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Abstract

The wave energy industry is entering a new phaggef
commercial and commercial
devices, so better understanding of seaway vaitiah
critical to the successful operation of devices Tésponse of
Wave Energy Converters (WEC) to incident waves gover
their operational performance and for many devitkis, is
highly dependant on spectral shape due to themnesx
properties. Resource assessments,
predictions and monitoring of operational devical often

employed to quantify not only spatial and specuaiation
and variability, but also variations from benigtesto full-
scale site. The analysis highlights potential vames in

deployments of full-scalepower incident at a site from those estimated uaistandard

spectral shape at a separate measurement point.

The results of the work presented here are onlicatide
as the spectral variation work is based on just foanths of
data, while the spatial variation exercise is aplio just 1
month’s concurrent measurements. Robust conclusians

device performancely be drawn when the methods are applied to aemor

extensive database.

be based on summary statistics and assume a dandar

spectral shape such as Pierson-Moskowitz or JONSWA
Furthermore, these are typically derived from thHesest
available wave data, frequently separated from dite on
scales in the order of 1km. Therefore, variabitifyseaways
from standard spectral shapes and spatial incensigt
between the measurement point and the device Biteanse
inaccuracies in the performance assessment.
differences in estimated and actual incident waowes are
investigated using measured data. Concurrent weteefitan

two wavebuoys have been collected from the EMEC fulllz

scale test facility in Orkney, Scotland and thevigl Bay
benign test site, Ireland along with single buotadaom the
Wave Hub site off the north Cornwall coast in the.UK

Spatial variability is investigated through the maation
of limited data from wave measurements taken atrs¢ipns
of 200m, 500m and 1500m. Differences between coentr
measurements are identified and compared to thealhgt
predicted variability, in terms of their magnitudand
statistical properties. Comparisons of the data otrer
available separations indicate a possible depemdencthe
measured differences in the spatial domain, althosige-
specific properties must also be considered.

The deviation of the measured data from the engliyic
derived spectral shapes is investigated, quantifeedl
compared to other
investigation involves the identification of bi-maldseaways
and it is found that this deviation reduces witler@asing
wave height, although the degree of deviation, tiscbeing
investigated here, is site specific to some degree.

Finally, this analysis is implemented for choseangnts
of the wave height-period scatter diagram thatpaneulated
at the selected sites. The analysis techniquesederare
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sites from published data. Thid
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Nomenclature

Hs = Significant wave height, derived either in tiree
or frequency domain
mo = Significant wave height, derived from spectral

estimates
Zero-crossing wave period

To = Peak wave period

DH, = Percentage difference in ™i concurrent
measurements of significant wave heightoH

DH*, = W"bootstrap iteration of D}y

6y = The mean of the'biteration, DH?,

N = Total number of k|, values in each data set

B = Number of iterations used in bootstrap

A = Deep water wavelength

m, = The J' spectral moment

f = Frequency

fy = The upper frequency cut-off used in estimatibn o
the wave spectrum

P Wave power per metre crest length

el density of water, 1025 kgfm

acceleration due to gravity, 9.81 f/s
Froude scale parameter

=

Subscripts

i record numbei,=1,...,N

b = bootstrap iteration numbdr=1,...,.B
p = Number of spectral moment
Superscripts

Bootstrap iteration



1 Introduction site ha\_/e similar H-T scatter diagrams. Howeveg, th
wave climate at Galway Bay means that the wavestat
Direct measurements from a wave energy sitgere are generally smaller in terms of both H anthT
provide a data set of the wave field incident oa th order to reduce the dependence of results on the
devices. Prior to deployment, this data is applied properties of the incident wave states, the vaitgbin
resource assessments and device performanggve measurements across these distances are
predictions [1], and during operation, for monit@iof  characterised using the percentage difference in
device response and performance [2]. The placeofent concurrent H, values determined from 30 minute
wave sensors around a development will be outside @ecords of the surface profile. The bootstrap metiso
the immediate proximity of the devices, where theyy statistical technique which involves the re-samgpl
cannot interfere with normal device operation andyf the available data [5]. Here, it is applied twet
radiated or reflected waves from the devices do ngjercentage differences in concurrentoHvalues to
interfere with measurements. In the protocols folestimate the probability distribution of the mean
performance assessments of WECs, a minimurgifference. In doing so, it takes into account the
separation of 100 metres and a maximum of 1km ar@ariability in the measured data to define whaeleof
proposed [3]. In order to transpose measuremeots fr mean difference can be considered significant. The
the measurement site to the devices, it is nege$sar analysis highlights some of the difficulties inharén
quantify any differences in the wave field at theot measuring spatial variations in wave fields.
points. A detailed investigation of the site, irdihg
bathymetry or tidal regimes can reveal possible 1 Methods
deterministic factors that will affect the waveldie
Such an investigation coupled with modelling2 11 Spatial Differences
sensitivity studies are also advised [3]. ] _
These sensitivity studies can be undertaken in the The differences  between spectrally derived

spatial domain and in the frequency domain. Sitéignificant wave height values, .bl from spatially
specific conditions can influence the energySeparated wave records were analysed using thtee da

distribution of a spectrum, especially in areas nehe Sets, where concurrent measurements were available

locally generated wind seas, due to fetch limitedOr @ period of 1 month (Table 1).

conditions coexist with the remnants of far distant TO ensure data sets are comparable, they were
storms that seep into the investigation area a.sve ~ Converted to parameters derived from 30 minute
wave energy extraction knowledge of the sea statBverages. Datawell Waverider buoys derive their
spectral components is essential both for powepPectral parameters from an average of 16 segments
extraction calculations and control issues as thi§ken during a 30 minute period. In this analysisy

information can be hidden within the historical 30 minute periods where at least 14 of the 16 segsne
summary statistics. are available from both buoys are included in the

analysis, thus ensuring high integrity, concurréata.

. A Visual checks and examination of the source data

2 Spatial Variation removed further errors. These processes limit the
The irregularity of ocean waves causes an inhere@gmount of data available for each of the threes sated

variability in the sea surface profile. It followisat any  the available data is shown in Table 1.

measurements made of the sea surface will alsectefl Once the concurrent data sets were identified for

this variability. Goda used simulation tests toeach thirty minute record, the differences in corent

demonstrate an increase of variability between wavéata from buoy A and BDH, were calculated as the

measurements with the distance between them [4percentage difference in the value gfoHThus fori =

Identifying  deterministic  differences in  wave (1,2,3..., N)

measurements requires differentiation between nando

variability and the deterministic differences under i1

examination. As variability increases with the diste —[H mO(Ai)+ Hmo(Bi )]

between sites, it can serve to mask deterministic 2

differences, making them more difficult to quantify where HmO (A) is the significant wave height value

Furthermorc_a, v§r|abll|twlll also have a direct effect on Falculated for 30 minute record at buoy A, and
the determination of the short term performance o

1
WECs. = i
Three wave data sets were used for the spatiaQ[HmO(A) +Ho(B )] is the average value Ofyl

analysis, each consisting of one month of datantée for the recordi. Figure 1 shows a time seriesifl for
two concurrently operating wavebuoys. The wavebuoys period of three days. Mean and standard deviatén
are separated by a different distance for each sitta DH were calculated. The probability distributioni
200m at the Galway Bay benign test site, Irelamdi a values were estimated using the relative frequesfcy
500m and 1500m at the EMEC full scale test facility occurrence of differences in 100 bins of 1% between
Orkney, Scotland. An effort has been made to sele®0% and +50% (Fig. 2).

data that exhibit the maximum cross-over in the evav

states measured. The two data sets from the EM&C te

DH = HmO(Ai)_HmO(Bi) x100 (1)

238



Data set Separation Available data Available data
(siteand date) (m) (no. of 30 min records) (days)
EMEC 07/2004 1500 1481 30days 20hrs
EMEC 09/2006 500 1268 26days 10hrs
Galway 06/2008 200 1213 25days 6hrs 30mins

Table 1. Data sets used, and the available data for the #ites after processing.

mo (%)

Diffin H

Site Separation Differences (%)
M ean Std Dev
EMEC 1500m -0.28 10.94
Aand B
EMEC 500m 1.07 7.32
B and C
Galway 200m 2.98 4.81
1and?2
Goda 5\ 0.0043 7.42
Table 2. Mean and standard deviation of the differences

between concurrent measurements gf.H

I I
Sep.03,2006 Sep.04,2006

Date

I
Sep.02,2006

Figure 1. An example of time-series of percentage
differences between concurrentdValues across a

separation of 500m for a three day period.
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Figure 2. The frequency distribution (left hand y axispstimposed onto a histogram (right hand y axigjifiérences between
concurrent HmO values, both calculated over 108 bfrwidth 1%. Also shown is the mean differeneg.200m separation at
Galway Bay, (b) 500m separation at the EMEC site,(eh@500m separation at the EMEC site.
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at a 95% confidence can be expected to vary byup t
2.1.2 Bootstrap for Significance of Differences 20%. When the separation is reduced to 200m, this

i 0,
Bootstrapping is a statistical technique that desiv value 13 reduced to 10% (Table 2).

an empirical distribution function (EDF) of a stdital —Gawaybay| | | |

. . 091 @ 5%Cl. B e P e
parameter of a dataset in order to estimate the tru @ os%cl |1
distribution of that parameter. It avoids parancetri N AT
assumptions as the EDF is calculated from the malgi ' o
sample [5]. Here, the bootstrap was applied to the °° 7777
dataset of differences between concurrepg talues, Gosp——----f--F it n
DH, comprising N valueg-or each bootstrap iteration, e E e i e e e i =
N sample values from the datagal were drawn at 03F ~ 1= T T--T-

|
1
random, with replacement, giving a new set of data, R0 S S
|
|
|

DH*, of equal length to the original dataset. This was 0 - —1- - S S T S S
repeated foB iterations and the mean value was found 0
fOI’ eaCh FOb = (1,2,3 . B) - - - Mean difference,(-); (%) ’

0, =u(DH*,) ©) )

——EMEC 500m

giving B values of6,, where(DH*}) is the mean of 0.9 @ 95%CIL |- i == -

@ 5%C.l.

theb" iteration,DH*,,. Subsequently, the distribution of

6 can be estimated, which represents the EDF of the
mean difference. The value 8fused in this analysis
was 100. In order to determine if there was a §icamt Ko
difference between the data sets, 95% confidence
intervals were calculated by determining the range
within which 95% off, lie. Where these limits did not
encompass a mean difference of 0, this indicatat th
there was a residual difference between the twgyduo
at the site.

Mean d‘|fference. eb (%) ) (b)

2.2 Reaults

2.2.1 Mean Differences

The estimated distribution of, calculated using
bootstrap analysis for each data set are showigirSF
The 5% and 95% confidence Ilimits of these
distributions demonstrate that the mean difference
between concurrent measurements ofy Htan be
considered significant for the separation of 200m a
Galway Bay and the separation of 500m at the EMEC
site (Figs. 3a & 3b). However, from the data with a 95 5 5
spatial separation of 1500m at the EMEC site, the Mean difference, 8, (%) (c)
difference in mean kb measured between buoys A and Figure 3. Results of the bootstrap analysis for (a) Galway
B is not considered significant because the es@ichat Bay, (b) EMEC, 500m and (c) EMEC, 1500m, showing the

distribution encompasses zero within the confidenceempirical distribution function of the mean diffaces. Also
limits. shown are the confidence limits calculated as 5@l of

the bootstrap mean&,.

2.2.2 Varlablllty 12

The variability in the differences for each site ¢se
categorised by their distributions (Fig. 2). Foclkedata
set, the differences can be seen to approximate a 8 -
normal distribution, which is in accord with that
expected due to random variability. However, it sloe
not rule out the presence of periodic deterministic
differences. The standard deviations of the peaggnt
differences between concurrentdalues are used to
demonstrate the variability in the measurementblélra ;
2). The standard deviation of the differences is T s O
observed to increase with the distance of separatio Distance between buoys (m)
between the buoys (Fig. 4). Putting these values in Figure4. The magnitude of the mean and the standard
context, a measure of g taken 1500m from a device, deviations of the differences inifor each separation.

'm0

7';’)‘ coroT Tt -O-Mean

Difference in H
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limited data set from the Wavehub location. Thisada

Goda used simulated surface profiles to examine t get covered a period from December 2005 to April
effect of spatial separation oﬁ the variability of 006. Therefore, it is proposed that further
estimations of the significant wave height [4]. &cord investigation should be carried out when a more

length of 100 waves is used and spatial separasion extensive data set is available from the test ®te
: . . endorse the findings of this section of the papete to
defined in terms of the wavelength ak, SvhereA is g b

this confined period of data availability from the

the deep water wavelength [7]. Wavehub site, the same time period will be
:g investigated for the Galway Bay test site. Bothada

T sets were recorded by Datawell Waverider buoys lwhic

When comparing these values to the measured datdilise the same methodology to measure waves.

there are two factors to be considered which ii#a o
the variability. 3.1 Summary Statistics

Firstly, the record lengths used in the measuréd da  The historical measurement of a seaway are the
equate to more than 100 waves therefore, varigbilithoyrly summary statistics that have been derivéieei
would be expected to be lower than in the simufetio gpecirally or temporally (or both) usually from the
Secondly, when expressed as a function Xf yertical heave of the buoy. However, it is becoming
separation will show a dependency on the wave stat@pparent that this outline of the characteristitshe
which varies in the measured data. Accordingly, aea state does not relay the required level of
direct Comparison of measured results with theltesu information for wave energy device deve|0pers_tm
in [4] has not been attempted in this paper. Howeve knowledge that is required can be derived from the
using the average peak wave period at each 3itea®  spectrum, although even the method of acquiringithi
be estimated for the measured data sets (Table 3).  subject to discussion [6].

To accurately calculate the efficiency of a WE® th

2.2.3 Comparison with Simulation Tests

T2 [m] 3)

Site Actual | Mean | A | Equivalent incident power of the sea state has to be detethand
separation | T, Sseparation, the most common method of achieving this is by gisin
(m) C) (m) SA (m) the summary statistics typically in the following
EMEC 1500 8.76 119.20 595.80 approximation:
A and B
EMEC 500 10.20| 158.60 793.18 P = 0.55HT, [kw/m] 4
Band C However, this equation is based on empirically
Gall";% Igay 200 6.66 | 69.25 346.24 derived spectral distributions. Wave power is oradly

derived from the relationship between power and
energy as described in [7] and Equation 5 belowrashe
the dependence is on the spectral monmant,

2
=9 m_, (wim) ©)
47t

Table 3. The equivalent separation of simulation tests by
Goda [1977] calculated from the measured averagk pe
wave period for each data set.

For the EMEC data from buoys A and B, the average
measured peak period defines a wavelengthof
119.2m and therefore & Separation of 595.8m which
is significantly less than the 1500m separatiorthia

This method of wave power calculation (Egn. 5)
utilises the spectral moment, which is a fundanienta

lement of the spectrum, rather than the summary
measured data (Table 3). Thus, the measured dai?atistics, therefore the incident wave power dated

WOUIq be expected to exhibit higher variability r e using this method should be more indicative of the
remaining two data sets, the measured data would l?/iriability of the spectral shape. The variation of

expected_ to havg a '°"_Vef_ variability than Fhe satioh spectral shape for similar summary statistics heenb
tests. This prediction is in agreement with theultss hown in a previous paper [8]. The deviation of the

from the measured data, where only the EMEC A an - oo
- o . pectral shape from the expected empirical fit alglo
B data setd = 10.94) is seen to exceed theredicted change the relationship of wave height and period i

In S_'m“'a“O” tests o = 7.42) (Table _2)' The_se the power equation. Another assumption is suliect
provisional results would have to be confirmed gsin the upper and lower frequency limits of the speutru
more dgtailed simulation to allow direct, quantitat but in the case of the two data sets used herdinite
comparisons. are approximately the same. The spectral generation
techniques of the data sets are different, theeefoe
associated errors of the spectral estimates will be
different. The assumption is that this does nottye
influence the results, although it is somethingt tha
requires investigation. The frequency details ef ttvo

3 Spectral Variation

Having dealt with wave variability in the spatial
domain, it is also important to consider the deeis
of the spectral shape in the frequency domain.tker data sets are given in Table 4
purpose of this analysis a limited data from thén@s 9 :

Bay and Wavehub test sites are considered and Figure 5 shows a regression of the incident wave
compared. From the outset it is important to not t power from both the Wavehub and Galway Bay test

conclusions drawn from this analysis is based on gites for the winter period from December 2005 lunti
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April 2006. Although Equation 5 has units of Waitsr  investigation of the spectral shapes of these medsu
metre wave crest, it is generally converted towdts sea states was conducted to quantify the existefice
per metre. The incident power, calculated using thelouble peaked spectra. The findings of similar
spectral moment, is plotted along the abscissaevth#  investigations reported in literature for both opeean
wave power determined from the summary statiséics iand coastal sites in the North Atlantic have found
plotted against the ordinate axis. The disparityveen various degrees of influence of twin peaked spectra
the incident wave power calculated from both meshodGuedes Soares reports that an overall average%f 22
is in the region of 10-15% for the data set usedHis  of bimodal spectra occur in the North Atlantic [Jhis
analysis. This may indicate that due to the nonis averaged across all occurring wave heights and
conformity of the spectral shape to empiricallyided ranged from 34% at low significant wave heights (1-
distributions such as  Pierson-Moskowitz ~ or2m) to 3.4% with Hgreater than 10m. Later work [10],
JONSWAP, the estimate of the incident wave power awhich dealt with an even greater catalogue of data,
a WEC when using the summary statistics alone ean bncluding data from the North Sea, confirmed the
underestimated by as much as 15% in all sea states. findings of the previous paper [9] and stated aarage

of 16% double peaked spectra occurrence for theéhNor

DataSet | Min Freq Max Freq Frequency Step | Sea, again for all wave heights that occurred. Othe
[H7] [HZ] [H7] authors have found similar percentage occurrenoes f
Galway | 0.03 0.665 0.005(0.03-0.66%) other areas of the North Atlantic, as documented in
Bay Table 5. Again, the evidence of these studiesibik
Wavehub| 0.025 0.58 0 8'1(28((1)'82558')0'095)presented in [11] and this paper support the figslin

that the percentage occurrence decreases as the
significant wave height increases by Guedes Soares
[10].

Table4. Spectral frequency information.

Wavehub

Author Year |Location Average %

w
o
o

N
u
o

N

o

o
L

y=0.8482x-0.212 |

o
S50

Occurrence

o]

Cummings [12]

1981

North Atlantic

25%

e

Guedes Soares [9]

198

A4 North Atlantic

22%

Aranavachapun [13

1987

North Atlantic

24%

Guedes Soares [10

199

[l North Sea

16%

[

a

o
L

Guedes Soares [14] 1992 Portugal Atlantic 23-26%

Wave Power
{0.55*Hs>* Tz} [kW/m]

Table5. Reported Double Peaked Average Percentage
Occurrence from Literature.

i

o

o
L

al
o

To quantify the influence of bimodal sea states at
site of interest, the spectral shape is required fo
inspection, as the energy distribution is lost witthe
summary statistics. Various methods exist for the
identification of bimodal spectra and are readdwrid
in the literature for application to both direct&drand
non-directional spectral data. The method adopted i
this study is applied to non-directional spectra &
based on identifying legitimate peaks of energyhia
spectrum, not just variations due to sampling stror
The identification procedure applies the following
guidelines to classify legitimate peaks in the $sfzec

i. A peakis classified as legitimate if the centre

ordinate in a frequency range of +0.05Hz is
the maximum in that range.

ii. Secondary peaks qualify as such if the
secondary peak magnitude is greater than 15%
of the magnitude of the primary peak.

A peak is discounted if it is within 2 seconds
of an identified peak larger in magnitude.

o

100

150 200 250 300

Wave Power
{(pa%/4my* m.1} [kW/m]

Galway Bay
25 I I

y =0.8839x - 0.1117 o
.
,&9&

20 4

Wave Power
{0.55*Hs™* Tz} [kW/m]

15 20 25 .

Wave Power
{(py’r4ny* m. o} [kW/m]

This identification methodology is applied to both
data sets from the Wavehub and Galway Bay test. site
The Wavehub data set was limited to four monthmfro
3.2 Bimodal Sea States December 2005 to March 2006. Due to this limited s _

of data, the Galway Bay data chosen for the armalysi

Another important indicator of spectral variati® i was also limited to the same time frame for
the occurrence of bimodal sea states. A thorougBomparison. The multi-peak identification procedure

Figure 5. Regression plot of Power Calculation Method for
Galway Bay and Wavehub Test Sites.
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results in an overall average percentage occurrefhce HsRange = 1-2m

approximately 15% of all the spectra exhibiting 80

bimodal features at the Galway Bay data set. Thi 10 L] ©Wavehub y

compares to 8% for the Wavehub test site. The highe & ®Gaway Bay | I3
percentage of double peaked spectra at the Galagty B , 8 %‘II

site is largely due to its location within a semelsed  § @ 50 N+

bay on the west coast of Ireland. At this sitechet g% 40 §EE:

limited local wind seas exist in parallel with an §4& %m
encroaching offshore swell that diffracts arourdrids B % 30 %4»4

to the west of the site which shelter the bay fritwe ] 20 s §1:1

Atlantic. The long period swell that occurs at the 10 s §1:1
Wavehub site may be from the open Atlantic Ocean tc SINGINL
. west. An analysis _Of_the (_j're_cuonal _Compoths 0.0-1.0 1.0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-70-80
the individual peaks will identify if there is atpern or T, Range[q

source to their formation, although this is outsible
scope of this paper. Figure 7. Distribution of the percentage occurrence of

The percentage of bimodal seas that occur,bimOdal seas only in the rangg-2m, for all wave periods
distributed over a range of wave heights, and fbr a at the Wavehub and Galway Bay sites.
periods, is shown in Figure 6 for the two testssitt It should be noted however that these figures may
the Wavehub site, 7.41% of all spectra that ocaweh change when a more thorough data set is analysed du
a S|gn|f|can.t wave height Iess than 1m. Just o%erd®  to the occurrence of a greater number of low wave
these are identified as being double peaked. Fer thheight sea states during the Summer months, which

wave height range of 1mHs < 2m, 47.28% of spectra would increase disproportionately the number oftwi
occur, with over 20% of these being classified ageaked spectra.

double peaked spectra. In Galway Bay 71.17% of

spectra have a significant wave height less than 1m3 Bij-variate Scatter Summary

although over 40% are bimodal. For the range With . . ) .

between 1m and 2m at the benign site, 26.54% occur, |N€ bi-variate scatter diagram is employed to

12.48% of which are twin peaked. ascertain an overall picture of the conditions aest
Focusing on théls range of 1-2m, the distribution of Sité. This quickly indicates the percentage of exies

the proportion of bimodal sea states against wavel the sea states that have been experienced aitéhe

period can be investigated, as shown in Figurehiis T Put also the most likely sea state that has ocdurre

shows that in the case of the Wavehub test sitgshwh during the period of data collection. The knowledge

for the wave height range of 1m to 2m selected hagained can then be combined with a similar plot

occurrence in average periods from 3s to 12s (sekPntaining the efficiency or power potential of a

Figure 8), the majority of the double peaked sp?ectrdeV'C"f” to establish the production value of th&G\at

occur at an average period of the overall spectfigs @ Particular site. _

to 5s. In fact, double peaked spectra at the Wavehy Both the Wavehub and Galway Bay test sites have

site, where the overall significant wave heightges duite different characteristics, as can be seem fite

from 1m to 2m, only occur in the period range ot@s area covered by the bi-variate scatter in Figurétis

7s, comparable to the Galway Bay site, which shaws 1S €xpected of a benign test site and a commercial
similar characteristic. demonstration zone. In fact, it would appear thatte

45 basis of these scatter plots, the Galway Bay fests
at a scale ol = 1:2 with respect to the Wavehub site.
WWavehubld Galway Bay | However, as previously stated, the caveat with this
assumption is that it is based on a limited dataofe
only four months. A much greater data set is rexglir
to produce a statistically qualified scatter diagra

A scatter diagram element with a significant wave
\ height, 1m< Hg < 2m and zero-crossing period, 43,

Fv
40 -

-

w
)]
-
»
-

-
-

o

-
-

-
4
4
-

N N w
[4)]
-
»
-

o
i d
g

< 5s was chosen as it is common to both the Wavehub
and Galway Bay site and marked by a circle in Fégiir
. is selected for further investigation. This seldcte
4 04 element has a percentage occurrence for the Galway
§;j{j 04 N Bay and Wavehub site of 17.45% and 19.09%,
‘ ‘ respectively which is approximately 350 spectratifar
0.0-1.0 1.0-2.0 2030 3040 \yinter period for both sets of data. This elemeasw
HsRange [m] chosen to show that for the same summary statistics
Figure 6. Distribution of the percentage occurrence of two wave deployment sites can have different
bimodal seas for all wave periods at the Wavehub an  characteristic spectral shapes. Figure 9 shows the
Galway Bay sites. individual spectra that occurred within this single
scatter element at both sites during the duratfothe
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data set for Galway Bay and Wavehub respectivelynay be further explained by investigation of the
The average of the spectral ordinates and the alguity  directional spectrum. It would then be easier tedpst
classical shaped Bretschneider spectra are alsteglo the peak periods of the wind and swell seas. Tlig m
against frequency. The summary statistics of thde explained by the less complicated bathymetihet
Bretschneider spectrum are the equivalent mid-pointmore exposed Wavehub test site in comparison to the
of the scatter diagram element, in this chlge= 1.5m  confined Galway Bay site. It is not clear from Hig®
andT, = 4.5s. Reference to Figure 7 shows over 60% dahat any double peaked seas exist at the Galway Bay
the Galway Bay spectra and 70% of the Wavehulsite, however the bar chart of Figure 7 indicates &
spectra are double peaked for this selected scatthigh proportion of these spectra are in fact binhoda
diagram element of 1mHs< 2m and 45 T, < 5s. Therefore the wide shape of the average spectrum
The averaged spectra of each site for thishown in Figure 9 for Galway Bay may indicate aéar
combination of summary statistics are very différen  temporal variation in the bimodal spectral shapthiat
each other and the classical shape of the equivalesite for this bi-variate scatter element. It woblel easy
Bretschneider spectrum. The Wavehub averagetb assume that a WEC being excited in these camditi
spectrum has a distinctive twin peak while the Gglw at both sites would produce significantly different
Bay average spectrum appears very broad. Thigower levels, an aspect that would require further
indicates that there is little variation of the @iand investigation by the device development teams.
swell generation systems at the Wavehub site, which
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Figure 8. Bi-variate Scatter Plot of 4T, for the (a) Wavehub and (b) Galway Bay test siéspectively.
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Figure9. Individual, averaged and classical spectra withenselected scatter element, H2m and T. 4-5s, as circled in
Figure 8, for (a) Galway Bay (17.45%) and (b) WaVelil0.09%) test sites respectively.

Having selected a component of the scatter diagramretschneider spectrum in both plots of Figure Esw
common to both sets of data, an element indicasfve dictated by the median significant wave height and
extreme sea states was chosen individually for eadiverage period of the respective scatter diagram
site. In this study of extremes however, the Galwaglement. Note that the ordinate scales are nosdhee
Bay extreme element has only a quarter of the wavir both plots of Figure 10.
power of the Wavehub test site element and so dahey The average spectra for each of these higher wave
not directly comparable. However, as the Galway bayeight scatter diagram elements no longer exhibit
site appears to be a half scale of the Wave Hubimodal properties, although again there are siganit
location, these two scatter diagram elements ardifferences to the equivalent Bretschneider spectra
compatible by Froude scaling. The study does showhese differences in the variance density from wvidat
the reduction in bimodal spectral characteristicsah ~ expected at each site may have a large influendbeon
sites in these extreme cases. The different elesrant power production of a WEC, especially if the resana
the scatter diagram for each site that were chasen frequency coincides with the maximum ordinates
indicated in Figure 8 by the outlined squares. Thishown in Figure 10.
allows the conformity of the average spectral shape
plassu_:al spectra in st.orm type sea states to b Conclusion
investigated. The two different scatter elementsewe
chosen as they both have similar spectral occugenc In this paper, the differences between concurrent
and fall on the fully developed line, therefore imgv  values of significant wave heightn, measured by
the same significant steepness. wavebuoys separated over three different distances

From the Wavehub scatter diagram of Figure 8, afiave been examined. In order to test whether these
element withHs between 4-5m and, of 7-8s was differences can be attributed to random variabititgir
chosen. This represented 1.92% of all spectra én thmean values were tested using bootstrap methods. Th
data set, which totals approximately 50 spectrae Ththey can be considered significant for two of theeé
Galway Bay test site does not experience seasi®f thsite locations indicates the influence of site-giiec
magnitude, so a lower element was selected with a deterministic effects. These could be due to playsic
of 2-3m andT, of 5-6s. The extreme scatter elementfactors affecting the waves, such as the tidalnegor
chosen for Galway Bay represents 1.84% othe bathymetry, or residual differences in the wave
approximately 40 spectra of that data set. Figude 1sensors, however the causes have not been examined
shows the selected storm sea bi-variate elemehts. There.

Galway Bay Wavehub
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Figure 10. All Spectra of Scatter Element:}2-3m and T: 5-6s for Galway Bay (a) and Scatter Element4-bm and T: 7-8s
for Wavehub (b) Test Sites Respectively.
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