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Abstract— Several wave energy projects are being tested at seaactivities on acoustic sensitive species are hearing impairment,

and little information is available regarding the real impacts in  pehavioural disturbance, auditory masking and in a severe

the marine environment. The lack of knowledge regarding sjtyation death [2].

Eggsé%‘zte;bg&'iﬁer?rﬂa;i? ianheW;‘;ering”g;%?’rogg‘gﬁ?s;:;ﬁls Due to concerns and the lack of information about the noise
P ! Y: produced by wave energy devices this is one of the stressors

the impact on species that rely on sound to survive. Thigaper I idered i . tal i t studi f
aims to present the results of a study carried out toharacterise usually considered in environmental impact studies orewav

the noiseradiated by the WaveRoller (WR) device installed in ©N€rgy projects _[3]-

Peniche, Portugal and to assess its potential impact on marine Compared with other types of renewable energy, wave
mammals occurring in the study area. energy technologies are still in their infancy. As different

An acoustic campaigrwas carried out in September 2014At the  devices are being designed to operate at different conditions
study site the only marine mammals occurring are cetaceans. most of the projects are at demonstration orgmm@mercia

The. results indicate that the frequency ranges at which thg phase [4]. As well, information about the noise radiated by
device operates overlap those used by some low and midgitterent technologies and its potential impacts on the marine
frequency cetaceans.Only behavioural responses would be ecosystem is scarce [5]

expected if the organisms swim near the WaveRolleCetaceans 4 o .

were not detected around the WaveRoller device probably This paper p_resents the re_suIFS of a monitoring campaign to
because of the low deptiwhere the device was installed assess the noise of an oscillating wave surge converter, the
To conclude, facing the lack of knowledge regarding the WaveRoller, and discuss its potential impacts on cetacean
underwater noise radiated by wave energy devices this study Species occurring at the site.

brings a new contribution to the state of the art presenting the

characterization of the underwater sound radiated by the Il. THEWAVEROLLER
WaveRoller, a totally submerged wave energy device. The WaveRoller is an oscillating wave surge converter
which, depending on tidal conditions, is mostly or fully
Keywords— Wave energy devie; WaveRoller; underwater submerged and anchoredthe seabed.
noise; cetaceans. One prototype of this device was installed and tested in
Peniche (Portugal) near shore atmi depth. It has three flaps
.~ INTRODUCTION but at the moment of the experiment otilg middleone was

The underwater acoustic environment is the result of batistalled(Fig. 1). As the WaveRoller panel moves and absorbs
natural and mamade sources of noise [1]. Many marin¢he energy from ocean waves, the hydraulic piston pumps
species take advantage of sound propagation conditidhe attached tdhe panel pump the hydraulic fluidsside a closed
ocean to interact witithe environment using sound forhydraulic circuit.All the elements of the hydraulic circuit are
reproduction, feeding, orientation and communication [2nclosed inside a hermetic structure inside the device and are
Any acoustic disturbance resulting from a rma&de activity not exposd to the marine environment. The hipfessure
should be carefully assessed in order to understand its imgladds are fed into a hydraulic motor that drives an electricity
on marine species and implement mitigatioreasures if generator. The electrical output from this renewable wave
needed. energy power plant is then connected to the electric grid via a

During the last years an incssof underwater noise levelssubsea cable [6].
have been registered as result of human activities in the
marine environment anére now being considered under
different legal frameworks (for example the OSPAR
Convention and the Marine Strategy Framework Directive).

Some potential impacts of underwater noise of -maale
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Fig. 2- Deployment scheme.

Complementary information about wave height and period
Fig. 1 The WaveRoller prototype tested in Peniche, Portugal. as well as information about power production were provided
by the promoter AWEnergy. A CTD (Valeport Limited©
Ill. STUDY SITE CHARACTERIZATION miniCTD) was used to measure water temperature, salinity
The seabed is sandy in the study area and depth rangg$depth. A GPS (Garmin GPS map 60 GPCSx) was used to
between 10 to 25 m depth. There is light shipping traffiaark the position where measurements were carried out.
passing mainly of small fishing and recreational boats. The
device was deployed 80 m from the coast linand grid o )
connectedwhere the soundadiatedby the breaking waves A- Sound characterization experiment
largely contributes to the natural acoustic environment in thisSound measurements to charasterthe adiated noise
zone. were oltained at 220 m from the WaveRoller. A second
hydrophone was deployed at 350 m distance from the device
IV. THE AMBIENT NOISE ATTHE WAVEROLLER SITE where(site 15 m depth The hydrophones were programmed
In September 2013 an experiment was carried out to astesecord 10 minutes each halbur during a period of 24 h.
the ambient noise at the study area. During this exger i i
several acoustic recorders were deployed atdpfimed B- Sound propagation experiment
positions and over transects with a receiver tethered from dn order to assess the propagation of the noise radiated by
boat at a number of monitoring stations. From this experiméne¢ WaveRoller one hydrophone was deployed near the
the soundscape in the vicinity of the device is mainly subjéttaveRoller at 165 m distance, using the configuration
to naturéd ambient noise and chains of the moored buoysresented in Fig.2. The hydrophone was programmed for
Away from the device deployment site the background noigentinuous recordings. A second hyplnone was used for
is lower. Broadband sound pressure levels varied between@gasurements at 300 m, 600 m, 900 m and 1200 m distance

and 119 dB (redPa) [7]. from the WaveRoller along two transects as presented in the
Fig. 3. At each sampling point 5 minutes recording were
V. METHODOLOGY carried out. The same deployment scheme was used without

The experiment was carried oon the 3¢ and 4" of the ancbr. The boat engin@asturned off during the records.
September 2014 and was splitartwo parts with different Along Transect 1 depth ranges between 17 to 27 m and along
objectives: 1) to characterise the noise produced by th@nsect 2 ranges between 15to 17 m.

WaveRoller; 2) to characterise the noise propagation. For

underwater recordings two autonomous hytmopes
digitalHyd SR1 were used using sampling frequency of T
101652 samples (= 50 kHz). The system was deployday .
using the configuration presented in the Fig.2 with the -
hydrophone at miavater depth. For all the measurements the - e » !
hydrophone was fixed to the seabed using the following, .- _—
scheme i L s
Joeed hysrophone: Transect 2
==
\\ ot g
*\\ 0
4 Vet

Fig. 3- Underwater noise sampling points for the sound propagation
experiment.
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C. Sound analysis presented a typical summer profile for the Portuguese west

All the records were analyséxy using Matlab routines to coast with water temperature at the surface being 20 °C and
averaging time of 5 minuteAlso the power density spectrumthe surface and 1510 m/s néattom.
onethird octave band spectrum and the spectrogram were

: Sound characterization experiment
calcdated. The records were analysed in the frequency range P i
between 50 Hz and 20 kHz, using an NFFT window of Average broadband SPL measured with Hydrophone 2
101652 samples or 1 s. varied between 115 and 126 dB re 1 pPa rms and with

Hydrophone 1 between 115 and 121 dB re 1 pPa rms with.
SPL values decreased over time.
D. Data analysis In order to characterisehe sound produced by the

A statistical Spearman test was used to understand how\f@veRoller an acoustic segment was extracted from the
variation of sound pressure levels éerrelated with te acoustic dataecorded at 220 m from with hydrophoneT2e

WaveRoller power production, wave height and wave periodundamental frequency of the WaveRolleousd ranges
between 100 and 138z and its maximum instant component
VI. RESULTS is about 120dB at 120 Hz Frequency span can be observed

During sampling, the mean wind speed was less than 5 HR{ll 2.5 kHz(Fig. 4).
The mean significant wave height varied between 0.9 and 1.8
m and the period between 9 and 12 s. The values of these 3
parameterslecreased along the sampling period. CTD profile

Spectrogram
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Fig. 4- Time-frequency analysis of the sound radiated by the WaveRoller

Analysing the 1/3 octave bands spectrum npast of the and near the WaveRoller (WR in the Uig) are presented
energyoccursat the frequency band of 125 Hz. Highest SPL values were measured at 300 m (120-dB
Transect 1, 122 dB Transect 2) with a small difference to the
SPL levels measured in the fixed position near the
WaveRoller in both transects (123 dB Transect 1, 122 dB
_____ transect 2). The results are consistent in both transects
L indicating the device noise decays within the first 300 m
around the device.

When the spectrum of the records near the WaveRoller are
analysed the dominant frequency band is 125 Hz. For the
measurements along the Transects other frequency bands are
dominant. However, along the Transect 1 higher SPL levels

Fig. 5- 1/3 octave band spectrum of the noise radiated bytheWaveRoIIe;Were found at 300 m in the 125 Hz band. For the other

Comparing the spectrum of records at different powg]easurements the SPL was similar. Along the Transect 2 it a
production levels a decrease in SPL with power productiorslightly decrease of the SPL in the 125 Hz wdtstancewas
identified for the frequency bands until 1 kH& strong Observed
correlation between SPL at 220 m and the power production
was found (p= 0,782; n=47).

10 100 1000 10000 100000
1/3 Octave Band (Hz)

B. Sound propagation experiment

In Fig. 6the broadband sound pressure levels measured at
different distances from WaveRoller along Transect 1 and 2
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The marine mammals group is splitdn4 main groups:
pinnipeds (seals, sea lions and walruses), cetaceans (dolphins,

whales and porpoises), sirenians (manatees and dugongs), and
Zi?:l\__< fissipeds (polar bear).

£y
-

=]
5]

g NN The cetaceans group is subdivided into two-gudups,
g ue L . . S mysticetes and odontocetes. These have different whys
3 16 \'/\ " rrannod 4 udng and interprahg the sound and therefore theyay be
RS ¥ <% ——WR1 affected at different levels by the same sound. In general
g 112 —e—WR2 mysticetes are more sensitive to low frequencies while
110 4 odontocetes are more sensitive to high frequencies. Note that
108 . . . : . mysticetes are considered Ildequency cetaceas and
3 500 Bgfstme(ff]" 1200, 130 odontocetesare subdivided in mid and higfrequency
cetaceans.
Fig. 6- Broadband sound pressure levels at different distanuestfre In the study site only cetacean species are expected to occur
WaveRoller. and these include baleen whales, common dolphins

(Delphinus delphis bottlenose dolphinsT(rsiops truncatus

spem whale Physeter macrocephalysharbour porpoises
VII. WAVEROLLER VS. OTHER SOURCES OF NOB (Phocoena phocoehdl0]. The occurrence of bottlenose and
gommon dolphins were confirmed in the marine mammal
monitoring activitieswhich have beemwarried out during the
mymmer of 2014.
Among other factors, the acoustic impact depends on
patial relationships between the sound source and the

eptor, its sensitivity, received exposure level, duration and

uty cycle of the sound. The main impacts that have been
observed in cetacean species are behealionodifications,
auditory masking, hearing injury (temporary or permanent

In Fig. 7 underwater noise levels of different marin
activities are presented and compared withiWaveRoller. In
the figure it is evident that the noise emitted by t
WaveRoller is below the noisemitted by other marine
activities, including pile driving which is one of the nosiest
activities that may be carried out during marine renewath
energy construction, especialtyoffshore wind projects.

_ Explosions | - threshold shift) and im severe situatiomlso death. There is
Seismic exploration ] . . . .
Acoustic harassement devices no threshold ranmg estaphshmg the levels a source will
Sonars | cause any particular reaction. However, there are actepte
~ Ships | noise exposure criteria that can be used, as [11], where criteria
'“d“"flai;;?“_‘e“ . - for behavioural reactions and injury are suggested. According
e driving . . .
Ofshore wind (fixed turbines) | - to th_ese authors, _an_lmals are categorised based on fgnctlonal
Waveroller | = hearing characteristics and threshold levels are defined to

0 5 100 150 200 250 300 predct behavioural modifications and injury (Fig. 9
SPL (dB re 1uPa)

Fig. 7- Underwater SPL aflifferent marine activities (Sources [2, 8]) Low frequency cetaceans

Genera Bolaenoptera
VIII. POTENTIAL IMPACT ON MARINE MAMMALS ’
Concerns regarding acoustic impact of anthropogenic
activities in the marine environment are being introduced in
legislation at global level (e.g. Marine Strategy Framework
Directive) and guidelines. Information about the acoustic
impacts of marine renewable devices is scarbtostly
information is based on theoretical assumptions based or 1 10 100 1000 10000 100000 1000000
other technologies or assessed through models [9]. Frequency (Hz)

The work: carried Ol-Jt was deSigneq 0 ChgraCterise theFig 8- Functional marine mammal hearing groups, auditory bantwidt
source and propagatlon. of the noise emlttEd_ by th?estir.nated lower to upper frequency hearinguft;tger’\era represented in
WaveRoller but the obtained results can also give SOR&h group (adapted from Southall et al., 2007) and WaveRslibiSi octave
information for the discussion on the potential effects on the band frequency.
marine environment. . ) . Injury is considered an elevation of the hearing threshold to

Noyvaday;, some mvertebre}tes, fish and marine e .a_specific frequency (catbe temporary— reversible, or
aré. indentified as the_ main receptors in th_e Manye manent- irreversible) and sound exposure level (SEL) is
](Canwronment but_ acoustic |Impe}ct assessm;ent IS _stron rently accepted as the best metric to measure it. Injury can
ocused on marine mammals since they rely on Soundbteoassumed if SEL is higher than 215 dB re 1pPa2-s, for non

survive. pulse sounds. Using an Aquatic Acoustietkits Interface

Mid-frequency cetaceans
Genera Physester, Delphinus,
Tursiops 1

High-frequency cetaceans

Genera Phocoena

Functional hearing group

WaveRoller I
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(AAMI, version 1.2.2; [12]) the calculated SEL of themamalsoccuring in the area because the devidedtalled at
Waveroller sound is 150 dB re 1pPa2-s and therefore no lower depths than thosehich are uswally used bythese

injury is expected.
There are several factors influencing a potential
behavioural disturbance, some examples are the animal

specieg11].
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and the characteristics of the acoustic source. Behavioural
responses are a graduated phenomenon and some noise
induced changes in behaviour are more significant than others
and therefore it is difficult to set SPL or SEL levels fd¢l
behavioural disturbance [11]. 3]
For lowfrequency cetaceans it is assumed that tfwe
avoidance behaviour or other types of response might occur
when received levels are 1260 dB re pPa. For mid- [4]
frequency cetaceans behavioural responses were alre[g]dy
registered for different noise sources (ship and pingers for
example) when received levels are around B®dB re 1uPa [6]
in some cases and around 150 dB re 1pPa in another. In
captive animals behavioural changes were ontgaed when (7]
received levels were above 170 dB re 1uPa. For high-
frequency cetaceans behavioural responses dles@dybeen
identified when received levels are around 140 dB re 1pPa in
high frequency ranges. Most of the information for high
frequency cetaceans are based on studies carried out with
harbour porpoises. Since sound levelshefWaveRoller may
differ between 115 and 130 dB re 1 pPa, behavioural
responses might be expected for low and -freduency
cetaceans if they swim close to the devie®wever, and
possibly because of the low depth the device was instalied (1
m), the presence ofcetaceans around has not been détectéd!
the sound records neither on visual observations conducted
along transects in the area at the time the noise survey was
caried out [12]
Also in the Fig. 9it is possible to see thatetaceans
considered in the mid and high frequency functional hearing
groups might not detecthe sound produced byhe
WaveRoller since SPL in 125 Hz frequency bandwidth is
below the threshold level for this groupn the other hand
cetaceansrbm the low-frequency functional hearing group
can detect the sound radiated by the Waverotewever,
and as already mentionédis not expected that individuals
from this subgroup come close to the WaveRoller site since
they occur in higher depths than those where the devices are
to be installed.

(8]

[10]

IX. CONLUSIONS

The noise levels radiated by the WaveRollee dow
comparing with other marine activities and at the study site
the attenuation of the sound is greater until 300 m far from the
device. At 1 kmfrom the devicahe device noisecanstill be
identified howeverit is not dominant in the soundscape and
longer transect would be necessary to asskessextension of
the acoustic footprint ot the device.

The overlap of the WaveRoller noise frequencies with
those used by low and mid frequency cetaceans would
possibly induce soméehavioural reactionsHowever, he
sound frequency and levels are not expecteaffert marine
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