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ABSTRACT

The extraction of wave energy by the Wave Energgveders (WECs) forming a
wave farm results in a milder wave climate in g,/ which can have an impact on
coastal processes. The objective of this work isdébermine whether the beach
morphology can be altered by the operation of tagenfarm, and if so, to quantify this
alteration. For this purpose, we examine how thenfaffects the modal state of the
beach with reference to a baseline (no farm) se@n@he modal state is defined based
on an empirical classification that accounts forvevaconditions, tidal regime and
sediment size. As a beach typically goes throudfierént modal states, we determine
the percentages of time in an average year comespg to each state in the baseline
scenario, and how these percentages are alteredvilgve farm as a function of its
distance from the coast. This methodology is itated through a case study:
Perranporth Beach (UK), an area of great potefdravave energy development. High-
resolution numerical modelling is used, with twedks of grid refinement. We find that
the wave farm has a relevant impact on the moddé sif the system, which passes
from wave-dominated to tide-dominated during sigaifit periods of time. The
sensitivity analysis, involving three cases with farm at distances of 2 km, 4 km and 6
km from the beach, showed that the farm-to-coagadce plays a major role. Thus, the

shift from a wave- to a tide-dominated beach isceraated in the case of the wave farm
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closest to the coastline, with the submarine barsking over long periods of time. We
conclude that the presence of the wave farm dedsti@alters the morphological
response of the beach, and that this alteratistrangly dependent on the farm-to-coast

distance.
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conceptual beach model; Sediment transport
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1. INTRODUCTION

Wave energy is poised to become one of the maj@mwable energies in a number
of coastal regions around the world (Bernhoff et @006; Carballo et al., 2014;
Cornett, 2008; Defne et al., 2009; Goncalves et28l14; Iglesias and Carballo, 2010a;
Iglesias et al., 2009c; Lenee-Bluhm et al., 20libgtti et al., 2013; Stopa et al., 2011;
Veigas et al., 2014a; Veigas and lIglesias, 201342Wicinanza et al., 2013). The
influence of wave energy extraction by the Wavergyn&onverters (WECSs) forming a
wave farm on the nearshore wave conditions wastigcehown by different authors
(Carballo and Iglesias, 2013; Iglesias and Carba@ld 4; Mendoza et al., 2014; Millar
et al., 2007; Palha et al., 2010; Ruol et al., 28rith et al.,, 2012; Veigas et al.,
2014b; Veigas et al.,, 2014c; Vidal et al., 2007)natéigh and Angelelli, 2013).
Abanades et al. (2014b) proved that this extragtsnlted in a medium-term reduction
of the erosion exceeding 20% in some sections ®fbéach profile (2D). In further
studies, Abanades et al. (2014a); (2015) considie@D response of the beach under
storm conditions in order to establish the applidsiof wave farms to coastal defence.
Erosion was found to decrease by more than 50%ritaio areas of the beach. In the
wake of these studies, which evidence the impattasfe farms on beach morphology,
the question arises as to whether a wave farm aadifynthe modal state of a beach,

and, if so, in what manner.

The objective of the present study is to answex fillmdamental question by means
of a case study: Perranporth Beach (UK). To quanltié effects of the wave farm on
the modal state of the beach, scenarios with amidowi the farm were compared and
the percentage of time corresponding to the diffieraodal states during the period

from 1% of November 2007 to 31of October 2008 was determined. In addition, the



seasonal variability: “winter” (Nov-Aprys “summer” (May-Oct) was also examined.
The modal states were established following theiecap classification presented by
Masselink and Short (1993), based on Wright andtSi884). The modal states vary
as a function of the wave climate (breaking wavigliteand peak period), the beach
sediment characteristics (sediment fall velocityyl éhe tidal regime (mean spring tidal

range).

The effects of the wave farm on the coast are ckeniaed using a wave
propagation model, SWAN (Booij et al., 1996). Thaww farm, which consists of
eleven WaveCat WECs arranged in two rows, is implaed on a high-resolution grid
so as to accurately resolve the wakes of the iddali WECs, and hence that of the
wave farm as a whole. Four scenarios are examitiede with the wave farm at
different distances from a reference contour (1@&ater depth): 2 km, 4 km and 6 km,
following Abanades et al. (2015), plus the base$inenario (without the wave farm).
Thanks to the three distances considered it isilplest® analyse the role of the farm-to-
coast distance in the impact on the beach morplolbige WEC-wave field interaction
is modelled by means of the wave transmission meffit, obtained through laboratory
tests as reported by Fernandez et al. (2012). Tureerical model, successfully
validated with wave buoy data, is used to calcuthte wave conditions and on this

ground establish the modal state of the beach.

The understanding and modelling of beaches is #akéo coastal management
(Budillon et al., 2006; Cowell et al., 1995; De &md et al., 1993; Hughes et al., 2014;
Iglesias et al., 2009a; 2009b; Ortega-Sanchez e2@l4; Ortega Sanchez et al., 2003;
Poate et al., 2014). In the case of Perranporthptfach was described as dissipative
(Butt et al., 2001; Masselink et al., 2005) anchdsw-tide bar rip system (Scott et al.,

2011; Scott et al., 2007), with Austin et al. (2piridicating that it is at the transition
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between the low tide bar/rip and dissipative be#ghhis context, the characterisation
obtained in the present work contributes to undedihg the behaviour of Perranporth
by providing quantitative estimates of its morphaeaiyical variability throughout a

year.

2. MATERIAL AND METHODS

1.1.1 CONCEPTUAL BEACH MODEL

The conceptual beach classifications are empiriceddels based on the
relationships between the characteristics of dffertypes of beaches (wave climate,
sediment size and tidal regime) and field obseowsti Therefore, these models allow
the evolution of beach dynamics as a function eflibach features to be predicted, and
also, the quantification of the potential changekiced by a modification of these, such

as the reduction of wave energy brought about wgwe farm.

The classification presented by Wright and Sha#84), also called the Australian
beach model, is based on the field observationleatetl in Australia for microtidal
beaches. This classification indicates the prewgilconditions in the surf zone:
dissipative, intermediate or reflective, as a fiorctof the dimensionless fall velocity

parameter®), also known as Dean’s number (Dean, 1973),

Q=—2> 1)

whereHy is the breaking wave heighl,is the wave peak period corresponding to
the breaking conditions anak is the sediment fall velocity, which is defined fibre
present paper according the Shore Protection Mafu@&lArmy Corps Of Engineers,

1984),
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where ys and y,, is the density of the sediment and water, respelgtivg the
gravitational accelerationDsy the sediment grain size and the fluid kinematic

viscosity.

This model represents the evolution of microtideatches well; however, it does
not account for the influence of the tide on theashwy surf zone and shoaling wave
processes (Davis and Hayes, 1984). This was cedearith the introduction of a new
parameter: the Relative Tide Range (RTR), whiclval the characterisation of all

wave-dominated beaches in all tidal ranges (Massalnd Short, 1993):

RTR = '\:'fR , 4)

b

whereMSR is the Mean Spring tidal Range.

Figure 1 shows the relationships between the diroeless fall velocity and the
relative tide range parameters that are used abledt the modal beach state. As the
RTR parameter increases the beach evolves fromassiclreflective state through the
formation of a low tide terrace at the toe of tleat¢h face and low tide rips to a steep

beach face fronted by a dissipative low tide texrdic the case of an intermediate barred



beach, the increase in the tidal range moves thedban to the low tide level
generating a low tide bar and rips. Finally, forrbd dissipative beaches characterised
by multiple subdued bars at different water depths,increase of RTR results in the
disappearance of these bars. The latter two grshiftsto ultra-dissipative beaches with
values of RTR between 7-15. For values of RTR gredtan 15 the resulting beach is

fully tide-dominated.
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Figure 1: Conceptual beach model (Masselink and Ship 1993).

1.1.2 CASE StuDY: PERRANPORTH BEACH

The characterisation of the changes induced by aew&rm in the
morphodynamical behaviour of a beach is condudté&kaanporth Beach (Figure 2), a
prospective site for wave energy exploitation ftr prime location on the Atlantic

facade of Europe, which has been highlighted ferwitive energy resource (Guedes



Soares et al., 2014, Iglesias and Carballo, 200208, 2011; Pontes et al., 1996). An
example of this potential is the Wave Hub proj&gbiizalez-Santamaria et al., 2013;
Reeve et al., 2011), a grid-connected offshorditia¢or sea tests of WECs, located in
SW England. In addition to its wave energy potén@afurther reason for choosing
Perranporth is that this beach, facing directlyNuoeth Atlantic Ocean, has experienced
increased erosion due to rising sea level and stess — as corroborated by the
extremely energetic storms of February 2014. Tloeegfthis would be a prime area for

using a wave farm to control the storm-induced iero§Abanades et al., 2014a;

Abanades et al., 2014b; Abanades et al., 2015).

Northing {*)—
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Figure 2: Bathymetry of SW England [water depths inm] including the location of Perranporth Beach, tte
WaveHub Project and an aerial photo of PerranporthBeach [source: Coastal Channel Observatory].

Perranporth is an approx. 4 km beach composedngdium sand siz€&)so = 0.27
— 0.29mm, and characterised by a low intertidal slope,fta& 0.015 — 0.025. In the

present study, the offshore bathymetric data, floenUK data centre Digimap, and the



beach profile data, obtained through field survgythe Coastal Channel Observatory,
are implemented onto the wave propagation modehdrthree beach profiles selected
to determine the beach modal state the relevahiresacan be readily observed (Figure
3): a submarine bar at a water depth between 518na and a well-developed dune
system that backs the landward end of the beaah Iafter aspect does not play a role
in the modal state, which only considers the idaltarea, but the bar system does —
and is indicative of a dissipative or intermediatate. In the case of profile P3, two

submarine bars are distinct — typical of a bariedipative state.
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Figure 3: Three different profiles at Perranporth Beach and their respective localisation. Water deptin

relation to local chart datum [in m].

As regards the wave conditions, wave buoy datauaesl in conjunction with
hindcast data to force the wave propagation matiadcast data from WaveWatch lll,
a third-generation offshore wave model consistihglobal and regional nested grids
with a resolution of 100 km (Tolman, 2002), are dude prescribe the offshore
boundary conditions. The validation is carried outh the wave buoy located off
Perranporth Beach at a water depth of approx. 10The average values of the

significant wave height, peak period and directiomm November 2007 to October
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2008 were 1.60 m, 10.37 s and 2825@spectively. Dividing this period into “winter”
(Nov-Apr) and “summer” (May-Oct) to analyse the sm@al variability of the beach,
the values in “winter” of the significant wave hlkigpeak period and direction were

1.98 m, 11.30 s and 285.23respectively, and in “summer” 1.32 m, 9.62 s ai#.95.

Wind data from the Global Forecast System (GFS)thvezanodel are also used as
input of the wave model. In the period coveredha study the mean wind velocity
magnitude at a height of 10 m above the sea suffiage was 8.46 m$. Strictly
speaking there is no prevailing direction for theadvbut the strongest winds, with

velocities over 20 mscome from the quarter between NE to NW.

Finally, the tide is also included in the model.m¢ntioned in the introduction, the
large tidal range typical of SW England has a asrsible effect on the beach
morphodynamics. Perranporth is a macrotidal be®t3R(= 6.3 m) characterised by a

semidiurnal regime.

1.1.3 WAVE PROPAGATION MODEL

The wave propagation is carried out using SWAN,h&dtgeneration phase-
averaged wave model for the simulation of wavewaters of deep, intermediate and
shallow depth. SWAN computes the evolution of thavev spectrum based on the

spectral wave action balance equation,

~ 0(c,N) o0(c,N
a—N+D[Q0N)+ (% )+ (c. ):§ (5)
ot 00 0o o

whereN is the wave action densitlythe time,c the propagation velocity in the
geographical spacé,the wave directions the relative frequency, argd andc, the propagation
velocity in thef- ando-space, respectively. The rate of change of watierain time is given

by the first term of equation (1), the second tegpresents the spatial propagation of wave
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action and the third and fourth terms stand forrdieaction and changes in the relative
frequencies respectively induced by depth and ntsr&inally, on the right-hand sidgjs the

source term and represents the generation angdalissi of energy density by the different

processes involved.

A high-resolution grid is essential in this workarder to: (i) implement the WECs
that formed the wave farm in their exact positi@i,represent accurately the impact of
the wave farm on the wave conditions in its leel @i determine the wave conditions
to establish the morphodynamical state of the he@chthis basis, two computational
grids are defined (Figure 4): (i) an offshore gravering approx. 100 km x 50 km with
a grid size of 400 x 200 m, and (ii) a high-resolutnearshore (nested) grid covering

the study area, with dimensions of approx. 8 kmksmGand a grid size of 16 m x 12 m.

5065
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Nearshore grid (SWAN)
Resolution: 16 x 12 m

40
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-6 549 58 57 56 55 54 53 52 51 -5
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Figure 4: Computational grids of the wave propagatin and the coastal processes model [water depthsri.

The wave farm consists of 11 WaveCat WECSs arraimgéglo rows, with a spacing
between devices equal to 2.2D, whBre 90 m is the distance between the twin bows
of a single WaveCat WEC. The farm was located stadces of 2 km, 4 km, and 6 km
(Figure 5) from a reference contour (10 m watertllgepvhich corresponds to water

depths of approx. 25 m, 30 m and 35 m, respecti{€hrballo and Iglesias, 2013;
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Iglesias and Carballo, 2014). The WEC-wave fielgraction is modelled by means of
the results obtained for the wave transmissionfimoefit in the lee of the device in the
laboratory tests carried out by Fernandez et al1Z2 Compared with wave

transmission, diffraction plays a minor role in lsang the effects of the WECs on the
beach — the distance between the WECs and theenefel0 m contour (2000 m, 4000
m and 6000 m) being one order of magnitude lafggen the width of the WECs (90 m).
Therefore, the approximate solution of diffractiomplemented on SWAN is sufficient

for our purposes in this work.
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Figure 5: Wave farm located at different distances2 km, 4 km and 6 km to the 10 m water depth contauat

Perranporth Beach [water depth in m].

The resource available is compared between therdift scenarios through the

average wave power of the wave fadmijn units of Wnttin the S,

(6)

I ICH)
= ol
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where the index represents a generic WEC of the wave faMirs the total number
of WECs (11)t a point in time,T the total number of time points studied (1 yeard a
(Jn): the wave power at the WEC location at thé point of time, which is computed in

SWAN as

271360

J :j jpch(a,é?) dodé , (7)

wherep is the water densityg is the acceleration due to gravity, da@,o) is the
directional spectral density, which specifies hoke tenergy is distributed over

frequenciesd) and directions ).

The effects caused by the farm in the differenhages are assessed by means of
the average Relative Nearshore Impa@Nl (Iglesias and Carballo, 2014), a non-

dimensional impact indicator defined by

——  11gT s JN(6D-3% (1)
RN === 37 - : (8)
T SZt—lZs—l Jzob(s.t)

whererof'i (s,t) is the wave power in the presence of the farra géneric point
(s) of the 20 m contour at a point of tin, (vith the subindex indicating the farm-to-
coast distancei (= 2 km, 4 km or 6 km) and®, (s,t) is the baseline wave power

(without the farm) at the same point, wrandT the total number of points along the

contour and in time, respectively.

Finally, the wave conditions necessary to estalthehmorphological beach state —
breaking wave heightHy) and peak periodTf) — are determined coupling the results
from SWAN to the Kamphuis’ formulae (Kamphuis, 1994 breaking criterion for

irregular waves based on the following expressions:
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Hy =0.09%""L, tanhll:%Olb , and (9)

p

Hs _g5eom (10)
db

whereHs, represents the breaking significant wave heighthe beach slopd,y,
the breaking wave length ardj the breaking water depth. Once he breaking wave

height was determined, the corresponding periodssbeted.

3. RESULTS AND DISCUSSION

First, the model is validated using the wave buatadat Perranporth Beach from
November 2007 to October 2008, missing out Jan2@68 owing to the lack of data.
Figure 6 shows the good fit achieved between teifstant wave height computed by
SWAN and the values from the wave buoy. The caefiicof determinationR?, and
the Root Mean Square ErrdRMSE, confirm the goodness of the fi® = 0.94 and

RMSE = 0.38 m.
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Figure 6: Time series of simulatedHls swan) and measured K 1,,0,) Significant wave height.
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Figure 7: Scatter diagram: simulated Hg swan) vs. measuredKls n,0,) Significant wave height.

Second, the effects on the wave conditions of theeWfarm scenarios are analysed
and compared to the baseline scenario. Figure ®sshite reduction of the significant
wave height in the lee of the farm at a point meti The greatest values of the reduction
are found behind the second row of devices withieslof approx. 40%, although these
decrease towards the coast due to the wave endfpcd from the sides into the
wake of the farm. In the case of the wave farm @istance of 2 km from the shoreline
the reduction of the significant wave height atatev depth of 10 m at this point in time

is 25%, while for the farm at 4 and 6 km the valises2% and 5%, respectively.
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Figure 8: Significant wave height [m] in the basetie scenario Hsp) and in the presence of the farm at distances
of 2 km (Hsm), 4 kKm (Hsam) and 6 km Hgexm) from the reference (10 m water depth) contour at9" January

2014, 18:00 UTC [Deep water wave conditiongis = 4.69 m,T, = 11.86 s and) = 252.41°].

As regards the shadow caused by the wave farmgrédeeaffected varies according
to the wave direction, especially in the cases wittarm-to-coast distance of 4 and 6
km. The impact with waves coming from the east ({Feég8) is mainly focussed on the
north area of the beach, whilst with waves from MW the impact covers practically
all the beach. In contrast, the impact of the wiaven closest to the beach does not vary
with the wave conditions due to its proximity toetlcoast. Figure 9 illustrates the
modification of the significant wave height in tddferent scenarios along the 20 m
contour. It is observed that the greater the faroeast distance, the larger the
extension of the shadow; in the cases of the fatthed closest farm the shadow covers
over 8 km and 3 km, respectively. However, the ggampact of the furthest farm is

outside of the beach limits for these offshore wemeditions.
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Figure 9: Significant wave height [m] in the basetie scenario Hsp) and in the presence of the farm at distances
of 2 km (Hs2km), 4 km (Hgam) @and 6 km Hsexm) @long the 20 m water depth contour at 19 January 2014,
18:00 UTC [Deep water wave conditionstHs = 4.69 m,T, = 11.86 s and) = 252.41°].

In terms of wave power reduction, the Relative Nkeare Impact indicatorRNI;,

was defined to assess the average impact at a degén contour of 20 m. The values
for the different farm-to-coast distances afNl am= 25.59%, RNl s4m= 7.34% and

RNl sn= 2.66%. The reduction in wave energy is much nsageificant for the wave
farm at 2 km, however, the overall resource forwae farm at 2 km is 15% lower
than that for the farm at 6 km (Table 1). The ddfece in terms of the available
resource is less between the farm at 4 km and §5Ra). The results are also divided
into “winter” (1% November - 3% April) and “summer” (3 May - 3T' October) to
assess the seasonal variability of wave power (ppt0%), which, will be shown to

affect the modal state of the beach.
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J (KW/m)

Scenario .
“Winter” “Summer” Average
2 km 239.98 78.15 159.01
4 km 275.72 86.07 180.83
6 km 288.28 91.49 189.82

Table 1: Average resource available in the wave farrfor the different scenarios divided into “summer” (1%
May - 31 October) and “winter” (1 %' November - 3£ April)

Based on the results of the wave propagation mibéeinodal state of the beach is
determined. In order to investigate the spatialadmglity of the impact along with its
seasonal variability, three profiles (Figure 3) aedected: profiles P1, P2 and P3

corresponded with the south, middle and north seaif the beach.

First, the results for the south section of thecheare shown in Table 2. This
section of the beach is predominantly dissipatitd column in the table), although
the percentage that the beach is found to be iefgiate (second column) is far from
negligible. Indeed, in the case with the farm @istance of 2 km, the low tide bar/rip
becomes the most frequent state. The comparisonebet the baseline and farm
scenarios reflects a slight modification of the mlostate of the beach owing to the low
impact of the wave farm on the wave conditionshiis irea. The maximum difference
between the baseline and the farm scenarios isdbe of the non-barred dissipative
state, in which the reduction does not exceed 1fbany case, the trends due to the
reduction of the significant wave height are shawnthe results; for instance, the
percentage of low tide bar/rip state increasehasvave farm become closer, because
the Relative Range Tidal paramet®TR) is inversely proportional to the breaking
wave height. On the other hand, the dimensionkdssédlocity parameterd) is directly
proportional to the breaking wave height, and, éfeee the barred dissipative state

occurred more frequently in the baseline scenaaa in the cases with the farm.
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Profile P1: South section
Reflective Barred Barred dissipative

Baseline 0.00% Baseline 0.07% Baseline 16.04%
6 km 0.00% 6 km 0.07% 6 km 15.96%
4 km 0.00% 4 km 0.07% 4 km 15.90%
2 km 0.00% 2 km 0.07% 2 km 15.70%

Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Baseline 0.00% Baseline 25.50% Baseline 26.59%
6 km 0.00% 6 km 25.70% 6 km 26.39%
4 km 0.00% 4 km 25.98% 4 km 26.18%
2 km 0.00% 2 km 26.18% 2 km 25.77%

Low tide terrace Ultra-dissipative
Baseline 3.36% Baseline 22.89%
6 km 3.36% 6 km 22.89%
4 km 3.43% 4 km 22.82%
2 km 3.36% 2 km 23.24%
Transition to tide-dominated tidal flat

Baseline 5.55%
6 km 5.63%
4 km 5.62%
2 km 5.69%

Table 2: Percentages of the beach modal state fordtsouth section of the beach (Profile P1) fronT™INovember
2007 to 3% October 2008

Second, in the case of the middle of the beachl€Ta)y the results were slightly
different compared with the south section, duégnerhorphological differences between
them (see Figure 3). In this area, the wave faripaitts are greater compared to the
south section. Whereas the wave farm at 4 km akdr@lo not present significant
differences compared with the baseline scenar®,vtave farm at 2 km changes the
behaviour of the beach significantly, reducing tiaered dissipative state by more than
5% or 20 days per year, and increasing the ultsguhiive state by more than 15 days.
Overall, with the wave farm at 2 km the most fregustate shifted from non-barred

dissipative (baseline) to ultra-dissipative du¢hireduction of breaking wave height.
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Profile P2: Middle section

Reflective Barred Barred dissipative

Baseline 0.00% Baseline 0.07% Baseline 21.73%
6 km 0.00% 6 km 0.07% 6 km 20.90%
4 km 0.00% 4 km 0.07% 4 km 20.29%
2 km 0.00% 2 km 0.00% 2 km 16.04%

Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Baseline 0.00% Baseline 22.76% Baseline 26.11%
6 km 0.00% 6 km 22.69% 6 km 25.63%
4 km 0.00% 4 km 22.62% 4 km 25.29%
2 km 0.07% 2 km 23.85% 2 km 25.29%

Low tide terrace Ultra-dissipative
Baseline 2.06% Baseline 22.69%
6 km 2.19% 6 km 23.85%
4 km 2.19% 4 km 24.81%
2 km 3.29% 2 km 26.32%
Transition to tide-dominated tidal flat

Baseline 4.59%
6 km 4.66%
4 km 4.73%
2 km 5.14%

Table 3: Percentages of the beach modal state forghmiddle section of the beach (Profile P2) from®1
November 2007 to 3% October 2008

Third, the north section of the beach is the afea fpresented the greatest

differences between the baseline and the farm gosngTable 4). The trends

mentioned in previous paragraphs are accentuatetlisnarea, the reduction in the

barred and non-barred dissipative states resulas gmeater occurrence of the ultra-

dissipative beach, from 5 days to 36 days per iyetire case of the farm at 6 and 2 km,

respectively — a very substantial change in thepimalogical behaviour of the beach.

As regards th& parameter, it is observed that the closest wawe faake the low tide

terrace and the low tide bar and rip states maquient by 10 and 12 days per year,

respectively, compared with the baseline scenario.
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Profile P3: North section
Reflective Barred Barred dissipative

Baseline 0.00% Baseline 0.14% Baseline 16.59%
6 km 0.00% 6 km 0.07% 6 km 15.49%
4 km 0.00% 4 km 0.07% 4 km 14.39%
2 km 0.00% 2 km 0.07% 2 km 6.18%

Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Baseline 0.00% Baseline 28.10% Baseline 28.71%
6 km 0.00% 6 km 27.55% 6 km 28.92%
4 km 0.00% 4 km 28.24% 4 km 28.71%
2 km 0.00% 2 km 31.11% 2 km 22.62%

Low tide terrace Ultra-dissipative
Baseline 0.89% Baseline 22.68%
6 km 0.96% 6 km 23.99%
4 km 1.03% 4 km 24.40%
2 km 3.49% 2 km 32.28%
Transition to tide-dominated tidal flat

Baseline 2.89%
6 km 3.02%
4 km 3.16%
2 km 4.25%

Table 4: Percentages of the beach modal state foramorth section of the beach (Profile P3) from®L
November 2007 to 3% October 2008

Finally, regarding the seasonal variability, sigraht differences between
“summer” and “winter” are found. These differenegse analysed with reference to the
north section (Table 5) for the sake of space -Hainrends were found in the other
sections. The main feature that distinguishes tinéewfrom the summer is the presence
of the bar in the baseline scenario. In winter, beach is predominantly barred
dissipative, what is usually called a “winter” astérm” profile. The more energetic
conditions increases the erosion, and lower thetbéace as sand is moved offshore
and deposited on submarine bars, which help teprthe beach by causing the waves
to break further offshore. In summer, the statéhefbeach shifts from barred to non-

barred — non-barred dissipative or ultra-dissigativdue to the milder wave conditions,

and, therefore, the reduction of offshore sedinr@msport.

22



Profile P3: North section

Reflective Barred Barred dissipative
Scenario| Summer| Winter | Scenario| Summer| Winter | Scenario| Summer| Winter
Baseline 0.00%| 0.00%| Baseline| 0.00%| 0.27%| Baseline| 4.66%| 28.53%
6 km 0.00%| 0.00%]| 6 km 0.00%| 0.14%]| 6 km 4.11%| 26.89%
4 km 0.00%| 0.00%]| 4 km 0.00%| 0.14%]| 4 km 3.42%| 25.38%
2 km 0.00%| 0.00%]| 2 km 0.00%| 0.14%]| 2 km 0.68%| 11.66%

Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Scenario| Summer| Winter | Scenario| Summer| Winter | Scenario] Summer| Winter
Baseline 0.00%| 0.00%| Baseline| 29.86%| 26.34%| Baseline| 29.59%| 27.85%
6 km 0.00%| 0.00%]| 6 km 29.59%| 25.51%| 6 km 29.18%| 28.67%
4 km 0.00%| 0.00%]| 4 km 30.00%| 26.48%| 4 km 28.63%| 28.81%
2 km 0.00%| 0.00%]| 2 km 27.67%)| 34.57%| 2 km 18.77%| 26.47%

Low tide terrace Ultra-dissipative
Scenario| Summer| Winter Scenario Summer Winter
Baseline 0.27%| 1.51% Baseline 33.15% 12.21%
6 km 0.27%| 1.65% 6 km 34.25% 13.72%
4 km 0.41%| 1.65% 4 km 34.79% 13.99%
2 km 4.66%| 2.33% 2 km 44.66% 19.89%
Transition to tide-dominated tidal flat

Scenario Summer Winter

Baseline 3.29% 2.47%

6 km 3.43% 2.60%

4 km 3.57% 2.74%

2 km 4.94% 3.56%

Table 5: Percentages of the beach modal state foremorth section of the beach (Profile P3) in “summé (1%
November 2007 - 3% April 2008) and “winter” (1 ' May 2008 - 3 October 2008)

In the scenarios with the farm this seasonal behavwthanges specially with the

farm at 2 km. In winter, the barred dissipativaestaecomes less frequent in favour of

ultra-dissipative and low tide bar/rip states.He tatter, the beach keeps the bar system

but enlarges the intertidal flat, with the reshhttthe system behaves as an intermediate

beach at mid tide, reflective at high tide and igastsve at low tide. By contrast, in

summer, the increase of the occurrence of ultreighsive state is very significant given

that the beach behaves according this state dahngst half of the summer.
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In summary, Perranporth beach is found to be atrémesition between the low tide
bar/rip and dissipative beach states in the sagmathout the farm. Despite the spatial
variations between the different profiles, the tgetdifferences are observed in the
seasonal study. The absence of the bar distingligteebehaviour of the beach during
summer from winter. However, the presence of theewfarm affects the modal state of
the beach drastically, decreasing the occurrencgagk-dominated states (barred and
non-barred dissipative states) in the favour oé-tidminated (low tide bar and rip in
winter and ultra-dissipative in summer). The retuctof the breaking wave height
brought about by the wave farm (~18%, comparing ltheeline scenario with the
nearest farm) results in a significant modificatmfrthe morphological response of the
beach. The reduction of the wave-dominated stategd seem to lead to an increase in
the onshore sediment transport and the removahefoffshore bar, the materials of
which would cause accretion on the beach — inwiik the findings by Abanades et al.

(2014a); (2014b).

4. CONCLUSIONS

In view of the accelerated pace of development aivevenergy, a thorough
understanding of the effects of nearshore wave gavm beach morphodynamics will
soon be fundamental to coastal management. Thier pgf@amines these effects with
reference to the modal state of the beach usingnapirical classification based on
wave conditions, sediment size and tidal regimee $patial and temporal changes to
the modal state of the beach induced by the waxa te investigated. To resolve
accurately the wake of the individual WECs in ttenf, a state-of-the-art wave

propagation model is implemented on a high-resmtugrid. To assess the influence of
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the farm-to-coast distance, a sensitivity analissarried out with a wave farm located

at different distances from the coast.

We find that the farm-to-coast distance plays aomagle, and that the wave farm
closest to the shoreline (2 km) substantially altiie nearshore wave conditions. For
instance, the reduction of wave power along thenafbntour exceeds 25% over a 3 km
stretch of coastline. In contrast, the reductionthi@ case of the furthest wave farm is
under 10%, extending over 8 km of coastline. Thigklen nearshore wave climate,
brought about by the wave farm, is shown to mottigymorphological behaviour of the
beach. In the baseline scenario, Perranporth Bsaahthe transition between the low
tide bar/rip and dissipative states. The modaéstaties along the beach, although large
spatial differences are not observed concurreftbywever, the seasonal variability is
far more pronounced. In winter the beach is wauaidated, the energetic wave
conditions increasing offshore sediment transpod &rming a submarine bar. In

summer, under milder wave conditions, the beatidésdominated.

We also find that the wave farm modify the morplgadal behaviour of the beach
significantly, especially in its north and middlecton, where the wave height
reduction is more apparent. The predominant charaétthe beach is transformed from
wave- to tide-dominated. For instance, in the neghtion the predominant state is a
low tide bar/rip in the baseline scenario, whicmsuinto a ultra-dissipative system in
the case of the nearest (2 km) wave farm. In thisedhe wave-dominated states are
reduced by over 10%, or over 36 days per year. iadification also occurs in the
cases with farm-to-coast distances of 4 km and Gatbeit to a lesser extent: the barred
dissipative states become less frequent (by u® tday/s per year) and accordingly, the
tide-dominated states, e.g., ultra-dissipative randition to tide-dominated tidal flat,

occur more often. The reduction in the occurrerfdbd® barred states corresponds to an
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increase of the onshore sediment transport andetheval of the offshore bar, which

would in turn lead to accretion of the beach.

In sum, this work showed that a wave farm can dfterbehaviour of a beach in its
lee considerably. This in itself need not be regdrés a negative impact; on the
contrary, the wave farm can lead to beach accretnghthus serve to counter erosional
trends. Moreover, the effects of the wave farm @ beach can be controlled by

locating the farm closer to, or further from, ti@reline.
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