recorda statistical stabilityanalysisof the wave data will belone comparing

the wave height measured distribution to the Raleigh distribution. The corresponding significant wave height and
period distribution will be obtainedThe joint individual wave heigigeriod distribution will be obtaine@nd the
characteristic statistic wave heights and periods will be obtairiBte time variation of these parameters,
including the skwness of the time histories will be used to determine the statistical stability of the data.

Adetailed pectral analysis sing the Fourier transform willdodoneon all the records. The whole record for each
location will be represented as time variant frequency energy spectrogramfiie highestY S| & dzZNBS R NXB Oz
spectra will be plotted and examined in detdihe peakednss band width grouping, regularity parameterand

six principal momentsof all the wave record obtained The spectra will be compared tdONSWARBpectrum.

Special attention will be taken into the ndimear components present in the spectra. The skewgnasdwave
asymmetry will be calculatedurther details are given in the methodology.

Temporal and energetic wave grouping parameters will be analysad) the run length theoryLow frequency
modulation will be examined against grouping observation.

Thelong waves will be analyzed using a low pass filter. The results will be compared with the results from the
Hilbert spectra and the Fourier Spectra.

A spectral analysis using the Hilbert Huang method will be donthe most energetic measuregventsof each

record The detail comparison will be done between the result of the Fourier transform variance spectral analysis
and the Hilbert Huang method. Instantaneous time windows will used to compare the marginal frequency Hilbert
spectrum with the Fourier Sgtrum.

The following will not be included in the present study:

Validation or Calibration of the hindcast information wilk @ done.

Wave modeling to the measuring siteill not be done.

Wavelet Analysis.

Nortlinear Fourier Transforms.

Spectral or Bossinesq or other wave propagation models will not used to analyze the
information or harbor resonance.

9 Directional Analysis.
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2.4 Methodology

The methodology used to analyze the wawérmation is divided irb main stepswhich are explained below

Each proposd step is contained in the work, in maingsurbchapters. Figure 1 represerggieneralized flow chart

for the analysis of the wave records. Given the different types of the wave record analyzed, long travelled swell or
shorter period storm conditions, thBow chart has been generalizetihe parameters presented to describe the
methodology used are only briefly introduced. Their complete physical and mathematical description is presented
in the Technology State of the Art Chapter.

The analysis of the wawdata was done usinVES,Wave Ensemble Analystoftware, developed by Mauricio
Wesson during the present thesis work based on WAFO, Wave Analysis for Fatigue and Oceanography developed
by Lund University of Mathematics and the Norwegian University fi@n8e and TechnologWAFO is a toolbox

of Matlab®routines for statistical analysis and simulation of random waves and random. [d#gSS uses several
commands of WAFO to analyze large wave data sets. WESS is composed of 5 modules; Basic Statistics based
the zero down crossing of each time series, Spectral Analysis using the fast Fourier Transform, Wave Grouping
Analysis based on the correlation coefficient between successive waves and the Run Length Theory, Long Wave
Spectral Analysis using a low péisr and module to obtain the Hilbert Huang spectrum, includitegmarginal

The results for each module are presentedfigures with all the necessary information within them. The
theoreticaldetails of each module are presenteddhapter 2.5, Statef the Art of the Spectral, Wave Grouping

and Long Wave Analysishe Hilbert Huang Transformaksoincorporated in the softwaras is a new non linear
methodology to obtain wave surface elevation from pressure measurements within WESS.
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IComparison of Long Wawve Results

Figurel: Flow Chart oMethodology Used

2.4.1 Statistical Analysis of the records based on the zero down -crossing method

Using the zeradlown crossingthe statistical wave height valu€dnax Huio Hus, Hms @and the correspondingly
wave periodsTys, Tiio and Thean(definitions of these parameters in chapt2r section2.5.1) temporal variation
will be obtained forall the time series available in the wave recofll of these parameters aredefined by the
International Association of HydrauResearch permanent congress.

The marginal distribution of individual wave heights will be calculated and checked agdhesttheoretical
Rayleigh distribution for wave height$he temporal variation of the ratios between the characteristic wave
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heights wil be used to determine the temporal changes in the fit of the Rayleigh distribution for all the wave
records.Forthe wave periods thanarginaldistribution will obtained and the correlation between the measured
characteristics periods will be obtainethen the joint individual wave height and wave period will be obtained
for the record, identifying the periods of the individuaghest waves.

The ratio of the highest measured wave to the significant wave height obtained with the zero down crossing will
also be examined in detail. The data will be checked against spurious wave information.

The skewness and asymmetry of the time series will be analyzed.

2.4.2 Calculation and Analysis of Fast Fourier Transform Spectra

A spectral analysis based on the fast Fauniansform will be carried out oall the times series for each wave
record analyzed. This information will be used to develop a spectrogram which depicts the temporal energy
variation of the whole recordhrough the wave measurements. This informationlivwde used to obtain the
different storm events, and the general characteristics of these storms, including the temporal variation of the
peak period, the frequency distribution of the energy within the storms, and the presence of low frequency
energy. Thespectrogram will provide the finger print of the different sea states analyzed in the present work.

Thetemporal variation of the spectral significant wave height, obtained fromfits¢ moment willbe obtained

and compared against previously calculatgdve heights obtained usinghe zeredown crossing methadThe
temporal variation of the spectral periodg.y,, and T Will also be obtained and compared with the periods
obtained with the zero down crossing methotihe ratio between the spectral sidicant and significant wave
height will be examined for the different wave records. The ratios between the spectral and statistical periods will
also be examined.

A detail analysis will be done on the five highest spectra of the most energetic waveiaosidif each wave
record. The spectral moments, and peak frequencies will be obtained. The highest wave spectruoes will
compared with the JONSWAP spectrum, determining the fit to this parametric representation and the peakdness
enhancement parameter ding these energetic condition€gEven though TMA spectra is a more accurate
representation of the depth limited wave conditions, and Ochi Hubble spectra is more accurate to represent
bimodal wave conditions the JONSWAP spectra was used given its extgudication in coastal engineering

and for comparison purposes of previous research done with it

The temporal variation of the spectral characteristics will be examined for the whole record. The temporal
variation of the peakdness parameter, the spectrahtiwidth, the spectral broadness, the spectral groupiness
and the narrowness parameter will be obtained. The temporal variation of these parameters will be compared
with the obtained spectrogram to determine if they actually depict the observed spectrahges. The
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parameters that actually can depict these changes of the spectral shapes will be used to determine their ability to
predict real wave groupiness and infyeavity wave content.

2.4.3 Analysis of Wave Groups

The wave grouping characteristics of &léttime series of the different wave records will be analyzed. First the
correlation coefficient between successive waves, for a lag number of waves from 1 to 4 will be obtained for the
whole record, with its standard deviation. Then the temporal variabbthe correlation coefficient between two
successive wave heights will be obtained. The temporal variation of this parameter will be first compared
gualitatively with the spectral parameters to determine if any of them can be correlated with this pagamet

Then the occurrence and exceedance probability for run length of waves above two threshold values will be
obtained from the wave records. These run lengths will based upon the zero down crossing method for the
definition of the individual waves. Thareshold value that will be used will be the mean wave height and the
A0F0AAGAOFE AAIYAFAOIY(H o6 @3S KSAIKGDP ¢KS 200dzNNBy OS
(1980) theory and this will be done for all the time series in the wavdadblaiwave records.

The mean run lengths for rusf wavesabove the two previously defined wave threshold values will be obtained
for each wave record. The temporal variation of these parameters will then be obtained and compared with the
correlation coeficient between two successive wave heights and the previously obtained spectral parardeters.
detail descrption of the group lengththeory can be found irsection 2.5.3.

2.4.4 Long Wave Analysis

All the time series from the different wave records will be gnat for the presence of infrgravity wave energy

within them. A low pass filter will be used to analyze the presence of long waves in the separated r@t¢mrds.
spectra of thdow frequencywaves will beobtained using the Fast Fourier transforihe lorg wave spectra will

also be obtained from the short wave Fourier coefficietitough the transfer function proposed by Hansen,
1978 and procedure developed by Sand 1982. The result will be compared to determinadbataof free long

wave energy preserih the records by defining the long wave spectral height based on thé' zeament of the

long wave spectra. The peak frequency of the long wave spectra will also be used to determine the peak period
associated with the obtained long wavEhe resolutionpr degrees of freedom, used to calculate the spectra will

be varied to prevent infinite periods.

3

NTNU 3 ) NIVERSITAT PO CNICA UNIVERSITY OF P

B Norwegian University of TaJL Delft I “' [_ CALUNYA S Southampton 2" CITY UNIVERSITY
Science and Technology BT R School of Givil Engineering A /. LONDON

and the Environment

24



- a _0UlviLClvl

Education and Culture DG

The long wave spectra will also be studied using the wave grouping informaékieriong wave characteristics will
be compared with thenean runlengths?.

The obtained long wave characteristics will be compared with intrinsic mode functions of the record, obtaining
the respective spectra of representative parts of the record to evaluate the Hilbert Huang transform ability to
detect the long waves in the recard

2.4.5 Calculation and Analysis of Hilbert Huang Transform Spectra

The Hilbert Huang Transform is a relatively new methodology to obtain the energy, frequency and time
distribution of a signal.

For the most energetic wave conditions, obtained with tfest Fouier Transform the intrinsic mode functions

will be obtainedbased on the empirical mode decomposition meth&econdly the Hilbert transform will be
applied. The amplitude, phase and instantaneous frequency are then calculated. The original data dxapsesse
the real part of the complex expansion considered a generalized form of the Fourier expansion, designated as
Hilbert energy spectrum m(t).

The calculated Hilbert spectrum is then plotted with its respective time series using the instantaneous. energy
These plots are then examined for netationary behavior in the time series.

The marginal spectrum, integrating over the time period, is then calculated and compared with the corresponding
previously calculated spectra using the fast Fourier Transform.
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2.5 State of the Art of the Spectral, Wave Grouping and Long Wave Analysis

Thischapter provides a brief theoretical explanation of all the parameters and methods used for the analysis of
the wave records, from the basic statics of the mean wavghtdbd the spectral analysis are introduced.

2.5.1 Statistical Analysis of a Wave Record based on zero -down crossing

The analysis of wave characteristics based on water surface elevations are referred in literature as short term
statistics.In short wave statitics the wave height and wave period are considered stochastic variabthesbasis

of this analysis is the zero crossings of the surface water elevation to a mean water level. The definition of a wave
in a record is down by counting either two conseeatdown crossings or ugrossingsFigure2 shows a typical

water surface elevation recondith three waves defined by the zedown crossing method marked with arrows.

The basic information contained are the differences in elevation from the lowest amglito the highest
amplitude before another zero down crossing, this defines the wave heights, Hi and the time between successive
zero down crossings defines the period of each wavdt T8. clear that the number of waves on a record will
depend on the reorded time and the corresponding periods of each wadvés recommended to have at least

one hundred waves in a record.

\\/ vt

At

™ 12 T3

Figure2: Zero down crossing method to define the wave heights and periods.
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A series of statistics are deed from such a record on the wave heights and the wave period. The most used ones
are defined below:

Highest WaveCorrespond to the wave with the highest height.Hn the record. Its height and period
are reported as the highest wavie, our case H&om figure2.

Highest onetenth wave The totalnumbers of waves, Hi with Ti, amrdered from the highest wave
height to lowest. The average of the first tenth of the waves is reported gsaid To.

Significant Wave Heighffrom the same descemndj ordered wavesusing their wave height, the average
of the highest one third is obtained and is defined as significant wave hejghthRd significant wave period 4.
This wave height and period is usually reported as the sea condition.

Mean Wave This represents the mean of the measured wave heights and the wave periods respectively
and it is representedsHmea 'O and Tz.

Root Mean Square wavieeight This wave height has been argutrepresents more accurately the
energy in the wave fidl It is represented as.k, and it is defined by equatich

O ai + (@]
0

B. (1)

The previously defined values are obtained for each measured time series of the ensemble of measured waves,
the obtained results of these characistic wave values. The obtained results of such an analysis using the
developed software are shown in figuBe

The surface water elevation follows a Gaussian distribution argdwell documented that the wave heights in
sufficiently long record follova probabilistic distributionThis distribution is known as thRayleigh distribution
after Lord Rayleigh used it to describe sounds emitted from an infinite number of sources in"tteeriry.
LonguetHiggins proposed to use this distribution for delsing individual wave heights and it is given in
eguation2.
. S —
Eq.(2)

The Rayleigh cumulative distribution is given in equation 3. A comparison between the measured and theoretical
Rayleigh distribtion is shown in figurd andthe cumulative distribution is shown in figuke
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Figure3: Wave Statistic Characteristics Obtained with WES

Using the Rayleigh distributiahe theoretical relation between the representative wave heights defined above,
assuming the same number of waves in the record, can be obtainese fiddations are defined in equatiod.

'Oy p&® fOh Oy (8t O
Eo. (4)
The maximum wave heightcannotbe theoretically defined unless the number of waves in the record is given

Computations show that the highest expected wave out of record composed of N waves can be found by the
following expression:

00 of b X
[ ~ a
¢ D
Ea. (5)
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Goda(1983, comparedwave recordghat exhibit a small departure to the Rayleigh distribution, this departure is
relative to the frequency spectrum of the recofthis same departure was observed in the analyzed data.

Comparison of Theoretical and Measured Wawe Height Distribution
169 Records, 15202 Waves
1.4 — T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T

Kernel Smoathed Measured |]
12r PRIE ——-Rayleigh Distributian ]
1L ./' i\ — Measured 1

Probahility Density of
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Dim.Less YWave Height
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Figue 4: Rayleigh wave height distributiocompared with measured wave height distribution obtained with WES

Comparison of Theoretical and Measured
Cumulative YWave Height Distribution
169 Records, 15202 Waves
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Figure5: Rayleigh cumulative wave height distributiooompared to measured distribution obtainedith WES

The joint distribution of individual wave heights and periods is usually reported. This distribution helps in
determining at which wave periodbe highest waves occur. dimensionlesgoint individual wave height period
distribution is shown ifigure 6 for a bimodal distributed sea state
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Figure6: Joint Individual Wave HeigHPeriod Distributionobtained with WES

2.5.2 Spectral Analysis

2.5.2.1 Spectral analysis based on the Fourier transform

The Fourier Transform

Given the facthat ocean waves appear as random phenomena, with different elevations and periods in a given
gl @S FASER Al YI{1Sa AG OSNEB KFENR (2 2yfte OKI Nd Ol SN
previous chapterin order to provide a more agrate description thdinear wave theory,is used to model the

sea axomposed of a finite sum of randolinear wavesas depicted in equatio6 for the one dimensional case

a given location

-0 (1)/5\|—|O(‘) %o

E. (6)

Where a is the amplitude w is the angular frequency anidis the phase defined as lmear wave theonasa
randomvariable in between 0 andp2 For convenience quation 6 can also be expressed astime series X(t)
Equations 6 and 7 are the same and represea Fourier expansion.
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Eq.(7)

The spectrum of a wave record is obtaingmlough the decomposition of thdrregular water surface elevation
signal into a series of sinusoidal components each with its adsdcfrequency and elevatiorAfter the
decompositionof the original signakach componenwill have an associated unique frequency and amplitude.
This analysiss very powerfulsinceit shows in a condensed way the amount of energy present in the afigin
signal perexistingfrequency (period) in the wave recordThis analysis isne of the most important andf
common use in coastal engineering ancean engineering as many otherscientificfields. The spectrunsw)

can bedefinedfrom equation 8, however to give a clearer picture equati8mepresents it athe summation of

the amplitude squared over a range of angular frequency and its units are typical meters squared times second,
m**s. The spectrum representfie amount of energy present in a given sea state per frequency bin.

Y Q) Zé
Eq. (8)

The decompositionof the realizations of a stationary procesa time series,into a series of sinusoidal
components can only be done ifaghtime seriesdies out in time, given that the variance time histories of
measured waves is constant and they do not die out, the decomposition can only be using the
autocovariance function of the process, given that this functithe autocovariane, approaches to zero as time
increases..

The variance spectrumf astationary process X(t) withutocovariance ) with the properties described above
is then defined by the Fourier transform in equati@én

vi 2 & to of
ne“

9. (9)

G.H. Hardy showed in 1933 th#étte autocovarianceG{t) and the variance spectruns(w)define the Fourier
transform™ with equation10.

6 T — P Y1 Q Q
Mc‘l
Eg. (10)
Bpol @ | FNRes d! ¢KS2NBY /[J2Lgrdch NGt $od . SCIDIBNERIE NI ¢ NI yaF2NXVaé o
TN ] i A et UNIVERSITY OF 4
B ::(Illl\\x!g‘gian University of TU Delft I ‘ I_ 3 ’ bl o SOUthampton :@ﬁ: CITY UNIVERSITY
Science and Technology m School of Civil Engineering 2\ /.. LONDON

and the Environment

31



ok .

Education and Culture DG - \_, \ 4 l V l J_J .1_ V .L

Equatiors 9 and10are known & the WienetKhintchine relations after their originators.

The factorm—_ is often only shown ithe variance spctrum $w) as—, which does not make a difference in the

calculation however when calculating the variance spectra one should be clear where this factor is.

Different literature definesthe quantity §(w) with different names, energy spectrum, espral density, power
ALISOGNIHzYE SGOX ¢KS yI dpéetrumha® Begn cKoSeNBEr NaeksS00D tedddhrheyidati®n
sincethe variance is defined as autocovariance evaluatetd-at

s 0 m Y1 A
Bg. (12)

It is then clear, from equatioB, that the spectrum represents variance ottlhhmplitudes in the wave record per
frequency range.

For the present engineeringnalysis of data the one sided variance spectrum, def&d 1 YT h
11, in thefrequency domain fin Hertza¥ "Q ¢*"Y 1 will be used.

The spectrum of a measured time series is obtained by carrying out a harmonic analysis of the water surface
profile h(t), and finding the Fourier coefficients of a finite Fourienes defined in equabn 11, A, and B shown
in equatiors 13 and 4.

I3

. 0 ¢ . o+, G E LG E 071 ~, .,
-0 — 0O WE+HL—O 011 Qe—0 —we D"
0 0 C
Eq.(12)
. G + Q&
(0] - —0 WeE+H—O
0 0
Eq.(13)
“ g
0 S -0 i "Qe,—c‘ 0
0 0
Eq.(14)

This process is done by the software routprevided byWAFQ dat2spec using a Parzen window as smoothing
function. Avariancespectrum with itsassociatedime series is shown in figuie
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Figure7: Variance pectrumfor a giventime series

Spectral Valueslerived from the Variance Spectra

One of the main advantages that the spectral analysis, done withfakeFourier transform, Bs over other
existing methodologies is thatsdda ONA LJG A @S ljdzt yGAGASA 2F GKS aasSlk adal
spectra. The spectral shape is very important in engineering applications, wave group formation is more
pronounced in narrowsharply peaked spectrum, when the spectrum is used for calculating response spectra
given transfer functions the shape of the spectra may under estimate the forces of oscillating structures tuned to
peak frequency conditiort§

TheSpectral Momentare someof these quantities. The spectral moments are defined by equattgrial k=2,
1,0,1,2,3, and 4.

a "QYQQQ

Eq.(15)

Since the spectral moment gwrepresents the variance of the water surface elevation & , given the
definition of the spectrum, equatio®, it can be related to the significant wave height as:

0 © T a

Eq.(16)

YwesSs | SYNAROl a¢KS {dGloAftAidGe 2F a2YS OdaNNBWGf & dzaSR sl 98
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The mean wave period; ih angular frequencgr Ty.2in Hertzis also obtained from the spectral moments as:

<
==
=

<

N
Q~| Q~|

Eq.(17)

Furthermorethe peak spectral period, Tfs defined as the inverse of the frequency where the highest energy is
found. When a spectra is obtained from real waves it is common to obtain several spectral peaks. These peaks
can be related to different sea state conditions occurring at the same, térg. short wind waves and swell at the
same time, hence two peaks are obtained. In the present work the highest energy peak is reported with the
lowest and highest frequency peak found.

More recently in the design of coastal structures, given thmortanceof the lower frequency energy has in the
shallow water the period Tm@l has been defined as in eaion 18, with the argument that itis better
descriptor than the mean or peak spectral perivd

Eg. (18)

The parametes mention above, the first moment wave heightithe peak spectral period Tp, the mean wave
period T2, and the energetic period§; in combination with the maximum wave height are typically used to
characterize the spectral characteristics of the emsble of wave time series measurements, such a
representation is given in figure 8 from the developed softwareS8/VE

Given thefact that the spectra does contain much more informat®drfF (i KS & sewtapagamdtets Bave

been defined to characterizéa KS a G @ LJS¢ 2F aLISOGNI dieStyalnglth pakabetarsdnlS 2 F
and the spectral peakedness,Q These parameterare givenby equatons 19, 20 and 21 respectively These
parameters can be used to compare the statistical theories eaf waves with the analyzed dafa These
parameters are also useful as a descriptive tool of other wave phenomena as grouping or bound long presence in
the field.

Since the Rayleigh distribution is intended to be applied to nafremded spectra Cartwrighand Longuet
Higginns introduced the index of spectral bandwidtthown in equatia 18. The closeeto 0 the narrower the
spectra, while it can be considered white noise if it is equal to 1.

P+ SNKIF3Sysx +Fy+f SRRSNE 9&flYA!I N} 63 a&! tw!/¢L/![ a9&1 h5 Clt
Delft Technical University, 2008.
®God ¥ , 2aAKAYAS GBBYBYZYAYSBANRVRYS {(GNHZOGAINB&ES Hnnno
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Y a
p ~ P 5 &
E. (19)
Cormparison of Wave Characteristics with Spectrum
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Figure8: Sectral Characteristics obtained from WES

LonguetHiggins also introduced the parameterto characterize the narrowness of the spectral bandwidth
defined in equéon 19.

Eq.(20)

Goda 1970 proposed the parameter Qp, showeduaion21> 2 RSAONA OGS GKS a LIS {1 SRY
Qp takes values of 5 to 8 for long travelled swell and 2 to 3 for wind waves. This parameter can be related to the
groupiness of the wave conditions measurddhe spectral peakdness paramet&®p, takes the value of 1 for
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white noise, the value of 2 for the PerstMoskowitz spectra, the value of 3.13 for a JONSWAP spectrungwith
equal to 3 and 5.57 for a JONSWAP spectra wegtual to 10.

,i QY "QQQ
a

(et}

Eq.(21)

According to Rye (1980)p is the only parameter whick not dependant on the higirequency cwoff choice,
and it distinguishes very wethe peak sharpness. Rye recommenasplying Q, rather than e, or n when
characterizinga spectruml’. He showed that these other parameters including; Bnd T, are unstable to the
cut off frequency used to evaluate them. The cut off frequency referthéohighest frguency used in the
calculations, which in the case of waves measured with a pressusersare going to be related to the depth of
the pressure sensor.

Rice(1944) had proposedhe parameter alpha, a, which is coupled to the narrownes$efspectrum?.

p a
¢ a
|£a_
¢ a
Eqg. (2)

Alpha is equal to the expected number of mean lewplcrossingger time unit divided by number of local
maxima per time unit, alpha is the number of maxima per wave, the smaller alphadhe irregular is the sea
a0l G668 AF KAIK FTNBljdzSyOe O2YLRySyida NS LINBaSyis ¢

The wave groupiness has also been related to the spectrunk, lddtemptsto measure to what extent high local
extremes come in gups. It is related to the envelope behavidr

II,i
a

Y Q Q)

Eq. (B)

YweST I SYNAR1Z G¢KS adloAatAaite 2F a2YS OdNNBy3bhf e dzaSR 61 &S
'8 cartwright & LongueHiggins: The statistical distribution of theaxmum of a andom function (Procd¥al Soc of London,

Ser A) vol 23'hp 212232, 1956

19 professor Georg Lindgrezmail personal @ammunication, Lund University of Mathematics, Swe@8a0.

“Tucker, M.J.: Recommended standard for wave data sampling andeséime processing. Ocean Engineering, vol 20, pp
459474, 1993
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Mathematicallyk is equal to the ratid r(TmO02|/r(0), k is the correlation between two values in the wave progess
taken at a time Tz apart. If Ke.rear oneit means that a very high pedilas a tendency to be followed by a very
low value after a time lag Tz, (usually r(Tz)Jx@he North Sep and another high value aftenother time lag Tz.
The low alue may be a local minimum and the high valueaal maximum, they do not be to be exactly local
minima or maxim&.

The above parameters are calculated for the time series wave ensemble 8 Wglg the function spec2char of
WAFO. An example output of such calculation is shown in figure 9.

Measured Spectral Characteristics 1
17-Mow-2010

Peakedness factar

Spectral Marrowness(g)
Spectral Broadnessiy)

Irreqularity factor(z)
Groupiness (Ka)

17 (14) 17 (150 18 (00) 18 (04) 18 (0 18 (14) 18 (150 19 (00) 19 (04) 19 (05
time (day (hour))

Figure9: Temporal Spectral Derived Parameters obtained from WES

Eventhough with the above spectral parameteidescription a true representation of the energy distribution
during the whole measurement period, the ensemble of spectra, givestter picture of content of wave energy
per frequency varying in timeSnodgrass Groves Hasselmann Miller, Munk and Powers used such

representations to study the propagation of swell across the p&tifiduring their study in 1966 they analyzed

2L32NI weOKEAlSE aAlS [AYEZ DS2NH [AYRINBY:S ¢ aiGhbshidads.| a SR
Probabilistic Engineering Mechanics, vol 10, pp-103, 1995.

2E E. SNQOEBERASS, G. W. GROVES,, K. F. HASSEGVIRNMJLLER, W. H. MUNK AND W. H. POWAEBBagation of

Ocean Swell across the PagéifiBhilosophical Transactions of the Royal Society of London. Series A, Mathematical and
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wave measurementsn New Zeeland, Samoa, Palmyra, Hawaii and Alaska. Using the spectral time variation of
measured eventshey recognizedhat waves lose their energy primarily in the generation zone, were as during
their travel across the pacific the atteation was lower, they also observed a background spectra in the whole
Pacific.

The temporal spectral variation is obtained with the developed softwaréSSMising the dat2spec function of
WAFO, figures 10 and 11 show the output obtained.

Measured Spectral Density
12-Mov-2010 19:43:43

to 5
19-Nov-2010 14:42:55 -S(f) [m” 5]

time (day (hour))
Figurel0: 3D Temporalspectrogram (pectral energyfrequencytime) variation obtainedwith WES

Measured Spectral Density
12-Nov-2010 19:43:43
to
18-Nov-2010 14:42:55

o

0175

0.15

e
N
3]

o
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N W = O N W @

a
Nov 12 Nov 15 Nov 17
time (day (hour))

Figurell: Temporal Spectral Variation obtained from WES

Physical Sciences, Vol. 259, No. 1\&y 5, 1966), pp. 43497
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Wave SpectralFormulations

Another of the main advantages of tielLJSOG NI t |y feaaa 2F | ¢l @S NBO2NR
alilriasSa¢ KF-@gS 0SSy Fyltel SR FyR FAGGSR G2 TFdzyOlAazya
parameters as it might be wind speed, significant wave heagklt peak spectral period, or to storm development
stage, meaning wave conditions within the generation zone, fully developed seas or swell condifiens.
parametric representation of a given sea state are currently used to carry out physical and nlimededing, in

some cases without in depth thought of their physical meaning and background.

Many different types okpectral functions have been proposed and are available in the literatGnee ofthe
most commonly usednd oldestis the PiersorMoskowiz spectrum. Even though the original proposed spectrum
was based on wind parametéfsthe Piersorvioskowitz spectrum has been modified in order to be a function of
the significant wave height and peak spectral frequency, the commonly used form of tloisuspas given by
equation 4.

1) _
YQ —"0 "QQ
p

Eq. (24)

The Joint North Sea Wave Program spectrum was later proposed based on the Rlesdawitz spectrum by
Hasselman 1973, after analyzing series of data collected in the Nortfil$&spectrum proposed incorporates an
enhancement factogfor wavewave interaction over long distances and further development of the spedftum
The JONSWAP spectrum is given in equatoand it is shown compared to the PierstMoskowitz spectrum in
figure3.

Yo Y o
E. (25)

Where $y refers to the PiersoiMoskowitz spectrumg is enhancement parameteis=0.09 for f>fp.In the

present work the JONSWARIll be used as a comparison tool withe spectra obtainedrom the analyzed

measurementsgiven its wide application in coastal engineering and for comparison purposes with previous
research.

%% pierson, Willard J., Jr. and Moskowitz, Lionel A. Proposed Spectral Form for Fully Developed Wind Seas Based on the
Similarity Theory of S. A. Kitaigorodskiiurnal of Geophysical Researebl.69,p.51815190, 1964

4 Hassahann,Measurements of winavave growth and swell decay during the joint North Sea wave project (JONSWAP).
1973.
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The enhancement parameter was found to have values up to 7 when the JONSWAP spectra was developed,
however this spectra have been used to fit long travelled swell data, with a good fit of the data Goda (1981), and
agenhancement parameter of 9 and higher was report&ilzen the fact that this parameter has been previously

used to characterize measured waves of long travelled sthell JONSWAP spectrunill be used irthe present

work.

Spectral density

T T
--------- fp = 0.37 [rad’s]
E - .
5 - -
= : Hmo=3m Tp=17s
=l : Jonswap Spectrum g=7 i
. : Pierson Moskowitz Spectrum
E
= l
]
2 - -
1 - .
a E . ;
a 0.5 1 1.5

Fregquency [radfs)

Figurel2: TypicadONSWAP ANBiersonMoskowitz Spectrum

Rye (1977) found a relationship between the enhancement parangegerd the spectral peakdness parameter
Qp, he summarized the relationship as:

g =1.00 3.30 7.00
Qp =2.0 3.15 4.65
In the present sudy the correlation between these two parameters has been examined.

The PiersorMoskowitz spectruntorresponds to dONSWABpectrumwhen the enhancement factagis equal
to 1. Both spectrums can be correlated by means of this enhancement factor as ghdigure 13. Where Spm
max refers to the peak spectral energy of the Pierson Moskowitz spectrum, and Smax the real spectral energy
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peak. This relation was used to obtain the equivalgahhancement parameter for the real measured spectrum.
First the sigificant wave height and peak period were obtained for the measured spectrum, then the equivalent
Pierson Moskowitz spectra was calculated, then the ration between the peak energyoktmired spectra and

the calculated Pierson Moskowitz spectra was duse determine the equivaleng This was done to all the
measurements sing the developed software WEB8d WAFO wich was modified to accgmpalues higher than 7,

and example out of such a adjustment for swell waves is shown in figure 14.

WAVE ENERGY DENSITY S(f)

fo FREQUENCY = f

Figurel3: TypicadONSWABpectrumRye (1977)

Apart from the Pierson Moskowitz and the JONSWAP spectra many other synthetic spectral functions have
proposed. Including doublpeaked spectra as the Torsethaugen spectrdilA spectrum that corresponds to a
JONSWAP spectrumantified for limited depth conditionsand the six parameter bimodal Ochi and Hubble
spectrum These other spectral functions were not used in present vdoik to time limitations, nevertheless
future research and fit of measured data to these differentdpeis highly recommended.
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Comparison of Spectral density with Jonswap Spectrum
18-Mow-2010 03:31:31

1D - T T T T T T T T T T T T ™
--------- fo=0.072 [radés] |
9 - _
o Hmo=  1.358
: mo= 0415827
r : mi=  0.0090199
= : m2=  0.00076063
E Bp : DoF= 18 1
o : = 17.3333
ol : ]
= g : -
@ 5
3t .
2} ; ]
| j | _
0 MRS e - -
0 0.05 0.1 0.15 0.2 0.25

Freguency [rad/s]

Figurel4: Fit of Measured Spectrum to ZONSWABpectrum.

Spectral ResolutionSpectral Shapand Accuracy

The previously defined spectral parameters and spectral functions are all dependasal@iations done to
obtain the spectrumThe spectral shape obtained in the calculations will vary considerably depending on the
degree of resolution used when carrying out the calculatiomgpically when calculating spectra from
measurements smoothinfunctions arealso applied, these smoothing functions affect the degree of resolution,
which is inversely proportional to the degree of freedom. The variation of the degrees of freedom will modify the
spectrum shape, including the number of peaks found in thecsp. The different shapes affect significantly the
spectral pararaeters obtained from the spectraince they are dependent on the energy distribution of the given
spectr&®.

The number of degrees of freedofrom a spectrumdependson the N number of poirgt in the recordt, the
measuring interval and Mhe number of lags by:

. U
v —
00 %

Eq.(%)

BIKFINIOFNIA {® YR /22t88 wod G¢KS FliIRAIAdBARFY &2 Y/S2 108NT
1(1977) 35865
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The frequency resolution is then defined as:

o Y
YQ ———=:
¢LU Yo

Eq.(Z)

Ch&rabati and Cooley (1977) found that the spectral parameters and average pesiualv large variations with
different values of frequency cut off and degrees of freedom used when calculating the spectra. They
recommended that any statistical parameters obtained from wave energy density distribution should appear with
their associatedlegrees of freedom and cut off frequency used.

In the present study a Parzen window was used as a smoothing function over the covariance calculated spectrum.
The associated degrees of freedom were calculated for each spectral estimate and reported.ut Tdfé ¢
frequency was estimated bh¢ WAFO function dat2spedo low frequency cutoff was used.

The effect of using different degrees of freedom when calculating the spectrum is showed irs fifutecan be

seen that the amount of energy is distributedry different when the degrees of freedom are changed. This value
is very important depending on our target frequency range of interest, when the frequency resolution is lower,
larger Dt, lower frequency phenomena can be analyzed. We need fromm @.5 Hz to analyze gravity waves
(Periods from 1 to 30 second), while we need 5 to 10 minutes to anatle @Periods from 3 to 24 hoQrs

Figuresl5 show the calculated spectra for a giveaa state varying the degrees of freedom in the calculation.
The smoothest spectra, upper left corner, was calculated with 75 degrees of freedom, while the sharpest one,
lower right corner, was calculated using 3 degrees of freedom. The effect on thedinsent is low, however the

effect of the used degrees of freedom for the calculation increases with the higher order moments. The second
moment shown in the figures varies from 0.00459 to 0.00338 for 75 and 3 degrees of freéderspectral
parameters hat depend on the higher order moments will be more susceptible to the degrees of freedonmused
the spectral calculationf-or the analyzed case given the observed variation in the second moment due to the
variation in the degrees of freedom the mean spatperiod would vary in the extreme case between 13.73 and
11.78 seconds. The peak frequency also varies greatly with the used spectral resolution; this has large
implications on the JONSWAP peak enhancement parameter used, the obtained Qp andyisblead why this

value should always be indicated when analyzing real measured data.

For the present study the degrees of freedom used varied between 9 affior 18e gravity wind waves, for the
long wave analysis the degrees of freedom varied betweend3Gamevertheless the length of the wave records
affected significantly the results.
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Figures 15: Effect of the degrees of Freedom on Spectral Calculation.
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Limitations of the Fourier Transform Variance Spectra

Eventhough the different proposed functions to represent the variance spectra of ocean waree®ry practical;
they have important limitations that should be consideratfhen the spectra is obtained using the Fourier
Transform from nodinear or a noestationary waves the Fourier transform requires additional harmonic
components to simulate the data.

The sea surface profile presents asymmetry with respect to mean water level, the grouping phenomena
challenges thestationaryrequirement of the Fourier transform, fthermore in shallow water waves present a
steep front and mild back p&ftSince hightsrm waves, shallow water waves, and sweltesent nonlinearity or
appear in groupghe spectra obtained with the Fourier transform induces spurious harmonic compsrient
appear Thiscan lead to a misleading enerfygquency distribution The spurious harmonic components include
the bound long wave representation within the spectra, which is not an accurate representation of the frequency
energy distribution. Goda (B3) reported the appearance of these spurious harmonics in the spectra due to the
nonlinear conditions of thenalyzed long travelled sweh the Pacific coast of Costa RiSaurious harmaic
components obtained in the spectral analysisb-harmonics ad superharmonics appeared witeecondary peak
frequencies 0D.008and0.11Hz (125 and 9 secondsgspectively Goda recommendednoringthese secondary
frequencies.

The application of the Fourier transform is then limited to the area wherditigar theory is applicable. Mehaute
(1969) reviewed the validity of various wave theories, his results are presentegpira 16. The bound longwave
phenomenon isiot included in the lineatheory.
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Figurel6: Validity of Wave Theorie Mehaute (1969)http://en.wikipedia.org/wiki/Cnoidal wave
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Furthermore long travelled swell can present large asymmetries as shown in figuwehichare hard to model
with the linear theory, or hanonic solutions.

Figurel7: Swell waves near Panama 193Bttp://en.wikipedia.org/wiki/Cnoidal wave

It is clear then that the spectral analysis based on the Fourier tramsfahich uses the linear wave theory has
very important limitations. Nevertheless this tool has proven to be effective during the last 50 years in the
development of our understanding of the ocean waves processes, but given the imminent limitations
consderation of methods to incorporate the ndimear and non stationary reality of ocean waves should be
investigated and considered to further improve our understanding of the real physical phenomena.
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2.5.2.2 Spectral analysis based on the Hilbert Huang transform

Given the clear limitations that the Fourier transform has, other methods have been proposedh@naeteristic

of these methods is that they include the time variable in order to account forstationary phenomenon in the

signal. The Morlet avelet method is one of them, howevdris also based on the Fourier transform, with all its
inherent limitations. This method will not be discussed further. The Hilbert transform, introduced by David Hilbert

in 1905,has previously been used in the ars$yof signals that are not stationary since it proviftesjuency

energy time description of the signal. The application of the Hilbert transform had been highly limited due to the
FLHOG GKFG Ada Fylrteaira Aa NBa GiNkeSsigmRexidl. FilteOrheth&da hageK S NX
been proposed in order to avoid this problem, however removing the riding waves will highly limit the analysis
since part of the existing physical phenomena is being eliminatetis riding waves are not treatesbmehow

GKS T Af0SNI GNIyaF2N¥a LINRPRdzOSa yS3aFiAGS aAayathey il y
Hilbert transform Y(t), of a realization X(t) is defined as:

s P ©O
wo U ——Qer
0 e
Eq. (B)

Where P is the Cauchy principal valdée Hilbert transform is the convolution of the X(t) with IWith the
Hilbert transform X(t) and Y(t) form a complex conjugate pair, defining Z(t) as:

WO WO M »woQ
Eq.(29)

In equation29 a(t) is the amplitude and(t) is the phase anglat a given time tdefined by equatior80.

o -~ L~ g N oA~ d) b ~
WO W O o h —60 AOAQA
w0
Eq. 80)
Using equatior81, the instantaneous frequency is defined as:
Q-8
Qo
Eq. 81)
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The concept of instantaneous frequency is highly controvéfsi@he fact that, in the Fourier analysis, the
frequency is defined from the sine or cosine function that is present thromgththe whole duration of the
realization X(t) with a constant amplitudes lead to the definition of the frequency as the oscillation o furl
wavelength. Hence in thEourier spectra, the energy reflected per frequency bin denotes its presencegthrou
out the whole duration of the signal. As Huafi®98)pointsthis does not make sense for nestationary data.

Even with stationary dataf we consider nodinear asymmetric waves where the fronts are steep and the back is
larger and milder, two frequecies would exist within one wave, faster frontal part and a slower back part.
These two frequencies cannot be obtainethrough the traditional Fourier transform.The instantaneous
frequency, defined in equationé2 can represent this frequency shift.

The Empirical Decomposition Method

Huang (1998proposed a new method to analyzke time series, without filtering information out, to obtain a

well behaved Hilbert transform. This method is called the empirical mode decomposition EMD. The empirical
mode cecomposition methodS EG NI Olla GKS GAYGNAYEAAD Y2RS Fdzy OlA2ya:
behaved Hilbert transformlhe name Hilbert Huang transform was designated by NASA to the combination of the
Empirical Decomposition Method and the HibeSpectral AnalysisThe main concept of the Empirical
Decomposition method iglentifyingthe riding waves by finding the trend that represents the mean local average.

An intrinsic mode function must satisfy two conditions in order to guaranty a welmhHilbert transform(1)

The number of extrema and of zero crossings must be equal or differ at most by one in the whole d4®), and
the mean value of the envelopes of the local maxima and the envelope of the local minima must be zero. In this
way within an intrinsic mode function the instantaneous frequency will not shift due wave asymmetries.
According to Huang (1998) the intrinsic mode function represents the oscillation mode imbedded in the data.

The empirical mode decomposition method is a siftprgcess with which we can extract the intrinsic mode
functions embedded within the time seriehe sifting process serves to eliminate riding waves and to make the
data more symmetricHuang proposed to use the time lapse between successive extrema aetinition of the

time scale of the intrinsic oscillation mod@nce these extrema points have been identified an upper envelope is
defined by connecting the maxima points with a cubic spline. The same process is repeated with the minima
points producinga lower envelope.

SchHurmann proposes to incorporate additional interior points such as, interior inflegitmnts, interior extrinsic
curvature extrema points and interior characteristic points derived by the minimum value theorem. Furthermore
he recomnends the incorporation of additional boundary data points following the slope between previous
maxima and minima and distanced at the same interval between previous maxima or minimatikedpethese

Tl dzZ yaAs bd a¢KS SYLANAROIf Y2RS RSO2YLR a Adiakicdafy tineg/sBriesi KS | A f ¢
Fyrfearaedd ¢KS w2elt {20ASGe& [2YR2YyI mMdphy ®
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recommendations improve substantially the spline fiifiand eliminate large swings of the envelope splines near
the end$®,

Once the upper and lower envelopes of the data have been obtaineid mean valued is obtained. The first
component of the data is the defined as:

wWo «a Q
Eq.(32)

The newly obtained data;hs then inspected to determine if it satisfies the two previously defined conditions of
an intrinsic mode function. If the data does rmoeet the conditions of mintrinsic mode function therthe sifting
process is repeatedsing h as the data, and obtaining the cubic spline upper and lower envelopes, fanch
defining a second component as shown in equaB8n

N 4
Eq.(33)

The process is repeated until the obtained differengenheets the conditions of an intrinsic mode functidrhis
defines the first intrinsic mode of the data.

0 a 0 Eq.(34)
Here hyis thefirst intrinsic mode ¢ which contains the lowest frequencies of the signal.

Huang introducedh stopping criteriorfor the sifting process to end in order guarantee that the intrinsic mode
functions retain physical sense of amplitude and frequency naithrs. He proposed limiting the standard
deviation from two consecutive sifting results between 0.2 and 0.3. The standard deviation is definechbgrequ
35.

YO

Eq. 89

The process is then repeated obtaigthe remaining intrinsic mode functions of the system as:

®Wo w i

Eq. (®)
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In equation36 r; is the residue after the extrdéion of the first intrinsic mode of the function, which contains
information of the longer periods within the data. This residue is then treated as the new data and the sifting
process is repeated until the residug is sufficiently small to predeterminedalue or when it becomes a
monotonic function in which no intrinsic mode function can be extracted.

The obtained intrinsic mode functions are then unique and specific for particulargaémes;they are obtained
from the local characteristics of the smnAfter the empirical decomposition process we can represent the
original data by quation 3.

® 0 @ i

Eq (37)

The obtained intrinsic mode functions are thehecked for orthogonality. Huanggposes the following index of
orthogonality.

o~ 6 00 0O
Ov —_—
w o

Eq.(38)

To exemplify the process figuB presents a time history X(t) of a wave surface elevation recohg: wave
measurements correspond to 2048 continuous sample$ Hz, which corresponds to approximately 38 minutes.
Several wave groupae visible in the recordhe wave conditions were calm. The data was decompakszaligh

the empirical decomposition methodrigure19 showsthe obtained intrinsic mode functionafter applying the
empirical mode decomposition. A total of 10 intrinsic mode functions were found. The reduction in the associated
frequency to each intrinsic mode function is visible.

Wave Measurements 15th Novernber 2010 from 0:46:09 to 1:20:29
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Figurel8: Water surface elevation reord Racific Coast of Costa Rica
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Figurel9: Intrinsic Mode Functions fomeasured wave conditions

NTNU

Science and Technology

and the Environment

[

5 R " UNIVERSITY OF P
Norwegian University of TUDelit @ 3;’;2?:1&_,‘*:0. b, Southampton tﬁt CITY UNIVERSITY
[ oun s i

School of Civil Engineering e e LONDON

51



S _Zz,
. \ g
Education and Culture DG

~u
a CoVIEM

According to several authors the Hilbert Huang transform provides an unprecedented detailed representation of
the energy, frequency,ime of a given time seriés The method assumes that a signal consists of several
different intrinsic mode functions (IMF), each of them represents a embedded oscillation, which are found with
the empirical mode decomposition (EMD). Veltech¢2802) foundphysical meaning of théntrinsic mode
functions with the wave groups and wave transformation in the surf zone.

The Hilbert Spectrum

Once the intrinsic mode functions have been obtaitlecbugh the empirical decomposition method, the Hilbert
transform isapplied to each one of them. The data is then expre$smu equations30, 3land32as

GO o

Eq.(39)

Comparing eqation 39 with equation 7, we can see that the intrinsic modenction represents a generalized
Fourier expansion, with the ability to represent non stationary data. Also inrttrasnsic mode functions the
amplitudecan vary for a given a frequency.

Using equatia 39 we can represent the amplitude, frequency variation in time, this distribution is denominated
the Hilbert Spectrum, M(t). If we use the amplitude squared we obtdlme same units of the Fourier based
variance spectra, with the difference that the frequency is novumction of time. Figure20 shows the time
dependant Hilbert spectrum obtained for each of the previously obtained intrinsic mode functions.
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Figure20: Hilbert Spectrum H{w,t)
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The spectrum is only representing the tiffrequency variation of each intrinsic mode. If we want tolude the
energy we need to generate a three dimensional graph in which the z coordinate represents the squared surface
elevation of the correspondg intrinsic mode function figure 21.

HHT Spectra 18th November 2010 0:46:09 to 1:20:29

0.1

Frequency Hz

0.0z

o 1000 1200 1400 1600 1800
time (5]

Figure21: Hilbert SpectrunObtained with WES

Spectral Values derived from the Hilbert Spectrum

It is also possible to obtain the marginal if we integrate the Hilbert spectrum over time as:
Q 01 QO

Eg. (40)

The marginal Hilbert spectrum represents the contribution to each amplitude, or energy, per frequency during
the whole duration of the measurements time span. Hugtt§96) pointed out the meaning of the Hilbert
marginalspectrum and the Fourier spectra are different, since in the Fourier casarti@itude, énergy), is
assumedo have remained constarihroughout the whole time span with a given frequency, while in the Hilbert
case it means that during the whole timeaspthere is higher likelihood of the existenceafjivenenergy at a
certain frequency that is represented in the spectrum.
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The marginal spectrum, Wj of the previously obtaed Hilbert spectrum (figur@l) is shown in figur2. The
ALISOGNYzY 200GFAYSR dzaAy3d GKS C2dzNASNI ¢NFyaATFT2NY A& |
Hamming window of 64, which divides the time series into 32 texatwows.

Hilbert Huang Marginal Spectrurn and Fourier Spectra
Sweell Measurerment 18th Mavermber 2010

: : 5 § : § .| ——FFT Welch
35k ....... ......... .......... ......... _. ......... ......... — — —HHT I
=] U j ...... P PP i
‘ .
- i :
E 25_ ...... 'ﬂ }n‘, ................................................................................
= . .
2 I i :
= 2be TN P CUDURIIR - S i
o : I :
3 B ;
%1_5_....1.;.. T T T PR R ITRTE FRNTRTE i
L
1_. PERY PR . T ]
! SANK
i JOR S N T R PRSP i
05 : N _ 2 ; _

. ;
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Frequency Hz

Figure22: Hilbert Huang Marginal Spectrumbtained usingWES

The amount of energy in the lower frequencies that is obtained using the Hilbert Huang Transform is higher than
the one obtained using the fast Fourier tsform, as was reported by Hwang P., Huand’2003. The different
distribution of wave energy has an impact in the design of ocean and coastal structures. The currently used
spectrum based on the Fourier transform may underestimate the impact of the lEguéncy energy present in

the system.

The instantaneous energy can also be obtained from the Hilbert spectrum and it is represented as:
0@ 01 QI

. (41)

Since the Hilbert spectrum can represent m&tationary data, Huang(1998) proges to examine the degree of
stationarity of the datahrough Degree of stationarity.
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Eq. 42

For a stationary and linear process the Hilbert spectruna,tii(would consist of horizontal contour &8 where
the energy is present at a given frequency, no frequency variation in time. In this case the degree of stationarity
would be 0.

Spectral moments and variables can also be obtained for the Hilbert spectrum or the Hilbert marginal spectrum as
in the Fourier based variance spectrum. However thpiysical interpretation still has to be researched within the
coastal engineering community.

2.5.3 Wave Grouping Phenomenon

It is well known that waves in the ocean appear in grodp®y are the consequence affdrent waves travelling
amongst each other. Under the Fourier view a set of cosine functions each with its own amplitude and frequency
and direction. In deepwater where the wave groups travehalf the speed of the waves thavave groups

appear and diappear randomly, however at shallow water, where the wave group velocity is closer to the
individual wave velocity the wave groups create a temporal distribution of the wave energhallow waters

g1 @S ANRdAzLIAY3I RSTFASA (KS Idondary iage¥ appefring ih graipsyy O badi a Ay
completely randomly distributed.

There have been many different parameters proposed to describe the wave groups. They are based on wave
statistics, Markov chains, wave signal envelope and more recently froidithert SpectraThemethodsincluded
arebase®y GKS af AySIN) aSla¢ 6KAOK gl a @FLtARIFIGSR o0& D2F
Caldera in the Pacific Coast of Costa Rica. The Hilbert Huang transform provides new insight tolitheanon
interaction of wave groups, and has already besedas a tool to analyzesavegroups (Veltcheva 2002).

The differentlinear waveanalysis methods propose different parameters for the characterization of the wave
groups. Hudspeth and Medina (1990) revezvthe existinglinear analyses methodologies and parameters of
ocean wave groupstheyshowedthat the Smooth Instantaneous Wave Energy History, SIWEAH, introduced by
Funke and Mansard, 1979 and the groumhéactor is not an appropriate parameter to chaterize run lengths,
which will not be included in this work.

Hudspeth and Medina (199@jso showedhat in order to evaluate wave groupiness only one of the five more
commonly usegarametersis needed since the parameters are interrelatedtheir work the spectral peakdness
parameter Qp,defined by equation 19was a good parameter to describe wave grouping. Goda used the
parameter Qp, and correlation between two successive wavidls the run length theoryto describe the wave
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groupingof long traveled swell Qp has been previously introduced, and it has been shown its dependence on
the degrees of freedom of the analyzed spectrum.

The correlation coefficient between two successive wave heights has been shown to describe agoGdaly
(1983)the wave grouping phenomena. The correlation coefficient between two successive wave hgighss,
given by:

Eq.63)

Where s denotes the standard deviation,oithe number of zero down crossing waves, &the mean wave
height in the record and k is thad in number of waves. Figue8 shows the calculated correlation coefficient for

one record.

Carrelation Coeficient Between Successive Wave Heights
yHH(n)
12-Now-2010 574 Records 54975 Waves

Carrelation Coeficient HH(n)

0 0.5 1 15 2 248 3 35 4 4.5
Lag in Number of Waves, n

Figure23: Correlationcoefficient between successive waves

Run Length for Mutually Correlated Wave Heights

Goda(1970)gave the probaliity of alength of a run of high waved,;, as the number of consecutive wave
heights higher than a specified threshold, This threshold leves typically either the mean wave heightydg, or
the significant wave height 4. Using this concept Gadshowed that the assumption of linear superpositfon
random seass not compatible with the assumption that the wave heights are uncorreldtgglire24 shows a
numerical generated surface water profile with three wave growis the definition of runlength. If we set the
threshold valueat 0.5 meters we find that a run starts approximately at 160 seconds, ®iitaves above our
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is found after obtaining the individual wave heights from the zero down crossing

method.
Hrax=2.2102 ~
Timeseries n=498
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Figure24: Run Length Concept

The run length is obtained from a given record by counting the number of groups and the number of waves in
each group in which the individual wave heights exceed a certain threshold value. Inefenpwork the run
length was calculated for all the wave records available, and was presented as the probability occurrance of

group with a given number of waves for Hzkland H>Hs,

The calculated value wasmpared with the values obtained from thieeory of a run length introduced by Goda
(1970).The theory starts by defining the probability that a wave height exceeds a threshold valyeisighe
non-exceedance isgqwhere p+gp=1. The probability that a run of a length j will occur in theeznBle of runs of

several lengths is given by,

0Q n n
Eq.@4)

The mean and standard deviation of the run length¥d/g, and,, ko)

n 7 . Kimura (1980) presented a

theory for the run length for the case of mutually correlated wave heights. This theory widldzeta corroborate

the calculated run lengths from the wave records.
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given a marginal probability function approximately by the Rayleighiloigion q(H) is given by equatiofb:
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Where } is the Bessel function of the zétorder moment, k sis the mean root sgare value of the times series
andr is a correlation parameter which is related to the correlation coefficient of successive waves by,

oc¢ p T c T

Eq.46)

E and K are the complete elliptical integrals & thist and second kind3he joint probability density function of
two successive wave heights is shown in fig2se where g (H) is given by the Rayleigh distribution shown in
figure 26.

Joint Probability Function for Two Succesive Wave Heights (Kimura)
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Figure25: Joint probability density function of two successive wave heights p(H.)

Rayleigh Distribution for the Given Sea State
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Figure26: Rayleigh probability density function g
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The probability that neither Hnor H, exceeds a threshold wave heigHt is given by p and of simultaneous
exceedance ,

A 1) '0{0 QOQO

n :
R "0 QO
A ) 0{0 Q0Q0
n " 50 Q0
Eq.47)

Then theprobability of the run with a given length j is given by,
0 f p oA
Eq.48)
The mean length of the runs is then obtained by,

b
PN
Eq.@9)

In order to apply the run length theory developed by Kimura to field data, the correlation paramétesolved
numerically in equatior6, since 2 canhave a value higher than 1 only the real part of the complete elliptical
integrals of the first kind should be used, given the obtained correlation coefficient between successive wave
heights of equatior43. The procedure was incorporated into the Wave dinBle Statistics SoftwareNVESS
Figure27 shows the theoretical and measured run length obtained for representative period.

The run length is a Markov chain type analysis which is independent of spesttraates;hence it is considered a
true measure bthe occurrence and length of wave groups
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Frobability of Ocurrence of a Run of YWaves = Hmean
17-Mow-2010
169 Records, 15202 Waves
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Figure27: Occurrenceprobability of a run of waves with length j.

The developed software, V@G, also estimates the temporal variation of the mean run length and the correlation
coefficient between two successive waves, shown in figure 28.

Goda found that the spectral peakdness parametey, (Qee equation P) describes the statistics of the expected

run lengths. However, Goda points out that the spectral peakdness parameter is setitipectral resolution.

He found that the larger the spectral peakdness the larger the length runs of high waves. The correlation
between these parameters is analyzed in detail.
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Figure28: Temporal Variation of the mean rurehgth and the correlation coefficient between two successive waves.

Time Group length and Group energy from th#lbert HuangTransform

Veltcheva (2002 proposed using the instantaneous energy derived from the Hilbert Spectrum, equzdjas

means to déermine the boundary of the individual wave grouf$ie wave groups in the Hilbert spectrum H(w,t),
appear as energy packets, the beginning and the end of the wave groups appear as a increase in the local
frequency and decrease in the energy. Veltchevgpsed using a threshold energy level of the highest one third

of the instantaneous energy, IE(t). The individual wave groups are then characteriagdr®y/group length, tgr,

and a group energy Egr.

The time group length is determine as two successiwvsgings of the threshold energy level. The wave groups
determined in this way should correspond to the run of high waves as determined by Goda ([@®¥@youp is
obtained as the integration of the instantaneous energy IE(t) over the determined groug.leng

oQi V®» Qo
Eq.(50)
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Veltcheva used the mean value of time group
possibility to use this recommendation will be
phenomenon in a record of 100 waves has a wi

2.5.4 Long Wave Phenomenon
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length and group energy obtained for comparison purposes. The
examiriaddetail, according to Goda 1983 the wave grouping
de range of variation.

w
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long wave troughs and wind wave group crests.

The name given to the long waves mainly depends oir theriod; gravity waves were defined after Kinsmann
1965 for waves with periods between 1 and 30 seconds. Infragravity waves were defined as waves with periods

between 30 seconds and 5 minutes, though g

ravity is still the primary restoring forcepddnd waves were

defined from 5 minutes to 24 hours, hence including tides. In the present work our primary focus is to analyze the
infra gravity waves, product of gravity wave interaction#h wave periods from 30 seconds up to several
minutes These wawewill be named infrgravity or longvavesin the present work irrespectively.
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Figure29: Approximate distribution of ocean surface wave
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LonguetHiggins & Stewart1964)described the local setown under a group of wavgsroduced by thegroup.

The effect was explainefdom the increased water particle velocities under the higher veanfethe wave group,

as indicated by the Bernoulli equation this should produce a loeempressure reduction. Given that the
pressure will be lower under the group of higher waves than the spaces of smaller waves in between the groups a
local set down beneath the higher waves a consequently local setup under the smaller waves will liscur. T
water surface disturbance induces a wavelike flow and so the bound long wave is formed.

Given the fact that in deepwater the group wave velocity is half of the wave velocity the bound long wave will
continuously appear and disappean shallow water Wwere the wave velocity is closer to the group velocity a
more persistent patten should appear allowing for larger sdbwn and setup to occur.For waves in shallow
water LonguetHiggins derived the satown beneath a group of wavegth height H

oo
71 Q

Eg. 61)

In equation51 w is the angular frequency and d is the water depth. It is clear that the longer the wave period,
which means lower angular frequency, the higher the expected long wave height disturlfamissbleeffect of

0KS ao2dzyR t2y3 ¢l 0S¢ Aa adiNF oSG gKAOK Aa ONBIF (SF
after the waves break. Furthermore, Bower§1977), showedtheoretically and physically that the natural modes

of resonance of a harbaran be excited by the set down beneath wave groups, the bound long wave.

Sand S.E., 1982 described wave grouping using the bounded long waves. He points out that long waves are a
consequence of the radiation stress. He also points out that long wavesfaecond order according to the
derivations of Bower$1977 and Dean and Sharn{a981) based on the Laplace equation. Their wave number

and frequency are characterized by the differencgsikand f-f,, the long waves receive contributions of
frequency pirs n,m of the linear (short) wave componerfggue 30 shows a numerical long wave.

“EC.Bowerst |  ND2NJ NBazyl yOS RdzS @2 HydallicsiResearch st&ighSWalfiokd, 6 1 S I NR
Oxfordshire 1977.
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Figure30: Long Wave

These long waves as have been mentioned travel at the wave group speed and their wave length is determined by
the group éngth; hence they do not follow the dispersion equation. They are the result of secondary interaction
between wave components. Hence they are doear. As it has beenshown previouslythe Fourier spectra
analysisis very limited in represening these no-linear components.tlis considered not accurate to represent

the long wave energy using ttiast Fourier transformwithin the gravity waves

Goda(1983 used the theory of secondary wave interactionshallow water given by Ti¢k963), and corrected

by Hamada(1965 to analyzethe secondary wave interaction between spectral componesftsneasured long
travelled swell. The theory was developed for long crested waves without directional spreading, which makes it
appropriate for the long crested swellh& secondary spectrum is obtained using the following equations:

Y oQ 01h Y Q QY "QQQ
Eq. 62)
Where Ky,w;) is given by:
- p Q@ 11 1T
U1l h T T ] ) o
. Q. Q0 ¢cQ@e 11 7
11 55 1T Q 1 Q

~ 7 v~ ~

Eq.(53)
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Where h is the water depth and the angular frequenciesand w; and wave numbers areelated by the
dispersion equations:

T QOATE 1 7 0® AREQ
Eq.(54)
Goda compared the linear and ndinear components his results are shown in fig@de It can be seen that the
superharmonic features are completely expiad by the secondary nonlineaomponents. However, according
to his results there is much more energy in the lower frequencies than what the linear Fourier spectrum shows,

particularly it can be seen that for 0.01 Hz, (100 seconds) the order of magnitude expected for the bound long
wave, there is 5 times more energy obitad with the second order spectrum.
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Figure31: Linear and NorLinear Spectral Components Observed by Goda 1983.

The observed differences indicate more low frequency energy than obtained using the Fourier Traidem.
indicaes that a higher order interaction theory would be necessary to explain this excess of the low frequency
components. This result shows the inadequacy of using the Fourier spectrum to describe the longvitlzsines

the gravity waves

Several attempts havbeen made to measure the long wave energy using low pass filters, Sand (1982). The low
pass filter eliminates waves that have a frequency higher than a certain threshold cutoff frequency. This allows
for a more accurate representation of the energy ofdowavesthrough the Fourier transform. In the present

work a low pass filter, th8utter filter, was implemented. Two different cut off frequencies were implemented,
the first according to the maximum measured zero down crossing period, and the seconslasnget at the
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mean run length. These cuts off frequencies for the low pass filter vary from time series to time series, hence is an
adaptive filter. The secondary low frequency peak and energy, Hmo, was then obtained using the Fourier
transform on the filered signals. This procedure was implemented witthe developed software, W&5. The
obtained filteredlong wave is shown in figure 32

Water Surface Elevation with Low Pass Filtered Signal 2
18-Mow-2010 15:48:15
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Figure32: Filtered long wave from original signal

The obtained signal was obtained for e time series of the ensemble, and later a spectral analysis using the
Fourier transform was carried out using the developed softwareSSVEhe result obtained spectra allows for the
calculation of the peak periods and energy content of the long waigeird-33 shows one of the long wave
spectra. For the calculation of the long wave spectra the degrees of freedom used had to be lowered for
resolution purposesThe number of long waves present in a given time series depend on the length of the wave
record. For a 1024 second long record, four long waves of 256 seconds, or two waves of 512 seconds, or one
wave of 1024 seconds could be present, from equations 26 and 27 it is clear that to target this waves we need to
increase the increase the number of lagven the low number of long waves, continuous wave records of at
least three hours are required for an accurate statistics, however this long continuous records are hardly available.
Further research is required using long continuous wave records.
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Figure34: Long Wave Temporal Variation
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Hwang and Huan¢003 compared the spectrum of wind generatedavesusingthe Hilbert Huangmarginal
spectrum, and the Fourier based spegin. They obtained a considerably higher spectral density for the low
frequency portion than the linear Fouridérased spectra, but at the peak and higher frequencies less energy is
present in the Hilbert Huang marginal spectrum. The reason for this résudittributed to the different
interpretations of wave nonlinearity between both methods. As mentioned before Fourier based spectral
methods decomposes nonlinear waves into its base frequency and higher harmonics and some spectral energy is
then transferred from their lower frequency subarmonics to higher harmonics. Fourier then will tend to
overestimate the spectral level for frequencies higher than the spegieak. On the other hand the Hilbert
Huang spectrum interprets wave nonlinearities in termsfréfquency modulation and the nonlinear energy
remains bounded to its corresponding frequency because of the instantaneous freqdefiaigion. It would be

then expected to find a better description of the bound long wave phenomena by means of the Hilery
TransformHowever no such study has been found as reference.

2.5.5 Wave Measurements Using a Submersible Pressure Sensor

Wave measurements carried out by subsurface pressure sensors have been employed extensively because of
their practicalitysince 194. The pressure variation of the water column can be related to several physical
phenomena of different time scales, tides, surge, setup, and waves. When working with waves a transfer function
has been widely used to transform the measured pressure vanatinto wave oscillations. There are limitations
when using a subsurface pressure sensor when measuring wind waves. We need that the depth at where the
sensor is located is affected by theaves;this depth is exponentially frequency dependant, the shorte
frequencies reach the deepest while the higher frequencies die out faster. The second limitation is related with
the transfer function used to obtain the wave energy from the pressure readings, a spectral analysighesing
Fouriertransformthroughthe fft algorithmof the data is required to obtain adequate results of the wave energy
spectrum, to obtain the wave surface information, we need to use inverse fft to obtain the time series. This
procedure can filterout nonlinear process such as the boulmthg wave information.

Bishopand Donelan (1986) found that using the spectral analysis provided reliable estimates of the surface wave
heights, they concluded that a well designed pressure transducer system using spectral analysis of the data and a
transfer function based on the linear wave theory will give estimates of wave heights¥o+/Wave by wave
analysis is strongly not recommended and should be avoided since one zero crossing wave can contain energy
within other frequencies than the zero crosgifrequency.

The spectral method assumes that the pressure under a wavbeanpresseds,

%2 CRAIG T. BISHOP and MARK A. DONGELAN, a dzNA y3 2 | §S& ¢ A G K t NERginéedahyB1 (2981 v & R dzO
309328.
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The total measured pressure variation can be expressed as (Lamb, 1932):

. %
0 ” "Qd ” T ?0 BH
T og

6 0 § "o
Eq.(55)

Where P is the total pressured (measured)the density of the liquid, g the gravitational acceleration, z the
submergence depth, u and w the horizontal and vertieave orbital velocity, gnwme atmospheric pressureyt) a
function of time and the velocity potential

Given that the kinetic energy term army) are of second order a first order expression is obtained,

r‘]_ae T %o
" T o
Eq.(56)
From linear waveheory the velocity potential is given by,
T %0 Al @B ¢

o Q OER
Eq.(57)

Relating the first order expression for subsurface pressure head to the surface wave height as H:
ne Al @B
Al @B
Eq.(58)
In this expression sometimes a correction factor N is introduced in the right hand side. In this expression the
wavenumber, k=@/L, with L the wave length, is given by the wave dispersion equatiGrgktanh(kh), withw

the angular frequencyw=2p/T. Snce the wave length is unknown in a discrete series of pressure points, a
spectral solution is applied, using Ncoshkd/coshk(d+z) as the transfer function,

v "Q 0 QAT AR v "Q
AT @B &
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Where Ss is the water suda elevation spectrum and Sp is the pressspectrum, here N(f) is a water depth,
frequency dependant correction factor. Once the wave elevation spectrum has been obtained we would need to
applythe inverse Fourier transform on it to obtain the time sernising,

AT 100 §|

0
Eq. (60)
Where A is the amplitudey the angular frequency anethe phase angle.

During these two phases we lose ntinear information, as is the bound long wave. Wang (1986) proposed a
method based on the curvature, trying to define an instantaneous angular frequency, assuming a sinusoidal water
profile to reconstruct the time series

A new method is proposedh this thesisobtain the water surface time series from the measured subsurface
water pressureThe new method is describdmklow; validation ofthis new methods currently being carried out.
Some previously defined equations are repeated here for convenidréhe best of our knowledge no similar

method has been previously propes for the transformation of pressureecordto free water surface wave
record.

NEW METHOD TO RECOVER THE WATER SRUFACE TIME SERIES FROM SUBSURFACE PRESSURE
MEASUREMENTS

A- Pressure Variation Signal

We obtain the pressure variatioafter removing tideinformation of the discrete signal of N points as:

C-

Eq.(62)

p” shows the measured pressure fluctuations.

B- This signal is then decomposed using Huang’s empirical decomposition method.

Huand@ empirical decomposition method is used to decompose the signal into itssietrinode functiongy as is
described in chapte?.5.2.2
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G The Hilbert transform is applied to each Intrinsic Mode Function and the instantaneous frequency is
obtained

The Hilbert transform is used to obtain the iastaneous frequency for each k IMF as:

oo Pop 29 qp
o g

For each k intrinsic mode function x(t) and y(t) form a complex conjugate function such that:
G0 wo d®oOo ©oQ
The instantaneous frequency is then defined as:

Q—o
Q0o

Hence we have a frequency per intrinsic gedunction in the time domain which can also be represented as the
Hilbert Huang spectrum. FiguBs shows the calculated Hilbert Huange8trum for a given time seriemnalyzed
with the instantaneous frequency and energy content of the obtained intrinsic mode functions
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Figure35: Hilbert Huang Spectrum to be applied to transfer function
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D- Transfer Function

Assumirg that the dispersion relation is applicable to the decomposed pressure signal we solve it for each
intrinsic mode function and instantaneous frequency to obtain the instantaneous wave number K, using:

10 QDo FRQOQ
Eq. 62)

With the instantaneous wave number we use the common transfer function, applied to each k intrinsic mode
function, to obtain the equivalent water surface elevation for each intrinsic mode function:

A0 Q&I 60
"MWEM 6 Q A

Eq. 63)

- 0

Cutoff frequencies are used as the minimum frequency will be given by the inverse witdheample period,
and the maximum frequency will be given by the dynamic pressure amdligpersion relation obtaining the
maximumwave numberk by,

Eqg. (6%

Wherer is the water density, g thacceleration of gravitya the minimumtarget amplitude, and ghe minimum
measurable pressure from the equipmentused depending on its accura@nd precision (Given by the
manufacturer)

E Wave Surface Elevation Reconstruction

Using the property of the intrinsic mode functions, that the original pressure signal can be reconstructed by
adding the pressure intrinsic medfunctions, we reconstruct the wer surface elevation adding the N wave
surface intrinsic mode functions.

Eq. 64)

The wave surface elevation time series has been obtained.
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A comparison between the spectral and new method for a given time series is shownthekevprocedure was
incorporatedinto the developed software WES, camyiout the new procedure for every pressure time series.

Comparison Between Water Surface Recovery Methods from Submersible Pressure Sensors
1 T T T T T T T T i
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Figure36: Water surface elevation recovergomparison between fft method and new method

The method validation was carried out comparing the results obtained from angl§imie series of water surface
elevation obtainedby submersible pressure gauges by both methods. Differences were obtained in the spectra,
more energy in the lower frequencies were obtained with the new method, while the amount of energy content
in the hgher frequencies was lower. Figurdg and 38 showthe obtainedspectrogram of long travelled swell
using the FFT and new method based on the HHT
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Figure37: Spectrogram for long travelled swell obtained using new proposed nuettior water surface reconstructiofrom pressure
readings
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Figure38: Spectrogram for long travelled swiebbtained using traditional FFinethod from pressure readings
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Validation of the new proposed method using wave flume measurements

In order to assess the accuracy and precision of the new proposed meihabtain the free water surface
elevation through pressurereading, simultaneous wave measurements, using pressure gggistance wave
gauges were analyzed. Large scalpegiments were conducted at CIEM wave flume of the maritime engineering
laboratory LIM of the Universidadolytechnicde Barcelona, Spain. During these experiments the water surface
profile was monitored at several simultaneous locations using submerpilelesure sensors and cduactivity

surface gauges. The measurements included irregular and regular wave conditions with wave heights varying
from 0.25 to 0.491 meters and periods ranging from 2.5 to 4 seconds. The pressure readings were analyzed using
the new proposed method and compared to the exact solution given by the water surface resutaiged by

the conductancgresistance) surface gauges.

Flume and Experiment Setup

The wave flume at CIEMadse of the largest in the world; it is 100 meters loBgneters wide and 5 meters deep,

hence experiments are close to full scale conditions. The wave generation system is a hydraulic based wedge
wave generator. The generated waves can be regular or irregular, allowing for user defined spectra or parametric
spectra including solitary waves. A-B&sed active absorption system has been designed allowing for long tests
without problems of spurious flume induced reflections.

Figure39: CIEM Wave flume
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The equipment used ding the expeiments included two resistanetype twin wire wave height gauges and 6
submersible pressure sensors. Two of the pressure ser38€2 and PSQ0Sere directly below the resistance
gaugesWG03 and WGQ4hence the readings fronthese two sensors were comparedith water surface
elevation measured by the resistance gaugéle two wave measurement locations along the channel were
located at water depths of 1.8 and 1.9 meters, the pressure sensors were located at a water depth of 0.5 meters,
a cross section of thequipment setup is shown irgtire 40

1.5——=

Hi

|\|4

Figure40: Equipment setup at CIEM

The obtained and analyzed data are the result of a research investigation done at CIEM over a rigid bottom. The
specific project of the data used wByramics of Beaches, sponsoredidyman Capital and Mobility Programme
(Scientific and Technical Cooperation Network®m the Commissionof European Communities, from
Directorate General XBcience, Research and Development. (11948) Catract N°CHR>XCTS3-0392.

Equipment Used

The resistivity or conductance sensors used are composed physically by a support element with two parallel wires
with a small separation which aatigned perpendicularly to the wave direction. These waes the extremes of

an electric circuit that closes in contact with water. In this way when circulating a high frequency electric AC
current it is possible to measure the conductance (inverse of resistance) between both wires. This conductance is
proportional tothe length of the mderwater part of the wires and its conductivity. Given the water conductance,
which is obtainedhrough a calibrationprocedureand it is constanthrough the tests, the registered changes in
conductance equivalent to changes in the free water surface.

The conductance sensors provide a good linear response, with a precision of up to 0.1mm. However they need
constant calibration, and they can induce a capillary error around the piercing of the water sUifeeeapillary
error is very small given of thardensions of CIEM flume. The calibration procedure usadiatic one, in which
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the gauge is introduced at small known increments in the water and a regression is obtained. At CIEM the lowest
regression coefficient accepted-R.999.

During the tests ST&ibmersible pressure sensors were used. These pressure sensors have a measurement range
of 0 to 400 mbar and a precision of#4 cm. The pressure readings are obtaitieeugh the deformation of a

sensor element, typically quartdone by the fluid actin. Throughan electronic circuit this informatioms
transformed toan electrical signal proportional to the measured pressure. The static and dynamic pressures are
measured. These pressure gauges can also be used to obtain the wave forces generatemuotura,sand

internal pressures on porous media.

Temporal series were obtained from all the gaugéa simultaneous sampling frequency of 8Hz.
The tests

Four tests were analyzefdr the two wave gauges locations, three with irregular wave conditionsaedwith

regular waves. In all the tests the water level was maintained constant, with 3 meters of water depth at the
wedge location and a sloping bottom, with wave gauges WG03 and PCO02 at 1.9 meters water depth and WG04
and PCO5 at 1.8 meters of water dibpThe irregular waves were obtaingdrough the parametric JONSWAP
spectra withg=3.3. The wave characteristics of each test are shiovtable 1.

Tablel: Laboratorylnput Test Wave Conditions

weuar | Hs@m) | Tp(s)
A 0.353 4.0
B 0.3 3.0
C 0.390 2.5
Regular Wavey H (m) T (s)
| 0.491 3.5

Results

The measured water sface profile with the conductance gauges and the calculated water surface profile from
the pressure readings were compared in two ways. Ringt obtained time series were compared qualitatively,
plotting both time series for all the tests, and secontiig spectrum wassompared.The obtained result for the
irregular waves case A at locatiodéGO3PCO02 is shown in figul. In general a good agreement is found,
however the water surface profile calculated from the pressure senssing the new procedurbased on the

HHT presents high frequency noise not registdiwith the conductance gauge. This noise was present in all the
time series obtainedhroughthe new method.Lowering the high frequency cut off frequency in the new method
reduced the measuredoise; however the wave peaks were then slightly under estimated. Second order Stokes
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dynamic pressure expression was then used to convert the frequency dependent intrinsic mode functions to
water surface intrinsic mode functions, however the results ditighange.

AD101712. DAT WGI3 vs wavernPCO2 WGD3
0.4 T I — PCO2

02

04 | | | ! | |
900 950 1000 10580 1100 1150

ADTO1712 DAT WGO3 vs wavermnPCO2
0.4
I

02k _ —

a2f ' A 4

04 | | | | |
1200 1250 1300 1350 1400 1450

ANO1712 DAT WE03 vs wavemPCO2
0.4
I

02t . ' l

02k !

| | | | |
-0.4
1450 1500 1550 1600 1650 1700

Figure41: Time series comparison for PC02 and WG03

Then the regular wave condition, case |, was investigated. The comparison results between the measured water
surface with the conductance gauge and the calculatedusing the new proposed method for the regular wave
condition is shown in figure24 Again high frequency noise at the crest and the trough of the wave was found.
This noise was also dependent on the cutoff high frequency seleGiedn the fact that thesampling was done

at 8Hz the variation of the instantaneous frequencytamed through Hilbert spectrum could produce very high
instantaneous frequencies if the pressure signal is not smooth and continuous, any pressure jump could lead to
very highfrequencies, that when Kp, the dynamic presstnansfer function is applied iincreasethe errors and
largehigh frequencyariations can appeadn the calculated signal

The high frequency noise error was found to be due to small noise or abrupt chartbespiressure signal, which

have a high instantaneous frequency, which are then amplified given the nature of the transfer function used. It is
estimated that if other type of transfer function is used, for example dependant on lower frequency respanse, fo
SEFYLX S || &AKALA &dz2NBS Y2iA2y&as GKS SNNEBNI FYLXEATFAOL G

Figure 8 shows the measured pressure fluctuations and the calculated water surface profile using the new
method based on HHTThe amplification of small fluctuations in the presssignalis seen in the calculated
water surface profile.
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Figure43: Pressure and Calculat&Vater Surface Profile for BEregular waves

The effect of these errors, induced by the pressure signal and the transfer function, were analyzed comparing the
FFTspectra obtainedhroughthe capacitance gauges and the reconstructed water surface elevéitionghthe

- - ¥
NTNU ’; UNIVERSITAT P ITECNICA UNIVERSITY OF e
E Norwegian University of TUDelft @ ;[“;L:,‘lw‘: ,.Lm iy Southampton % CITY UNIVERSITY
Science and Technology @ School of Civil Engineering Wa\y 5% LONDON
and the Environment

79



*

LT, ///
* *

*

Education and Culture DG

N
as LoviE iVl

new method. The significant wave height, spectral peaks, and first and second moments were compared. Figures
44 to 51 shows the obtained spectra for cases A, B, C and | at for gaugesM3B@3and WGBRCO5espectively.

In general good agreement is obtained in thecalated significant wave height, and spectral peaks, however
there are differences in the first and second moments. The difference in spectral energy per frequency was then

investigated.
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Figure44: Spectra for WG03 and PCG%e A
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Figure45: Spectra for WG04 and PCDase A
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Figure46: Spectra for WG03 and PC02 Case B
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Figure47: Spectra for WG04 and PCO5 Case
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Figure48: Spectra for WG03 and PC02 Case C
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Figure49: Spectra for WG04 and PCO05 Case C
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Figureb1: Spectra for WG04 and PCDé&se |

The obtained percentage error for the significant wave height and the peak spectral moments was obtained. The
results are showin table2. The percentage error for the significant wave heights varied betwe2g% for case

C WGO03PC02 and 3.67%r case B WGORCO05. The percentage error for location W05 is noticeable
larger thanfor location WGO3PCO02 in all cases. With regards to the peak spectral periods, the only error found
was for the first case, however givéime large set of data anthe number of degrees used when calculating the
spectra, 29, the high spectral resolution caused that at least 4 different spectral peaks were obtained for the
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irregular wave cases. The 4 spectral peaks were the samedasai$yrowever in case A the der was changed.

The error in spectral peak frequency is therefore practically zero.

Table2: Percentage Error for the Significant Wave Height and Peak Frequency between the exact
measurements and the calculateealueswith the new method.

Hs (m) fp (s)

Irregular

Waves WG PC Y%Err WG PC %Err
A WGO03PC02 0.372 0.379 1.88% 0.25 0.26 4.00%
A WG04PC05 0.371 0.384 3.50% 0.26 0.26 0.00%
B WG03PC02 0.382 0.388 1.57% 0.35 0.35 0.00%
B WG04PC05 0.381 0.395 3.67% 0.33 0.33 0.00%
C WGO03PC02 0.395 0.394 0.2%% 0.39 0.39 0.00%
C WG04PC05 0.39 0.401 2.82% 0.39 0.39 0.00%
Regular Wave
| WGO03PCO02 0.74 0.742 0.27% 0.29 0.29 0.00%
| WG04PCO05 0.699 0.7047 0.82% 0.29 0.29 0.00%

Mean 1.85% Mean 0.50%

When comparing the spectral estimates in detailwiis noticed that in general the higher frequencies were
underestimated by the new method, and the lower frequencies were over estimated. This effect is responsible for
the differences observed in the estimated first and second spectral momentsniérseeffect is obtained when
calculating the free water surfadaroughthe spectral method, and many authoBighopand DonelanCavagri,
Grace)have reported these difference For the spectral method based on the Fourier transform a frequency
dependant Nfactor has been introduced. Figus@ shows the N factor found from previous works.

~ Be=lzt
~

]

L L . " . L ¢
o .1 .2 .3 .4 R 6 T
zV L

Figure52: N correction factor for Spectral Method by previous researchers. (from Bishop Donelan 1987)
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The frequency dependant N factor was theltained for the analyzed dat&irst N was obtained as a function of
the relative depth |z|/L. In our case |z| is always 0.50 meters, and the wave length was obtained for all the
frequencies of the spectra at water depths of 1.8 and 1.9. The obtainegatmn factor N=Sw/Swp(wave
spectral densitydivided wave spectral density obtained from the pressure record for each frequengyirbin)
figure 53, shows how the method is over estimating low frequencies higtier frequencies are under estimated.

N Correction Factor
25 T | T | T T T | T | T | T T T F T
N .AU‘I VWB-PCDZ N N N N N N N N N

+ N ADTWO4-PCOS

= N BO1W03-PCO2

M BO1 WO4-PCOs

M CO1 WO3-PCO2

M CO1 WO4-PCOS

M 101 YW03-PCO2
—— N 101 ¥04-PCO5

1] 0.m 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.02 0.1 o 012
|zl

Figue 53: N correction factor as a function of relative depth |z|/L for the new proposed method.

For theanalyzed spectra the water depth where the pressure sensor was located was relatively low, 0.5 meters.
In all cases the spectraleak lies between relative depths of 0.02 and 0.083. The lowest reldép¢h was
obtainedfor the case A where thmput period was 4 seconds, for this case the zone were N is close to one also
shifts towards the lower relative depths. Given this shifstable results, and the fact that the significant wave
height and periods were accurately obtained it is considered that the relative depth is not a good predictor for the
N value However a clear frequency dependant error is observed.

The obtained erro in spectral energy content per frequency was then plotted againebrmalized spectral
frequency, fi/fp, where fi are the spectral frequencies and fp is the peak spectral frequency. Hglrevs the
obtained relationof the correction factor N agaihshe normalized spectral frequency stable zone, between

0.8fp and 1.2fp is visible. This stable zone explains why in all the obtained spectra there is a good agreement in
the significant wave height and peak spectral periods, but a poor agreementifirth and second moment.
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There seems to be a rotation in the spectra around its peak frequency, where frequencies lower than 0.8fp are
overestimated and frequencies higher than*f2are underestimated.

N(f) Correction Factor
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Figure54: N correctdn factor as a function of normalized frequency, f/fp.

A correction factor dependant on these two limits, 0.8fp and 1.2fp is proposed. Two correction curves where
obtained carrying out linear regression on the data for the zones Ofp t00.8fp and 1.2fp.td&fse correction
curves were done using only the irregular wave conditibigure 55 shows the regression curves.
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Figure55: N correction factor as a functioof normalized frequency, f/fp<0.8
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3.0 Analysis of Wave Measurements

Wave measurements from 4ftérent locations were analyzedhe first data sets analyzed consistedwb wave
measurement campaigns off the Pacific coast of Costa Rica, the second data set are wave measurements taken at
the Ebro Delta inthe Catalonian cast in the Mediterranean sea , the third data set analyzed are wave
measurements carried out off the Atlantic coast of Costa Rica, and the fourth data set of wave measurements
were from the Atlantic Coastear Cancunilexico duringHurricane Wilma

All of the wave measurements were taken at intermediate waters, with water depths ranging 3tbrto 22
meters with peak spectralvave periods ranging from 3 to 22 seconé®r the cases of the measurements in
Costa Rica and Spain, the wave measurements war@édeout using submersible pressure sensors, the wave
measurements in Mexico were carried out usargacoustic profiler mounted in the sea bottom.

The analyzedmeasurements off the Pacific coast of Costa Rica consistédootlifferent campaignghe first
campaign consists @pproximately one month of wave measurementaried out from August to October 2010,
the second campaign was odntinuousmeasured data started the ¥2and ended the 19 of Novemberboth in
2010. These wave measurements were ¢zkat approximately 22 meters of water depth am exposed site.
These measurementsere carried by Watermark S.A for the Government of Costa Rica.

The measurementfrom Ebro Delta located in the Catalan Coastre carriedout from the T'to the 10" of
November 199@s part of the Ebro 96 campaign; these measurements were taken at approxirBa&iateters of
water depth. These measurements were carried by the Universidad Politecnica de CétaltireaEbro Delta 96
project

Thewave measurements off thatlantic coast of Costa Rica congifmore thanl month of wave measurements
carried out from November to December2010 at a water depth of approximately 17 meters. These
measurements were taken just outside the port of Moin in an exposed site and \aeried out by Watermark
S.A for the Costa Ric@overnment

The last data seanalyzedconsisted of 1 month of wave measuremeritsthe Atlantic coastMexico, during
October 1995when hurricane Wilma struck the coasthese measurements were carried doyt the Universidad
Autonoma de Mexico Professor Rodolfo Silva, outside of Puerto Morelos, Quinta Roo, Mexico, at a water depth of
22 meters.

3
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3.1 Wave Measurements off the Pacific Coast of Costa Rica

Wave Characteristics in the Pacific Coast of Costa Rica

In the Pacific coast of Costa Rica long travelled swell is pfésBn¢viously the wave climate in the Pacific coast
of Costa Rica has been studied by Goda, 1B83&analysis was done using an ultrasonic buoy outside the Port of
Caldera at approximateli4 meters water depth.

The swell waves are produced from storms locatedaaterylong distance Thewaves propagatdrom the
generation zone across the Pacific Ocean, crossing the equatoritd lime Pacific coast of Costa Ri€auring this
propagaton generally the wave height is reduced and the wave length increaseges are dispersiv&enerally

the swell waves havpeak spectraperiods of more tharl2 secondsand present low wave steepnesBor the
case of the waves that arrive to the Pacifica€t of Costa Rica, they are generated from large storms in the
Southern Pacific in a zone of high and low pressure betw6&8 to 60°S and 120° and 160Ws estimated,
that these waves travel from 7.000 to 9.000 kan more™. This gives the wave®ny low directionalspreading

and high wave groupm This swells originating from as far as New Zeeland travel63deyys in the open ocean
before they reach the Pacific coast@bsta Ricaone swell storm can affect vast a region from Chile to Mexico.

The wave field in deepwater along the pacific coast of Costa Rica is fairly uniform for a givaresaugdie these
waveswere generated at such long distancdde only difference in deepwatéthe time of arrival of theswells

to the coast. Once theswaves reach a depth of half of their wavelength they are affected by refraction, and
shoaling when theyreachnatural or artificial barriers they are affected by diffraction and reflection. For these
swellwaves,given that their periods can reach morean 18 secondsheir wavelength in deep water can be as
much as 600 meters, which means they starttéf SSt ( KS geealfectrdyy XefractignRat depths
around300meters.

In order to characterize the yearly average wave conditions along théidPemast of Costa Rica the Wavewatch

Il operational wave generation and propagation modielm the National Oceanographic anstmospheric
Administration, NOAA, from the United States of America wsed. Wavewatch 1l is a third generation wave
model. Tlis modelhasbeen operational since 199The model results arposted in monthly summaies of wave
conditionsevery three hourssignificant wave height, peak spectral period and peak spectral diredtican 30

minute grid atftp://polar.ncep.noaa.gov/pub/history/waves This wave model takes the measured wind speed
data from last sigma layer by satellite from the National Center of Environmental Prediction NCEP and adjusts
them to a logarithmic pofile to an altitude of 10 meters making the necessary correctionaforand water

vvvvv
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Vol. 22, No. 1, March 1983, pp-4L.
“EE. SNODGRASS, G. W. GROVES,, K. F. HASSELRIANNLER, W. H. MUNK AND W. H. POWRERSagation of
Ocean Swell across the Paéifihilosophical Transactions of the Royal Society mddo. Series A, Mathematical and
Physical Sciences, Vol. 259, No. 1103 (May 5, 1966), pg9431

sl 4; fi1]) univensiTar poLiTECNICA 1aMmpto SR 1y UNIVERSITY
B Norwegian University of TUDelft SN ENSIINT Southampton m

Science and Technology LONDON

School of Civil Engineering
and the Environment

88


ftp://polar.ncep.noaa.gov/pub/history/waves

temperature. This model solves the radiation translation equation modifying the spectral parameters of the wave
field. The average wave heighirection and waveperiod didributionsz ¥ 2 NJ & K S

the Pacific coast of Costa Rar@ shown in figue 56.
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The forecasts generated by Wavewatch 1ll, global generation and propagation wave model, from NOAA, are used
as a basis of determining the separation of the analyzed swell storms. The swell durations can vary between 2 and
5 days, with the highest period2,1-18 seconds reaching first and then slowgcaying

3.1.1 Location of Wave Measurements

The wave measurements weoarried outoff the Pacific coast of Costa Rica, at the northern part in Guanacaste.
The wave measurements siteas chosen because it is completely exposed to deepwater swell waves generated
in the south or north parts of the Pacific. The bathymetry of the site was also investigated by means of the
nautical charts and a depth sounding done in the areiure 58 shows the site location The deepwater
bathymetry, obtainedthrough the digitalization of the existing nautical charts is also shown. In deep water,
approximately 75 kilometers from the coagite water depths are more than 1000 meters, then they rise guickl

to a depth of 200 meters, this is because there is a large subductiontzanegyhthe whole Pacific coast of Costa
Rica. At 200 meters, the continental shelf is present and there are approximately 50 kilometers of a mild slope
until a more irregular bdtymetry is found approximately 2 kilometers from the coast at a water depth of 20
meters. The wave gauge was located at a water depth2ah8ters, approximately 2 kilometers from the coast,
outside Punta Indio between the beaches of Samara and Puertdl@darhe precise location of the wave gauge is
shownin figure 59.

Previously, n order to compare the wave measurements with deep water wave hindcasts from the Global
Wavewatch Il model from NOAAFurier spectral type model wasised to find the refraion and shoaling
coefficients for wave conditions with wave periods betweeand 2 seconds, and directions every 12.5 degrees.
These transformation coefficients indicated that the expected differences between the deepwater wave height
and the wave heigt, at the measurement location, were between 0.83 and 1.20. These means that the
depending on the peak spectral wave period and its deepwater peak spectral direction the wave height can be
amplified by a factor of 1.20 or reduced by factor of 0.83. Howaimce the purpose of the present work is not

to compare the measured versus modeled wave conditions at theveitewill only use as a reference the
deepwater wave conditions.

3.1.2 Description of UsedWave Gauge

The wave measurementsere carried out using aubmersiblepressure type wave recordefhe pressure sensor
manufacturer isRBR Ltdfrom Canada, and the model used was the TX@BOP. The gauges measures
temperature and has itdepth channel calibrated to an accuracy of 0.03%asesinternal Keller mzoresistive
strain gauge sensorsThe sensors are absolute pressure sensétgther details of the equipment can be
consulted athttp://www.rbr -global.com/products/tideand-wave-instruments/twr-2050 At a the deployment
water depth, of 2 meterswave periods of less thafiseconds are not measured. When observing the frequency
of occurrence irfigures56 and 57, waveperiods per direction, it can be seen that the pertage ofoccurrence

3
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of wave periods under 7 seconds is very IGlie measured first campaighe gauge wast 2 Hz,with burst
lengths 512 samplesvery 20 minutesThe second campaign the equipment was programmed at 1Hz with
continuous bursts of 1024 secds.
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Figure58: Wave Measurement Location

The equipment is deployed using divers and once per month the data is retrieved. &igsinews a submarine
picture of the location of the wave gauge, the turbidity of the wadé the location is verjow, no mayor rivers
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are found near the area, and furthermore a small coral reef is found nearby, which means that the water is clear
enough to maintain tropical corals at 25 meters water depth.
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Figure59: Site Location with depth contours @ 1 meter.

Figure60: Pressure sensor location
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3.1.3 Analysis of Wave Sources, General Comparison with Measured Waves

The sources of the measured waves were analyzed. These weramiletd using the Global model Wavewatch

[l from NOAA. To determine the origin of these long swells first a qualitative comparison between the measured
significant wave height 44 and reportedhind castedspectral significant wave height Hs was done tloa
duration of the measurements. The reportéuhdcastpeak spectral wave period was alsompared with the
measured peak period. Figuéd shows the results of the comparison.
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Figure61: Deepwater Wave Hindcast and Measuredawésfor Campaign N°1 off the Pacific Coast off Costa Rica

From the figureglit can be seerhat at least5 swells were measured. As reference whenever there is a jump in

the hind castedpeak spectral period, upwards from -3 seconds to 119 seconds means the arrival of a new

swell when the fastest waves arrive. After the arrival the wave periods become smaller as slower waves arrive.
The deepwater wave directions vary between 185 degrees, a Swell coming from the south and 225 degrees, a
swell arrivingrom the southwest. The highest wave conditions measured occurred between tharzDthe 22,

where at least two different swells arrived, one with 14 second peak spectral period and the other with 19
seconds.

The wave sources of the first campaign wetudied in detail given the high wave conditions measured. For the
2" campaign the sources were also investigated, and were of similar origin, the r@aring e South pacific
but of lesser energetic content.

Guanacaste

9.25N, 85.75W WaveHindcast

Figure62: Wave hindcast location and measurement locatioBoogle Earth
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For the hindcast information obtained &p://polar.ncep.noaa.gov/pub/history/wavesthe selected output point
for the comparisorwas latitude 9.25 North, and 85.75 West, the location of the data is shown in Bgure

Asit has been mentioned before the comparison done is qualitatively, since the objective of the present work is
neither to calibrate norcorroborate the accurey ofthe global model Wavewalclll by NOAA. For a quantitative
comparison the transformed deepwater conditions need to be compared, which is out of the scope of the present
work. Wave sourceswere examined by means of the monthly animation published by NOAA a
http://polar.ncep.noaa.gov/waves/historic.html

Storm from the 18 to the 23 of August

The generation area was identified to be between latitudes 60 3hdouth and between longitudesB0and 90
west. Figure63 shows a large storm datitude 60S and Longitude 120W, with significant waves over 13 meters.
The area of the storm is almost the size of Australia, which means that the fetch is very long.

NOAA WAVEWATCH Il 2.22 hindcast
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Figure63: Large Storm at 60S and 120W during the™af August

The wave periods generated from this large storm were tracked until 5 days later they reached the Pacific coast of
Costa Rica, and the measurement location th® @®August. The waves travelled acrdss equatora distance

of more than 8000 kilometersAccording to the measurements waves with a significant wave height of up 3.5
meters affected the coast during 3 dagrsdthe significant waveperiods were between 15 and 17 seconds.
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Figure64: Swell waves reaching measuring site from large storm at 60S and 120W 5 days later.
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Figure65: Swell waves peak conditions at measuring site from large storm at 60S and 120W 5 days later.
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Storm from the 19 to the 239 of August

The second storm thawvas analyzed corresponds to the one that was measured from th& tb9the 23% of
August.This storm is showim figure 66; its sizeis larger than Australia. The waves generatedlig storm were
also trackeduntil the longer faster periods reached the wave measurements location 5 days later.

1400 1200 1000

Figure66: Wind Fieldin the South Pacific that originated th2™ Storm
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Figure67: Large Storm between 60S t®S and 150W to 85W during the 9 of August.
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NOAA WAVEWATCH Il 2.22 hindcast
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Figure68: Swell waves reaching measuring site from large storm 5 days later.

The waves associated from this storm were present from Chile to Alaska in the northern hemisphdasgdste
wavesthat were measured during this storlradwave periods from 17 seconds to 15 seconds. The peak spectral
direction of the wavdield in deep waters was 202r®rth azimuths a southsouthwest direction.

During the2"™ campaigrthe storms in theSouth Pacific Ocean had similar origins, between the latitude 30 and 60
south. However the events were much smaller than the ones measured during the first camphign.
comparison between the deepwater hindcast and the measured waves is shown in @gurEhe highest
significant wave heights measured occurred during th& ©8 November, considerably low periods for the
location, possibly affected by waves generated by storms closer to the coast. After"thef Nbvember swell
waves with peak spectrgleriods of 17 semndsappeared, the same swell slowly decayed during the rest of the
measurementsThe decay shows almost a perfect correlation between the measurements and the hindcasted
datawith approximately losing onlgne second every 16 hours.
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Eq. (65)

Where D is the travel distance and df/dt is the rate of change of the spectral peak.
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Figure69: Deepwater Wave Hindcast and Measured Waves Campaign N°2 off the Pacific Coast off Costa Rica

3.1.4 Statistics Based on Zero-Down Crossing

During first wave measurement campaign, August 2010, five events were measured, and during the second
measurement campaign, November 2010, two swell events were measured. In the following chapters the results
of the aralysis of the whole data is presented.

Figures70 and 71 presentthe measured statistical valudsased on the zero down crossing methoél the
maximum, significant andoot mean squarevave heights and wave periods based on the zero down crossing
method for the measurements during August and November respectivehe relation between these and other
statistical wave heights and periods was examined for both measuremtatites 3 and 5 show the relation
between these values for both measured wave campsidn general it can be seen that the standard deviation
during the first measurements campaign was much larger than for the second one. It is estimated that the
presence of several simultaneous swell events and the shorter bursts lengths is the reastis fhigher
standard deviations.
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Figure70: Temporal Variation of Wave statistical Characteristics based on zero down crossing for Long Travelled Swell August 2010.

Table 3: Ratios of the Characteristic Wave Heights and Perlmased on the ZDC Long Travelled Swell August

Hrna/Hus | Hino/Hus | Hus/Hmean | Hus/Hims | TmadTws | T1no/T 13 | T/ T mean
Mean 1.379 1.035 1.477 1.328 1.484 0.800 1.056
Standard Deviatiof 0.196 0.218 0.123 0.073 0.227 0.211 0.106

Table4: Skewnes andKurtosisLong Travelled Swell August 2010.

Skewness Kurtosis

Mean 0.04 3.15
Standard Deviatior 0.21 0.95
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Figure71: Temporal Variation of Wave statistical Characteristics based on zero down crossing for Long TreswidéidNovember 2010.

Table 5: Ratios of the Characteristic Wave Heights and Periods based on the ZDTrawvelied Swell

November

Hma)l H1/3 H1/10/ H113 H1/3/ Hmean H1/3/ Hrms Tma)/ T1/3 T 1/10/ T 1/3 T 1/3/ T mean
Mean 1.546 1.199 1.545 1.385 1.506 0.964 1.133
Standard Deviatiof 0.169 0.059 0.056 0.029 0.179 0.056 0.055

Table6: Skewness and Kurtoslsong Travelled Swell November

Skewness Kurtosis

Mean 0.02

3.00

Standard Deviatiof 0.09

0.29
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The ratios of tableé3 and 5 were obtained from 1992 and %7wave records respectively. The ratios amech

lower than the expected values predicted by the Rayleigh distributidre reason why T is actually lower than

T 1110 1S because T3 is obtained as the periods of the one third highest waves assatiath the significant wave
height, while T30 is obtained as the mean of the one tenth highest periddsere still debates within the coastal
engineering community on how to calculate;sT under the author criteria the present calculation method is
physically more representative of the energetic conditions, andoBhould also be calculated as the associated
periods to Hy1, Nevertheless scare should be taken when evaluating design formula on how the statistical period
was obtained.

The maximum wae measured for both campaigns was also obtained with its given time series. FHgLrdsand

75 shows the maximum measured waves and the wave group where they were found. For the long travelled
swell measured in August, the maximum wave occurred tHév@ithin a group of 3 very similar waves all with
heights above 4.5 meters armbro down crossingeriods of 17 seconds the group presents a discontinuity at the
4" wave wth seems to be missing a creswavewave interaction seems a plausible explanatifor such
occurrence. Such measured wave groups are constantly present during thehddythese swell was measured,

in which twodifferent swells were simultaneously present.

Maximum Measured Wave Height Maximum Measured YWave Height Time Serie
Hmax=4.9456 Hmax=4.9456
Timeseties nr=1140 Timeseries n=1140
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Figure72: Maximum measured wave heighind wave goup based on zero down crossing for Long Travelled Swell.
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Figure73: Regression Hmax vs illong travelled swell August 2010.

For the case of the measured swell during the second campaign, November 20
2.57 meters, and as seen it is composed of a deep trough but a small crest. When

e \_VUlViIL1V]

10, the highest wavedneasu
examining the whole time series

where this wave occurred, no groups of such nature, or similar waves are found. However this wave is succeeded
by relative calm short perdy which is also not present in the rest of the time series. In ordezvimuatethe

occurrence of such events the relation between the significant (H1/3) and maximu
further investigated by a linear regression between these esltor both campaigns
figures73and76.

Hmax=2.5726
Timeseries n=163
14-Mov-2010 17:458:31
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Figure74: Maximum measured wave height based on zero down crossing for Long Travelled Swell.
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Maximum Measured Wave Height Time Serie
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Figure75: Group were maximum measurediave height was found.

Relation between Significant and Maximum Measured YWave heights
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Figure76: Regression Hmax vs kllong travelled swell November 2010.

The difference in the results between both measurement campaigns is surprising. The larger swells measured
during August have a muchigher correlation coefficient, 0.85, compared to the second measurement
campaign0.69. The largest measured wave during the second campatfe ghest outlier value, and in fact

the outliers tend to be positive in the second regression. The reasomsucin a difference in between both
measurements is explained from the fact that the first measurement campaign wasomtinuousand the

sample length was short, most probably causing a miss of these high outliers. Given that the occurrence of such
high waves is low, they appear in the second wave measurement campaign since the measurements were
continuous. These positive outliers from close investigation of the wave records in the second measurement
campaign are considered to be real and non spurious data.

The marginalprobability distribution ofthe individual wave heights and periods was then investigated for both
measurement campaigndrigures/7 show the obtained results compared to the theoretical Rayleigh distribution
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for the wave heights. A smootdeKernel function was applietipwever thefitting is not considered acceptable.
The mean of the root mean square value over the whole measurement campaign was used to non dimensionalize
the wave heights, while the mean period over the whole campaign wed tor e wave periods. Given the fact
that 5 different large swells were measured during the feampaignthe variability of the K will affect the
results.
Cormparison of Theaoretical and Measured

Comparisan of Theaoretical and Measured Wave Height Distribution Cumulative Wave Height Distribution
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Figure77: Marginal wave height and wave period probability stribution for long travelled swell August 2010.

The second wave campaign presents a good fit to the Rayleigh distribution, which is more clearly seen when the
exceedance probability is used for comparison purposes figure 61. During the August swellemesss the

lower root mean square value causes a large shift in the exceedance probability curve7Tigliegs means that
individual waves will tend to be higher than what the Rayleigh distribution assumes. This effect seems more
pronounced for largeswells. God41983), found similar results for long travelled swell, he pointed out that the
departure from the Rayleigh distribution of these long travelled swells was because the Rayleigh distribution is
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based on slightly larger values of correlation fficéents than the measured ones. Theeasured correlation
coefficient is investigated in the wave grouping chapter.

For both measurement campaigns thearginalwave period distribution is similar, with a small tendency to have
more waves above the mearepod. The mode tends to be 1 with a small departure from this value, almost all
individual periods fall between 0.5 T/Tm and 1.5T/Tm

Comparison of Thearetical and Measured
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Figure78: Cumulative wave height and wave period probability distribution for long travellseell November 2010.

The joint distribution of wave individual wave heights and periods was then investigated, fikfusag 80 show

the measured distributios for the August and Novembearopaigns respectively. The 1992 records, containing
43619 waves we used in the August campaign. For this campaign a strong correlation between waves in which
H/Hms and T/T.ean are equal to 1.1s seen The largest waves, where Hjklis above 1.5 tend to have periods
between 1.3*Teanand 1.4 Thear FOr amean period of 12.5 seconds the largest individual waves will have a
period between 16.25 and 17.5 secontased on the zero down crossing. These values are in accordance to the
highest measured wave height shown in figig
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The joint individual wave height and ped for the second measurement campaign during November is shown in
figure 80. A sharp peak, which is also present in the August campaign, is visible at the dimensionless period
T/Thear= 0.50.7 and H/H,s=0.25.

Both individual joint heighperiod distrbutions show a clear bimodal distribution, with the larger waves for the
larger periods, and smaller waves for shorter periods.

Height-FPeriod Distribution, Binned Kernel density estimate { Epanechnikoy )
0B-Aug-2010
1992 Records, 43619 Waves Level curves enclosing:
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Figure79: Joint individual wave heighperiod probability distribution for long travelled swell Augst 2010.
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Figure80: Joint individual wave heighperiod probability distribution for long travelled swell November 20{6FT Method and NEW
Method).
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3.1.5 Spectral Analysis

The detailed spectral analysis was carried on the both wagasarement campaigns. The temporal variation of

the estimated spectra for each time series is present for both casdigyures81, 82, 83 and 84. Then the
temporal variation of the spectral characteristicaliso analyzed. Finally trspectrum of the mosenergetic wave
conditions and its fit to the JONSWAP spectrarésented.Again, even though TMA or OdHubble bimodal are

better descriptive spectra for these waves, the JONSWAP was used for comparison and convenience purposes
given its wide applicatih within the coastal engineering community.

The temporal variation of the energetic conditions is not clearly defined when the wave time series are analyzed
using the zero down crossing method, however when the spectral analysis is used the tempota&rveafithe

wave energy is clear, as shown in fig8fe This spectrogram shows 5 clearly visible swell events. Wherdiew

plan view the temporal variation of the energy content per frequency component is clear. The five events
measured during Augustriave with frequency around 0.05, a wave period of 20 seconds, there after the period

4 RS @I all #ases at a very similar rate. Between th& 28d the 2% two different swells arrived at almost the
same time (within 1 day of difference).

For the catulation of the spectra for both measurement campaigns the same lag was. Given that the sample
length of the time series was different the number of degrees of freedom, dof, varied between both campaigns,
for the first the dof used was 9 and for the secdi@l

Measured Spectral Density
0B-Aug-2010 18:33:00 to 03-Sep-2010 10:13:00

o des e, b e

Figure81: Spectral Temporal Variation for long travelled swell August 2010.
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During the whole measurement wave energy at a frequency of 0.125Hz, wave period of 8 seconds is present. This
secondary peak had been explained(bMunk 1954) ashackgroundvave energy found in the Pacific

Measured Spectral Density
06-Aug-2010 18:33:00
to
03-Sep-2010 10:13:00

[ Bt

ooty | CLRUUNE | " ol

Frequency (Hz

rULLL 'fW'W"\“"‘ Ul -"‘WW"”'EMW' | WM“NW‘W"

During the second measurement campaign, November 2010,/és® energeticwell events were measured as
shown in figureB3. Their peak frequency varied between 0.06 and .Biz516.7 and 13.3 second period. During

the 14" a shorter period small event was measured. Again during the whole measurement a secondary smaller
peak is presentthis time at a frequency around 0.15Hz, 6.67 second period. This secondarhgmeakso been
explainedas aconsequence of spurious harmonimg other researchers.

0
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time (day (hour)) 7 105

Figure82: Spectral Temporal Variation for long travelled swell August 2010 plan view.
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Figure83: Spectral Temporal Variation for long travelled swé&lbvember 2010.
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Figure84: Spectral Temporal Variation for long travelled swell November 2010 plan view.

The obtained spectral wave height and period characteristics were compared with the statistical ones obtained
throughthe zeao down crossing. The results for both measurement campaignshemen in table§ and8

The temporal variation between the compared values for measured wave halghtsy August 2010 are shown

in figure85. In all cases the wave periogglis lower than the peak spectral period, particulanyhen the swell

arrives and the much larger spectral peaks are measured, during theoflBugust the measured Tp was 20
seconds, whilejo; was 14 seconds. This lower energetic period could be related to thenebtanigher
frequency components in the spectral calculation, and the sharp peak of the swell. This same result was also
obtained for the swell waves measured in the second campaign, fRfurActuallyfrom this figure it seems that

Tmo11S almost equald the significant period obtained from zero down crossing method.

Table7: Ratios between Wave Spectral Parameters afidCWave Parameterdong Travelled Swell August

H1/3/Hmo HrmJHmo TmearlT mo Tp/-r 1/3 Tm&l/T p
Mean 0.926 0.698 1.110 1.156 0.991

Standard Deviatiol 0.055 0.029 0.133 0.194 0.194

The relation between T3 and T is 1.14 and 1.03 for both measurement campaigns. All the wave period ratios
are very close to 1 for both measurement campaigns; this is because of the narrow pistidaliion present in
these long travelled swell waves.

The relation between the statistical {4 and the spectral k,, ¢significan€ wave heights was also investigatelh
both cases K, was larger than H3, by a factor between 1.08 and 1.05.
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Comparison of Wave Characteristics with Spectrum
06-Aug-2010
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Fgure 85: Temporal variation of spectral characteristics for long travelled swell August 2010.

The temporal variation of the spectral parameters @pp, a and k was also calculated, the results for the first
wave measurement cangpgn are shown in figurg6.

The spectral peakdness parameter, Qakes the value ofl for white noise, the value of 2 for the Person
Moskowitz spectra, the value of I8 for a JONSWAP spectrum wgthqual to 3 and 5.57 for a JONSWAP spectra
with gqual to 10. During August Qp varied between 2 and 6, having the highest during the swell that arrived
during the 11" of August, in which the peak period reached values of 21 seconds. It is estimated that because
several swell storms where present sinanlecusly during the measuremesfrom the first campaign in August,

Qp tends to be smaller since the wave energy in the spectrum would be distributed between the different peaks
of the present swell. The large measured variation, between 2 and 6, is attrilaotéue fact that since the
measurements were not continues the presence of waves of the one swell or another in each individual record
will cause this variabilityThese is also visible in the spectral narrowness paranmeded the spectral broadness
parameter n , where both present high variabilitand both parameters indicate a broad spectra, again this is
attributed to the presence of simultaneous swellhe parameteia, which also describes the narrowness of the
spectra takes a value under 0.5, wjtimps to 0.75, these indicates an irregular wave conditions mixed with more
regular (narrower) conditions.
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spectral peakdness parameter, Qp, isrse€his correlation will be examined further ahead.

Figure86: Temporal variation of spectral characteristics for long travelled swell August 2010.

The spectra of the five highest measured time series during the first were igatsd. Figure 87 shows the
highest spectra that occurred during the2af August. During this period of time several swells were present,
however for the highest wave conditions the spectra shows only one clear peak at 17 seconds. During this period
the swells that affected the site had similar wave periods, it is possible that-wave interaction is responsible

of the high significant wave heights measured, particularly considering that the swells had very similar directions.

The broadness of the spwa of the measured swells is also represented by the fitted JONSWAP spectra. Figures
88 show the fitted JONSWAP spectra with the obtairgestalue for the four highest spectrums. The peak
enhancement factolg varies between 2.3 and 4.3. These values ateimlower than the previously reported

ones by God#1983, he reported that these long travelled swells should be taken at a value between 8 and 9 on
the averageHowever he analyzed wave measurements at shallower wafeie measured difference again is
attributed to the presence of several simultaneous swells during the most energetic conditions that occurred
during the 2% of August.

3
NTNU 3 . 4 NIVERSITAT PO ONICA UNIVERSITY OF PO
E Norwegian University of TUDelft 12 BesondaghaSinesiday Southampton CITY UNIVERSITY
Science and Technology e R School of Civil Engineering 4A L. LONDON

and the Environment

112




































































































































































































































































































































