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Executive Summary

The offshore renewable energy sector has grown rapidly in recent years. Floating Offshode Win
(FOW)will add significant additional capacity soon, but questions remain regardingtésny
environmental impacts which could prove problematic for consentfg. example, igen typical
turbine lifespans up t@0 years, operational turbineaise emis®ns related to the machinery and
mooring systems may constitute a continuous source of yeand underwaternoiseover several
decades.

This projectollected acoustic datiom two floating offshore wind farms, currently deployed off the
Scottish eastaast Kincardine and Hywind Scotland. At Kincardine five turbines rated at 9.5 MW were
deployed on semsubmersible foundations, while at Hywind Scotland five 6 MW raidoines were
deployed on spabuoys.

Like operational noise of fixed offshore wind turbinesise emissiongrom FOWturbines were
concentrated in the frequencies belo00 Hz and showed distinct tonal featurdsely related to
rotational speedpetween 50 and 80 Hz at Kincardiswed 25 ard 75 Hzat HywindScotland Median

one-third octave band levels below 200 S NBE 06 Si6SSy dp YR mnn R. NB
the closest turbindor both wind farmsThese measured received levels are similar to those measured

for operational noisdrom fixed offshore wind turbines at comparable distandesitted noise levels

showed strong positive correlations with wind speed atightly weaker positive correlations with

wave height

The biggest difference between fixed and floating offshoredwiirbines in relation to underwater
noise generation is mooriAgelated noise. During higher wind speeds the number of impufsiuads
or transiens from mooringrelated structuresincreasedat both Kincardine and Hywind Scotland.
Transients were obsengemore frequently at Kincardine compared to Hywind Scotlaidimilar
wind speedswhich was also illustrated by higher mean kurtosis vahtake former location

Source levels for turbine operational noiggs Hz¢ 20 kHz increased with wind speed at both
recording locations. At a wind speed of 15 rofserational noisdevels were found to be about 3 dB
higher at Kincardin€l48.8 dB re 2Pa)as compared to Hywind Scotlafit45.4 dB re >Pa),which
might bea function of he different power ratings, gear box vs direct drive technologgnd/or the
difference in mooring structuref the two turbines(i.e., semisubmersible vs spdyuoy).

Assuming 15 m/s wind speegredicted noise fields for unweighted sound pressure levesevabove
medianambientnoiselevels in the North Sefar maximum distances of 3:3.0 km from the centroid
of the Kincardines-turbine array, and 3.0- 3.7 kmfor the 5-turbine arrayat Hywind Scotland.

At both FOW farm locationsecorded porpoise detections were reduced at the recording site closest
to the turbine compared to the site further away.

Overall, this work underscordgle importance of considering the cumulative noise output of large
FOW turbine arrays in marine spdfdanning and environmental impact assessments of new projects,
especially in marine regions where boundaries of several FOW projects overlap with one another or
other marine space uses.
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Figures

Figure 1Cumulative installed capacity of floating offshore wprdjects up to 2022 by country,
excluding projects in early planning and decommissioning. Figure from: Hannon et al. (20195

Figure 2. Fixed and floating offshore wind structdesigns. Fixed turbines: Driven monopile, steel
jacket tower; Floating turbines: serauibmersible, tension leg platform, sphnoy (left to right).
(Nlustration: Joshua Bauer, National Renewable Energy Laboratory; US Department of Enetgy).

Figure 3. Overview map showing the location of the Kincardind-gmdnd Scotland floating
offshore wind farm sites off nortkeast Scotland. Red box in in inset indicates detailed map area in
relation t0 UK COASTINE..........ooooii it e e e e e e e e e e e e e e e e e e e s e e e s e e e s sasesannnnnnes 10

Figure 4. Pictures of floating offfsre wind turbine mounted on a sersubmersible platform at
Kincardine (left), and on a sphuoy platform at Hywind Scotland (right)............coovvil. 11

Figure 5. Overview of Kincardine (left) and Hywinotl&ad (right) wind farms. Turbine locations
indicated by green circles; anchor points indicated by black crosses. Red dots indicate acoustic
recording locations at 200 m, 600 m, and 1,500 m (Kincardine); and 300 m, 600 m, and 2,400 m
(Hywind Scotland). Ne that only 5 turbines had been deployed at the Kincardine site. The site in
the lower right corner had not been and will not be developed in the future..........cccceeeeee. 12

Figure 6. Mooring design for single channel STS500RABP deployrnts using a VR2AR/ARC
acoustic release system fOr MOOMNG MECOVELY........cciiuurrrreeeeeeiiiieeeeeeeaairrre e e e e s ssibrreeeeeeeaaaen 13

Figure 7. Mooring design foirghannel ARUAPOD deployments using a VR2AR/ARC acoustic release
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Figure 8. Example of o#tkird octave sound pressure levels (SPL; in dBfea) measure at the
Kincardine 200 m lander, with impulse noise events visible as broadband, short duration noise. Noise
associated with the turbine operation is most prominent at lower frequencies (< 100.Hz).....17

Figure 9. Example of o#ikird octave sound pressure levels (SPL; in dBxfea) measured at the
Kincardine 200 m lander, filtered to remove significant impulsive noise events (a) and to remove
non-impulsive Sections Of data (1).........ceeeeeiiiiiiiiiee e 18

Figure 10. Number of-thinute operational noise events, by wind speed bin, collected by the lander

deployed at 600 m from the closest turbine for Kincardine (a) and Hywind Scotlandi)eNof

transient events collected by the same lander for Kincardine (c) and Hywind Scotland (d). Blue
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turbine with power OULPUL < 20 KW _........uuiiiiiiiiiiieee ettt 19

Figure 11. Lonterm spectral average (LTSA) plot of the full dataset recorded at the 600 m site at (a)
Kincardine and (b) Hywind Scotland. Data decimated to 10 kHz; FFT size: 512, Hop size: 256;
aVeraged OVEBO SECONUS........iii ittt et e ettt e ettt aaaeaaaaaaeaaaaaaaaaaeaasaaaaaaaaaaannnnnnnnnen 23

Figure 12. Grouped boxplots of selected @higd octave sound pressure levels (SPL; in dBfed)
measured at 200 m and 600 m at the Kincardine site (a), and at 600 ra Hthind Scotland site

(b). All available data which could be matched between recording sites for each wind farm have
been included. Lower and upper bounds of boxes represent lower and upper quartiles, respectively.
Solid lines represent medians, and wieiskindicate furthest data points within 1.5 x interquartile
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range. The widths of the violin outlines show the kernel probability density of the datathdde
octave band nominal centre frequenCieSAXIS) IN HZ............ooviiiiiiiiiiiiiee e 24

Figure 13. Grouped boxplots of sound pressure levels (dB-RgXor the onethird octave band

with a nominal centre frequency of 125 Hz measured at 200 m, 600 m, and 1,500 m at the
Kincardine site (a), and at 600 m and 2,400 m at the Hywind Scotland site (b). All available data
which could be matched between recordisites for each wind farm have been included. Lower and
upper bounds of boxes represent lower and upper quatrtiles, respectively. Solid lines represent
medians, and whiskers indicate furthest data points within 1.5x interquartile range. The widths of
the violin outlines show the kernel probability density of the data..............ccccceeeviiiiiiiieeene 25

Figure 14. Median-$econd thirdoctave band levels (solid lines) arfld@nd 93" percentiles
(transparent bands), for féred operational noise, split by wind speed bin measured at the
Kincardine 200 m lander. (a) all data and (b) data cleaned from obvious vessel and dolphin presence.

Figure 15. Median-$econd thirdoctave band levels (solid lines) arftidnd 93" percentiles
(transparent bands), for filtered operational noise, split by wind speed bin measured at the
Kincardine 600 m lander. (a) all data and (b) data cleaned from obvious vessel and dolphin presence.

Figure 16. Median-$econd thirdoctave band levels (solid lines) arfld@nd 93" percentiles

(transparent bands), for filtered operational noise, split by wind speed bin measured at the Hywind
Scotland 600 m lander. (a) all data anjidhta cleaned from obvious vessel and dolphin presence.
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Figure 17. Correlogram comparing selectesetond thirdoctave band levels (SPL in dB rePh)

with wind speed, wave height and velocity for filtered operational data from (a) the Kincardine 600

m recording location and (b) the Hywind Scotland 60feaording location..............c.eeeveeeeeeeee.. 30

Figure 18. Median-$econd thirdoctave band levels (solid lines)d 3" and 93" percentiles
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Figure 20. Example spectograms and waveforms of operational turbine noise recorded at the
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Figure 21. Example spectograms and waveforms of operational turbine noise recorded at the
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Figure 23. Example spectograms and waveforms of mooring relatadi¢nt noise recorded at the
Kincardine 200 m recording location on 20/2021(0-2 kHz) (a) three minutes and (b) zoomed in to
1 minute. Sample rate: 96 kHz, FFT size: 65,536 points, 95% overlap..........ccccccccoviiivrnnnnen. 37

Figure 24. Example spectograms and waveforms of mooring related transient noise recorded at the
Hywind Scotland 600 m recordings location on 142082 (02 kHz) (a) five minutes and (b)
zoomed in to 15 secondSample rate: 96 kHz, FFT s&&536 points, 95% overlap.................. 38

Figure 25. (a) Empirical cumulative distribution of kurtosis values quantified ovesecdad

analysis window for all available data at Kincardine (yellowl)tywind Scotland (blue). (b) Boxplot
comparing kurtosis values measured at Hywind Scotland and Kincardine. Lower and upper bounds of
boxes represent lower and upper quartiles, respectively. Solid lines represent medians, and whiskers
indicate furthest déa points within 1.5x interquartile range. Dot indicates the mean............... 39

Figure 26. (a) Empirical cumulative distribution of kurtosisasfjuantified over a 36econd
analysis window for all available data (a) Kincardine 600 m (blue) and 1,500 m (yellow), and at (b)
Hywind Scotland 600 m (green) and 2,400 M (YEIOM)-......oiuiriiiiieeiiiiieeee e 39

Figure 27. Source level of operational noise from a floating offshore wind turbine at Kincardine
based on backward propagation of underwater noise from the Lander deployed at 200 m to the
closest turbine. The source level is for continuous noise relatedt&ional machinery in the
drivetrain and excludes transient SOUNMS...........uuiiiiiiiiiiiiieeee e e e srreee e 41

Figure 28. Source level of operational noise from a floating offshore wind turbine at Hywind Scotland
based on backwardropagation of underwater noise from the Lander deployed at 600 m from the
closest turbine. The source level is for continuous noise related to rotational machinery in the
drivetrain and excludes transient SOUNMS...........uuiiieiiiiiiiiieee e e e e s snrreee e e e e ane 41

Figure 29. Comparison of source level of operational noise from a floating offshore wind turbine at
Kincardine and Hywind Scotland. The source level is for continuous noise related to rotational
machinery in the drivettin and excludes transient SOUNMS...........c.uvvvveeveeeeeeeeeeeeeeiieeieeeeeeeeeee 42

Figure 30. Unweighted sound pressure level map (25 2(zkHz) 839 m water depth and a wind
speed of 15n/s, for (a) Kincardine and (b) Hywind Scotla®chale: onghird octave sound pressure
f S@St oR... NB. oMo 2t DD B

Figure 31. Unweighted sound pressuéeel map (25 Hg 20 kHz) at Kincardine for (a) 9m, and (b)
39m water depth and a wind speed of 15 nmfkale: onghird octave sound pressure level (dB re 1

Figure 32. Unweighted sound pressure level map (25 2(zkHz) aHywind Scotland for (a) 9 m,
and (b) 39 m water depth and a wind speed of 15 rBtsale: onghird octave sound pressure level
O R . NB M2 b 45

Figure 33. Lovirequency weighted sound pssure level map (25 H20 kHz) at 39 m water depth
and a wind speed of 15 m/s, for (a) Kincardine and (b) Hywind Sco8aat®: onghird octave
d2dzy R LINB&adaNB ..f.SASf... . 0R...NE. . .M..2L.L0D, 47

Figure 34.Stacked time series of harbour porpoise detection positive min(ié¥V)per day
recorded at the two Kincardine sites at 600 m and 1,500 m from the closest turbine. Full
deployment period: 02/112021 ¢ 12/12/2021 and 02/112021 ¢ 25/01/2022 for the 1,500m and
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Figure 35Stackedime series of harbour porpoise detection positive minute®M)per day
recorded at the two Hywind Scotland sites at 30@nd 2,400 m from the closest turbine. Full
deployment period: 14/052022 ¢ 15/06/2022..........ccceeeeeieeiieee e 48
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1. Introduction

Followingan increasing demand for clean energjye offshore renewable energy sectancluding
Floating Offshore Wind (FOWas grown rapidly in recent yeafBigure 1)FOWis expected to add
significant additional energy generation capaaityhe near futureand will expandlobalwind energy
generation further into deeper waterand offshore habitats. While in 2018 the globally installed
floating offshore wind capacity was 57 MW, by 2030 global capacity could be as high as 4.3 GW
(Hannon et al. 2019)n 2022, 56% of the globBROW capacity was installed in UK and specifically,
Scottish water{Hannon et al. 2019Because othis rapid expansion, westions remain regarding
potential longterm environmental impacts which could generate delaythe consenting process

Researh of underwater noise impadirom offshore wind energyn marine lifehasin the past
concentrated orthe construction phasewith a particular focus on pile drivifi@raham et al. 2019,
Thompson et al. 2020, Jones et al. 2021, Jézéquel et al..2@2ver, with increasing turbine size
and their expansion into deeper waters, the operational noise of offshore wind turbines and turbine
arrays hareceived more attention imecent yeargTougaard et al. 2020, Stdber & Thomsen 2021)

Operational underwater noise is expected to besimilar between fixed and floating offshore wind

turbines, as abovevater structureswhere most noise will be generatéd.g., tower, nacelle, turbine

and rotors) arecomparablebetween these two forms oénergy generation In both cases,most

emitted frequenciesare expectedin the lower frequencies<{1 kHz)with tonal elements at

frequencies related to gear meshignd their harmonicge.g.,Pangerc et al. 2036The produced

noise is generalyD2 YLJ N} G A @St & oBmm Ry (I SY2UANSINSIGKIY AKALI Y3
FTNEl|jdzSyoal REEHAS Sd& I F abSyHSOEQ/ /Wi NI & 0 (dzy RS Nalgal AlySINI G/
LINE RdzOSR 6 &l yaRi | ik ROAS A f NNIo&Ss02YS || NBt | GA St @
dzy RSNB I SNJ y2A4S AVaAuUKS RSOKMEEFSY (a4 KNBLEWYWI y2A3&¢
AY ONRIyRENY2AAN  SORB B & A @ K KNGS NIRS WINEXY G aASY L2 NI | y
KIoX&lRYyONSI SEENIaENSERHZE &6 Ay | NBRdIzOIS\@IO 2 7/ (G2NY d8/TA
w2fftFyR S td @damMuHI 9NBS Sl fd HAMPO

wWSOSyid SaiAYl i8zzRSENYONEMNRY (AWESR 2FTaK2KBO%AYR
KAIKE AIKGSR GKFG O2 yii NmaSiri DR - 2y® BRIy RAQEMIBIEZ ARy I &
(KSNBB2NI2Yy A ONONBIR y ¥ Sy i f LOLEIAGRI Ny Sa (L ViAg ¢t
@{oF LI A OKRAHAYEANR ST ANAGF NI NBd  A2yaKALA o06S3GsSS
2LISNI RSt ISYSNI GA2y | NB NIN2 eral oS8z aSi0 18RI F@ NS yCh
9 YLIA NGICXRI2G SR (yRAyE SY ARPILA Iy R @ delBIBEY 8 P Rka LI KF ¥ Si
I YROBNRYYSYylGl t i @RFESEGI 10 BIOIDAAT ST Y22NAy3 G(GeLIS:
02 Yy RNKVE alf DIB2 dpykR(E NBE T2 NB  y25/SRIIRMN FIFW B G2 WS ViKSy 3 LI
F2NJ Ch2 Ayaildlttrarzyao

hytd | AYFTAANHFRANEBNY 25 20FdNNG F KEEHI0 | § 6 HFRNE A v S
N} GSR @t add RAEEANE G ChR y&HNDME/E2 NRSR 2 0SNOYE LIS NA
Hamm LG b G8EG AA DR NER Y { @6 GANGE 6 NETHGAGIR BN yEATARS GEA

2LISNY GAXBI B daNBRIS G Fo2ddi mMpnO¥dRRAGEYRBE FUBR (&S
b2 6 SN 3 SWINNS AR NF SEEOGEBOG NI ¢ R EDA Rot HINBS It &

6. 2RdzA [GROSESND BODB S4 WRdzSR (KFG GKA& &ddRe 10
(KSNBEFT2NE 08 O2g&ANASNFR WKREBOBYRINNGD dzZRe a2 8 6AY
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Figurel. Cumulative installed capacitf floating offshorewind projectsup to 2022by country, excluding
projects in early planning and decomm@sing. Figure from: Hannon et §2019).
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ONBI ROFYR &®dzDS Off $ O3 25 RI DT B Y Ytk anxtd fiy" R.. dzNIBA
Si | f.;dividoaktsbines atHywindScotlanchave a capacity of 6 MW

Thebiggest differencéetween floating and fixed wind turbine structures is theinde ofattachment

to the seabedThere are three main FO®pportstructure designgi.e., tensionleg, sparbuoy and
semisubmersible designip current use which are all mored instead of fixed to the seabeohd can

be deployed in different water depth§Figure 2).The tensionleq platform designis the least
developedof the threedesignsin this design,teel cableswire ropes and chains connect a partially
submerged pldorm standing on3-5 arms to the seafloor. Tensidag platformsare less mobile
compared to the other designs and are therefore likely best for intermediate water depths7@-.g.,
200m; Putland et al. 2021 8oar-buoy designdave the largest suburface structurea cylindethat

is attached to anchored mooring &éa. While the large draft provides stabilityassembly of these
structures needs to be performed in waters deeper than d08nd is thus logisticalghallenging. The
design might also prove difficult to maintain with increasing turbine size, as the eyt will have

to increase to support the weight increasé the turbine (Putland et al. 2021)Semisubmersible
platform structures have an active ballast systetn keep the platform uprightwhich involves
transferring water between linkedolumnsonto which the turbine is installedThis platform design

has a relatively large surface area whicbreasesstability. Theplatform is anchored to the bottom

by several mooring ling®utland et al. 2021).

1 https://www.equinor.com/energy/hywindscotland last accessed 01/03/2023.
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Theflexiblemooring linesconsist ofsteel cables, chains or wired ropesd are dependent on water
depth andturbine structure type they are a source of noise which et present infixed offshore

wind turbinearrays While the long, flexible cables are not likely to produce a lot of strumming noise,
periodictension releases along the cablethe mooring systenY | @ LINE R @@ S $cib&dRIS LJa
from initial data recorded neaHywind Demo (Martin et al. 2011) At 150 m from the source
measurement ofthese transiensounds(containingenergyover the full recording bandwidth ofB0
kHz)indicatedreceivedpeak sound pressure leveisuld exceedic 1 R . (aBus Imd> 2015)

The current project aimed to add additional dataabout the operational and mooring related

underwater noiseproduced by FOWturbine arrays The immediate aim of the projeavas to

characterise and understand noise outputs tafo existing FOW turbinearrays, with different

structural designsthat at the time of writingare deployed in Scottish waterdt the first site

(Kincardine Principle PowdGrupo Cobra FOW turbines arduilt on semisubmersible platforrs,

while at the second siteHywind ScotlangEquinor) turbines are installed osparbuoy platforms.

¢Ka NBKRNIOUKHNAESESRAS AHAYIl NHAS & | iR RS NBEHENDR R

Yy 2 MESAINPIRIZGE S G 62 (0 BANB R FERY R SALI NeHRESIIF R S NI O NEA Y
SYGANRBYYSyY(h KS ORI a3 ACERyva a4 S Rt SEPM A1 BRI Ohk2l |G dzND A y
dzy RSN IR A& NI AY S R DH mvmwd X - 2 RBeiharmoe{soundf ® H 1 H
propagation modellindpas beerusedto estimate operational source levels of the operating turbines

and predict cumulative noise outputs dhe deployedsmallscale(i.e., 5 turbines)arrays of FOW
turbines.Together, thesadatawill underpininitial assessmesstof the spatial footprint of operational

FOW turbire noise and thepotential NJ&& PzOK &adza Gl Ay SR 202X 8 A 0Fr & f B2 AaS
YI NERYSDASEZOK a YONAYS YIYYIfa

Figure2. Fixed and floating offshore wind structure desighixed turbinesbDriven monopile, steel jacket
tower; Floating turbinessemisubmersibletension leg platform, spabuoy (left to right). (llustration: Joshus
Bauer, National Renewable Energy Laboratory; US Department of [Energy



2. Methodology
2.1. Data Collection

2.1.1. Study Site, TurbineModels and Deployment Platforms

Both FOW turbinearray sitesat which data for this project wre collected are located on theorth-
east coast of Scotland@ he Kincardineffshorewind farm (Principle PowdGrupo Cobrais located
about 15 km off the coast of Aberdeen, whidgwind ScotlandgEquinor)is about 25km to the east of
Peterhead(Figure 3)With capacities 080 MW Hywind)and 47.5 MWKincardine)these twopilot
projects arethe first and biggesin the world to deploy electricity generatingFOW turbinearrays
(Figurel; Hannon et al. 200)9Hywind Scotland started generatipgwerin 2017 and Kincardine in
2022. Both sites have five turbines currently installétihilethe turbines at Kincardine an@mounted
on semisubmersible platformghe turbines deployed at Hywind are installed gparbuoys (Figures
2& 4; Table ). In both casegplatforms areanchoredtio the seabedwith three mooring cabledVater
depth at the Kincaline siteis in the range of 680 m, while the Hywind array is deployed in slightly
deeper watersranging from95-120m.
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Figure3. Oveniew map showing the location tfie Kincardine and Hywind Scotlafidating offshore
wind farm sites offiorth-east ScotlandRed box in in inset indicates detailed map area in relation to L
coastline.

2https://www.equinor.com/energy/hywindscotland last accessed 01/03/2023
3 https://www.grupocobra.com/en/proyecto/kincardin®ffshorefloating-wind-farm/; last accessed 01/03/2023
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Figure4. Pictures of floating offshore windurbine mounted on a sersubmersible platform at Kincardine
(left), andon a spatbuoy platform at Hywin&cotland(right).

The turbines deployed at Kincardine are Vestas V164 models, rated at 9.2 MW and with a rotor
diameter and tip height of 164 m dril90 m, respectively. These turbines are geasthaxen turbines
whereasthe turbines deployed at Hywind Scotland are dirddte turbines with a capacity of 6 MW

and rotor diameter and tip height of 154 m and 178 m, respectively (Table 1).

Tablel. Overviewof turbine parameters for Kincardine and Hywind Scotlarfiidhore wind farms.

Kincardine Hywind Scotland
Number ofTurbines 5 5
Turbine Model Vestas V164 Siemens SW5.0-154
Rated Power (MW 95 6
RotorDiameter (m) 164 154
Tip height (m) 190 178
Drivetrain Gearbox DirectDrive
Foundation Semisubmersible Sparbuoy
Mooring lines (per Turbine 3 3

2.1.2. Mooring Design andeploymentsetup

At both study sitesthree acoustic monitoring moorirsgvere deployedat varying distances froitine
target turbine Moorings were deployed atistances of 200n and 600 m from turbine KINOland

4 https://www.principlepower.com/projects/kincardin®ffshorewind-farm; last accessed 01/03/2023.
5 https://www.equinor.com/energy/hywindscotland last accessed 01/03/2023.
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1,500 m from KINO4at Kincardine and 300 m, 600m and 2,400 m from turbine HS5at Hywind
ScotlandFigure 5)The acoustic moorings followed two designs.

At the sites furthest away from the monitored turbiseand the Hywind Scotland 300 m sitbe
mooring consisted o& one-channelbroadband sound recordeSBEOOH- Ocean Instruments, NZ
and an automated echolocation click detector-P©D; Cheloniatd., UK). The ecorders were
approximatelys m above the seabeand moored with a suisurface recovery system (VR2AR acoustic
release Innovasea, Canatiaith an ARC rope canistéRS Aqua, UKusing chain link weights of about
70-90kg (Figure 6 Tablex & 3).

The moorings at the 200n and 600m sites consistedof a lander with a 4hannelrecorder
(ST4300STDpaired with an FPOD(i.e., Kincardine 600 nand HywindScotland300 m) or abackup
one-channelacousticbroadbandrecorder(ST300HF (i.e., HywindScotlands00 m) Figure 7 Table2

& 3). Thehydrophones of the €hannel array were approximately 1 m above the seabed, whilst the
FPOD or $300HRvas deployed about 5 m above the seafloor.

Thetotal deployment period at the Kincardine site lasted fro2/11/2021 t025/01/2022. However,
the 1,500 m mooring was recovered ob2/12/2021 already (Tablg). The recordersat the Hywind
Scotland sitavere deployed for one month, from 1@5/2022 to 1%06/2022(Table3).
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Figureb. Overview ofKincarding(left) and Hywind Scotland (right) wind farms. Turbine locations indi
by green circles; anchor points indicated by black crod8ed.dots indicate acoustic recording location
200m, 600m, and 1500m (Kincardine)and 300m, 600m, and 2400m (HywindScotland. Note that onl
5 turbines had been deployed at the Kincardine Stige site in the lower right corndrad not been and w
not be developedn the future

6 https://www.oceaninstruments.co.ndast accessed 01/03/2023.

7 https://www.chelonia.co.uk{ last accessed 01/03/2023.

8 https://www.innovasea.com/fisktracking/products/acoustigeceivers/ lag accessed 01/03/2023
9 https://rsaqua.co.uk{ last accesse@1/03/2023.
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Table 2. Deploymentinformation for Kincardine (Principle Pow@&rupo Cobrd Full éployment period:
02/11/2021 ¢ 25/01/2022. The 1,500 m mooringwasrecovered on12/12/2021.ST = Soundtrap (broadband
recorder);ch = channel.

Distance to Latitude/Longitude AcousticRecording Water Depthl Duty Cycle
ClosesfTurbine  (°N/E) Instruments STabove Sabed(m) (ST

200 m 57.004 /-1.883 ST®300STD (4ch) 65.7 /10 15min / hour
600 m 57.000 /-1.887 ST4300STD (4ch):FFOD 64.7 /10 15min / hour
1,500 m 57.031/-1.848 ST500HH1ch); FPOD 77.1/50 Continuous

VR2AR ARC

Figure 6. Mooring designfor single channelSIS00HF-POD deploymentaising aVR2ARRC
acoustic releassystemfor mooring recoveryDeployed at Kincarding300 m and Hywind Scotla
300m and 2,400 m (see Tables 2 &Bgure of mooring design adapted from L Scala (Seiche’
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Table 3. Deploymentinformation for Hywind Scotland (Equinor) Full éployment period: 14/05/2022 ¢
15/06/2022 ST = Soundtrap (broadband recorder); ch = chardete that data collection at thenooring

positioned at300 m failed due to a faulty hydrophone.

Distanceto Latitude/Longitude AcousticRecording Water Depth/ Duty Cycle $7)
ClosesfTurbine  (°N/E) Instruments STabove Seabed (m)
300 m 57.484/ -1.377 ST500HF (1ch}=POD 105/5.0 Continuous
600 m 57.482/ -1.381 ST4300STD (4ch)TS  104/1.0&5.0 15min / hour;
300HF (1ch) Continuous

2,400 m 57.463/ -1.379 ST500HF (1ch);-POD 104 /5.0 Continuous

FPODor

ST300HF

0

VR2AR. ARC Soundtrap -
| ' 4300ST

oSS s
7]

Figure7. Mooring designfor4-channel ARUAPOD deploymentasing aVR2AR/AR&cousti(
releasesystemfor mooring recoveryDeployed at Kincardine 200 and 600 m and Hy
Scotland 600 m (see Tables 2 &Ryure of mooring design adapted from L Scala (Seict
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2.1.3. RecordingParameters

Thelandersdeployedclosest to thetargetturbine (i.e., 200m and 600m at Kincardine and 60 at
HywindScotland were 4-channel $4300STD recordessith four high-frequencyhydrophones(HT#
99-HF; Higkrech, Ind? in atetrahedralarrangement Graham etal. 2023;Figures 6 & 7)A duty-
cycled (1 minuteon/29 minutes offymotion dataloggerOpenTag; Loggerhead Instrumeédtsvas
attached to theacoustidander array taconfirmthat the deviceremainedstationaryand the position
of the hydrophones in relation to the turbine did not change over titdgdrophones werepaced
5 cm gart to attempt estimating thebearings2 ¥ KA IKSNJ FNBIjdzSyOe &az2dzyRa o
turbine mooring structurefollowing nmethods developedo track small cetaceanaround marine
structures(Gillespie et al. 2020, Graham et al. 2028hile 4-channelrecordingswere successfully
collected during this projecthey havenot yet been analysedn detail andbearing estimationgo
Ya y Willdau® not formpart of the current reportHowever, his analysis is plannexs part ofmore
in-depth futureanaly®s of the noise signature created by the turbine mooring structure

Recordinganade with the 4channelbroadbandrecorders(ST4300STDyere dutycycled and 15
minutes of each houwere recorded using a 96kHz sample rateand 16bit resolution The first
channel of the £hannel recording was selected for noise level and signal structure analysis (see
section2.2). The singlechannebroadbandrecorders T500HF and ST300M&bles 1 & 2) were setup

to record continuously at aample rate 0B6 kHz anda 16-bit resolution All recorders thugprovided

an effective analysis bandwiddf 10 Hz¢ 48 kHz

The FPOD autoonmousecholocatiorclick detectowasused for monitorindharbourporpoiseactivity

in the vicinity of the turbine arraySComparable to its precursor theROD, he device detects click
trains in the range of 2070kHzand allows porpoise detections at ranges of up to a few hundred
metres (Dahne et al. 2013, Chelonia Ltd. 2023pntrary to broadband acoustic recorders, which
record the full acoustic signal for detailed pgwbcessing after deployment, automated &lic
detectors process data in the field and only record selected features of sgyrdisagrequency, time

and amplitude characteristicSThe recorded click detection dataere summarisedas detection
positive minutegDPM for harbour porpoises(Phocoenghocoend. The FPODs were programmed
using the FPOD.exe software provided by the manufact(€éelonia Ltd., UKPDevicesrecorded
continuously with a defauW [ A YA UG 2y Of AO1 & LISNI YAydziSQ 2F mcIn
kHz.Aftilt sensorrecordS R (i K Sdefledtidh @@m verticakind the tilt switch, which turned the
device off when it was close twrizontal,was activatedAllother FPOD settingsvere left agper the

Y Iy dzF | QléfaizeBinD a

2.2. Acoustic Data Analysis

Longterm ectral averages (LTS dB re 1>Pa/lH2) showing power spectral density levalger
the full analysis bandwidthveraged over 30 seconelgere generated and viewedsing PAMGuard
(Gillespie et al. 2008)

All available data wersubset by the number of operational turbines and only periods with all five
turbines in operation were used for subsequent analyse® O2dzy i & 2LISNI GA2Yy L f

10 hitp://www.hightechincusa.comlast accessed 01/03023.
1 hitps://www.loggerhead.comlast a&cessed 01/03/2023.
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GdZNBPAYS KFER | L3¢ SN 2 dzi Libuirbin8sh&dla povédoufipit less than0 1 2 & C
12 5FGF LRAydGa 6KSNBE 2yfe a2YS Gdz2NDAYySa gSNBE W2
No attempt was made here to isolate noise levels of individual turbines. The resulting cropped dataset
wasmanually checke for loud (i.e., > 10 dB sign#b-noise ratio)vessel noise and data were sub

divided into a full and cleaned dataset, from which periods of obvious vaassetlolphinpresence

were deleted. Since median noise levels were similar between both datasséitsequentanalyss

and source level determination were carried augingthe full data set.

After initial inspection of the acoustic raw data, sound pressure &P in dB re 1>Pa)were
quantified in onethird octave bands witmominal centre freqencies from 29Hz ¢ 40 kHzover a
1-secondtime window, using the onhird octave level (TOL) function in PAMGulitheplemented in
MATLARMerchant et al. 2015, The Mathworks 202It) addition, peak sound pressure levels (peak
SPL in dB redPa) were computed for each o#tlird octave band using &second time windowby
applyinga customwritten MATLAB scripfll TOldata were aggregateatorrelated with and plotted

by wind speel, significant wave height and surface velocising RR Core Team 2022).

Wind speedand operationadata, such as rotational spequer minute (RPM)were providedby the
developers.For Kincardine, operational dataewe unavailable for some of the tbines from
02/11/2021 ¢ 16/11/2021, and this period was thus excluded from analy8isKincardineaverage
wind speedor each turbinewas providedn a 10minute resolution At HywindScotland windspeed
was measured at the naceltd each turbinei(e., about 100 m above sea level) and resampleallat
second resolution.

Current velocity data (in m/s) and significant wave height data (in m) for the deployment periods at
Kincardine andHywind Scotland were obtained from the EU Copernicus Marine Service products
NORTHWESTSHELF_ANALYSIS_FORECAST_PHY_ (@d4taB&8 MetGNWSPHYgh-SSC), and
NORTHWESTSHELF_ANALYSIS_FORECAST_WAWY 004 (@hdaset MetONWSWA\Vthi),
respectively.Quarterhourly instantaneous surface horizontal velocity data were extracted for the
physical ocean model grid point closest to the KINO1 (KincgrBigares) and HS5 (Hywind Scotlgnd
Figure 9 wind turbines, and residual sea surface current speed derived fremeastward and
northward sea water velocity components. Likewise, hourly instantaneous sea surface significant
wave height was also extracted for the model grid point closest to the KINO1 and HS5 turbines.

Studies on terrestrial mammals have shown thatt&sis values of impulsive sounds may play an

important role in determining auditory injurfHamernik et al. 2003Kurtosis which describes the

Wil Af SRYSaaQ 2F (GKS LINRBOI 0Af Ahasther&drairécéhiflycbdein A 2y 2 T
suggeste as a useful metric to assess the impact of impulsive signals in soundscape assessments
(Martin et al. 2020, Wilford et al. 202Vhile Gaussian noise (and wind dominated underwater noise)

is represented by kurtosis values of about 3, a kurtosis valut) represents the threshold above

which a signal is considered impulsiiilford et al. 2021).To characterise and compare the
impulsiveness of the recordeturbine signals, krtosis was quantified over 30second analysis
windowsusing a custonwritten script implemented in MATLAB

12 https://doi.org/10.48670/moi00054 last accessed 01/03/2023.
13 hitps://doi.org/10.48670/moi00055 last accessed 01/03/2023.
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2.2.1. Impulse Detection and Filtering

During the initial review of the raw datawb noise sources related tilie operatingturbines were
identified. The firstvas noise associated with the operation of the turbinies,, from the generator,

and passingplades, which is more prominent at low frequencies. The second is noise associated with
the movement of mooring lines holdintheturbinesin place, whictcould be observeds infrequent

GNF yaASyid oNRIROIYR WA Y hbdeft énEs@cond)avikhah§herfrequengk 2 NJi
content An example of the measur@she-third octaveSPLltime series measured at Kincardine 200

is shownin Figures8.
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Figure8. Example ofone-third octavesound pressure levekSPLin dBre 1>Pa)measuredat the Kincardine
200m lander with impulse noise events visible as broadband, short duration nbigise associated with the
turbine operation is most prominent at lower frequencigs100 Hz)

To characterise the source level of the operational turbines, it is desirable to analyse the turbine
operational and impulse noise separately. The followingedure was used to identify periods when
operational noise or impulse noise dominated the measured noise levels.

1. Calculate the&k-point (k = 60) moving average of evenye-third octave frequency band data
point.

2. Disregard anpne-third octave bands belowdquencyF = 900 Hz

3. Count every occasion where the SPL in eackthird-octave band is greater than the
corresponding moving average value by threshold 1 dB.

4. Where for any data point of thirdctave band SPLs, P = 50 % or more obtiethird octave
bands have been counted as having a SPL greater thargbmkmoving average by at least
T dB, that data point is marked as containing an impulse noise event.

Theoccasiors where impulsenoisewas detected were then filtered out of the data. An example of
the filtered data sets (operational and transients) for the Kincardine 200 m data is shown in Figure 9.
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Figure9. Examde of one-third octave sound pressure levgSPLin dB re 1>Pa)measuredat the Kincardine
200m landet filtered to remove significant impulsive noise eventsga)l toremove norimpulsive sections
of data (b).

The logarithmically averaged SPL of the filtered data in eaefthird octave band was calculated
over kminute intervals, and the mean turbine power and wind speed (at the cldsesine to the
acoustic recordérwas also calculated for eadhminute interval.

For source level calculations (see sectoB.1) tKkS RI Gl &aSi 6+ a a2NISR
wind speedFigure 10)For example, the 4 m/s wind speed bicludesaveraged wind speeds from
3.5 m/s to <4.5 m/s.For each wind speed bithe medianSPLlof the entire set of dminute sections

of operational noise data, for eaame-third octave band, was calculated, along with the standard
deviation of the whole data set. Additionallpr each wind speed bin, the medi&PLof the entire

set of impulse noise data, for eadne-third octave band, was calculated, along with the standard
deviation of the wholetransient noise dateset. The impulse noise dataeve not logarithmically
averaged into dminute intervalsjnsteadthe median acrosswery impulse of the data set was taken
(Figure 9b)Where there was only oneventin eachwind speed (and therefore the median would be
that data point), that bin was discardé€Bigure 10)
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Data from each acoustic recorderas subjected to the impulse dsttion and filtering processing
individually,applyingthe sameanalysissettings.

KOWL - Lander600 Hywind - Lander600
— — -

@ = ®) ] =

200

i | L l | | | _

o lllJ-I LI n Il.- .
2 3 4 5 68 T 7 8

& § 10 11 12 13 14 15 16 17 18 19 20 4 5 B 9 10 11 12 13 14 15 16 17 18 19 20
wind bin in m/s wind bin in mis

2

£l
9
2
5

number of bins.
w IS @
2 =] =]
] 2 s
number of bins
@ = 9
= 3 2
=] =] S

N
2
S

3
o S
er
—
N —
© | —

KOWL - Lander600 Hywind - Lander600
T

T 4500 —T—T— T L — T T —

T
[ [oh) [oN
000 (C) [ECFF 000 (d) [ oFF
3500 3500
, 3000 o 3000
z 2
2 2
2500 1 B 2500
5 k1
52000 1 4 2000
€ £
5 5
2 2
1500 1500
1000 1000
- I l - I I I I | |
nl_llll_ B L I 1 | NN § III-.,
001 2 3 4 5 6 7 8 % 10 11 12 13 14 15 16 17 18 19 20 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20
wind bin in m/s wind bin in mfs

Figure10. Number ofl-minute operational noiseevents by wind speedbin, collected by the lander deployed
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2.3. Sound Field Modelling
2.3.1. Approach and Assumptions

The transmission loss between floating wind turbines #redacoustic recordersere modelled using

a combination ofa parabolic equation solver and ray tracing. Thedelledtransmission lossalues
were combined with measure@OL and peak SPlexcludingthe noise from transient events (see
section2.2.]) to determine the source levels related to operational noise from floating wind tusbine

Farfield operational mderwater noise was modelled at thiattave bands between 25 Hz and 20

kHz. Noise propadion was modelled at low frequency using a parabolic equation solver and at high
frequency using a ray tracing approach. The parabolic equation solver is range dependent and is most
appropriate for low frequency modelling when the seabed sedimentary sezpies deeper than the

water column (seeection2.3.2.3. A sensitivity analysis was conducted to determine the frequency

at which solver switching occurred and it was found that the results were stable when the model
switch occurredat 315 Hz (i.e., modelled with the parabolic equation solver for thothve bands

below 315 Hz).

The source levels were calculated by backward propagation modelling from the nearest hydrophone
(acoustic arraydnderat 200m at Kincardineand the lander at 600 m at HywindScotland. Source

levels related to wind speeds of 6, 9, 12 and 15 m/s were calculated based on equivalent measured
sound pressurdevels Identical modelling assumption were used for the backward propagation
models and the fafield gperational noise models.

The modelling approach assuthéhat the five foundationsat Kincardineand HywindScotlandeach

emit the same noise levels as a function of frequedye turbines are modelled as points sources
representing the sermsubmerged foudations at 15 m below the surfader Kincardine andhe spar

buoys at 39 m below the surfacter Hywind Scotland respectively The mediarsource levelalues
were calculated when all five turbines were operational; the backward propagation models therefore
used five sources placed at their correct geometric positions.

2.3.2. Modelling Environment

2.3.2.1. Geometry
The positions of turbines were based arformation provided byPrinciple PowdGrupo Cobra
(Kincardine) ané&quinor(Hywind Scotland)'he bathymetryaluesused to model noise propagation
are based on the UKHO datehich were downloaded fronhttps://seabed.admiralty.co.uk/on
03/11/2022

A 2009 HI1155 Todhead Point to Bosies Bank Blk4 4m SB
2009 HI1155 Todhead Point to Bosies Bank Blk6 8m SB
2009 HI1155 Todhedeoint to Bosies Bank BIk3 4m SB

2009 HI1155 Todhead Point to Bosies Bank BIk5 8m SB

> > >
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2.3.2.2.  Sound Profile
Table4 details thesoundspeedprofile used in all noise propagation modéBailey 1978).

Table4. Speed of sound with depth aftéBailey 1978).

Depth (m) Speed of Sound (m/s)
0 1504.49
10 1503.01
20 1501.51
30 1496.19
40 1487.31
50 1484.08
60 1481.94
70 1480.93
80 1480.32
90 1480.09
100 1480.25
110 1480.42
120 1480.58
130 1480.75

2.3.2.3. Seabed
The geeacoustic profile of the seabed of the models was basetherprofile described iiBurns et
al. 2022)Tableb).

Tableb. Gecacoustic model for Hywind Scotland as describe@umrns et al. 2022).

Depth (m) Speed ofSound (m/s) Density (kg/m?9) Attenuation (dB/wavelength)

0 1716.4 1950 0.89

0.7 1483.2 1385 0.44

7.6 1559.5 1620 0.325

25 1586.2 1645 0.46

50 1631.8 1695 0.705
100 1716.7 1790 1.055
200 1904.5 1995 1.055
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3. Results
3.1. Data Overview

Across all deployed recordesstotal of 89 daysof broadband acoustic dataere recordedat both
Kincardine and Hywind Scotland addition,a total of 128 days of click detections were collected at
two of the Kincardinerecording sites and 64 days of click detection data were collected across two
sitesat Hywind Scotlan{Table6).

To use the sambroadbanddata across all recordensithin each site, te final datasetfor each
recorder deployed aKincardinewas cropped t®2 days02/11/2021- 23/11/2021) and 25 days at
Hywind Scotland(14/05/2022 - 07/06/2022). As explained above, the period fro@2/11/2021 to
16/11/2021 were excluded from wind speedrrelation analyses due to missing data.

Table 6. Total available recording day#cluding deployment and recovery dayfey broadbandacoustic
recorders (BB) and automated click detector¢§~POD deployed at theKincardine and Hywind Scotland
recordings sitesFull ceploymentperiod at Kincardine: @/11/2021 ¢ 25/01/2022. The 1500 m mooring was
recovered on 12/122021. Full deployment perio@t HywindScotland 14/05/2022 ¢ 15/06/2022. Full analysis
period, for which data were available for altcording locations at each wind farimighlightedin bold.

Recording Site Distance to Closest Acoustic Recording Recording Total Days
Turbine (m) Recorder Start End BB/FPOD
Kincardine 200 ST4300STD 02/11/2021 23/11/2021 22
(4ch; chl)
600 ST4300STD 02/11/2021 24/11/2021 23
(4ch; chl)
FPOD 02/11/2021 24/01/2021 84
1500 ST500HF (1ch) 02/11/2021 12/12/2021 44
FPOD 02/11/2021 12/12/2021 44
Total 89/128
Hywind Scotland 300 SI500HF (1ch) -- -- No data
F~POD 14/05/2022 15/06/2022 32
600 ST4300STD 14/05/2022 07/06/2022 25
(4ch; chl)
ST300HF (1ch) 14/05/2022 15/06/2022 32
2400 ST500HF (1ch) 14/05/2022 15/06/2022 32
FPOD 14/05/2022 15/06/2022 32
Total 89/64
3.2. Measured Rceived Sound Leve(®aw Data)

Longterm spectral averages for theaw data recorded at th&00 m lander atboth Kincardine and
HywindScotlandare comparedn Figure 11At both sites most energy is concentrated below 500 Hz
While both sites showikely mooringrelated impulsive noise, these broadband transientsare
observed more frequently at the Kincardine sjiggure 11agompared to the Hywin@&cotlandsite

(Figure 11b).

For both Kincardine and Hywin8cotland data collected at600 m to the closest turbine showed
medianone-third octave band levels below 200 kzbe around95 - 100 dBre 1>Pa(Figure 12)At
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Kincarding mediannoise levels were sligly higher at the 200n compared to the 600n recording
location as expectedlue to the reduced distance to the operational turbifi@gure 12a)in contrast,
median noise levels for the 10 kHz centred @hied octave bandvere about 75 dB rePaat both
Kincardine and Hywin8cotland Figure 12).
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Figurell. Longterm spectral averagé TSA) plodf the full datasetrecorded at the 600n site at(a) Kincardin
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When comparingmedian noise levelfor the 125 Hz centredne-third octave bandrecorded at
different distances to the closest turbira the Kincardine site, median noise levels were lowest at
the sitefurthest (i.e., 1500m; median: 91.3IB re >P3g from the turbing as expectedFigure 13).

At this locationa bimodal distribution of noise levels was also observitidian noisdevels at200

m and600 m at thidocationwere measured to b85.5and94.4 dB re $P3g respectivelyFigure 13a).

Surprisingly, Wwen comparing mediamoise levelsbetween the 600m and the 2400 m Hywind
Scotlandsites noise levelait 125 Hz were considerably higherthé 2400m site(median: 110.2 dB
re 1>Pa)compared to the site at 6000 (median: 95.2dB re »Pa)(Figure 18). Similar tothe
Kincardine 1,500 m site,l@modal distribution of noise levelsas also observed at the 2,400 m site
at Hywind Scotland.
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Figure13. Grouped boxplot®f sound pressure levels (dB re>Pa)for the one-third octave bandwith a
nominalcentrefrequency of 125 Hmeasuredat 200m, 600m, and 1,500 nat the Kincardine sitéa), ant
at 600 mand 2,400 m at the Hywind Scotland s{t®. All available data which could be matched betw
recording sites for each wind farm have been includemlver andupper bounds of boxes represent lov
and upper quartiles, respectivel$olid lines represent medians, and whiskers indicate furthest daitaty
within 1.5x interquartile rangeThe widths of the violin outlines show the kernel probability density o
data.
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3.3. Filtered Operational Noise Levels afthvironmental Conditions
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3.4. Filtered TransientNoise Levelsnd Environmental Conditions

Under comparable environmental conditions (wind speed, wave height, and velocity), noiseofevels

the transient data, containing mostly mooringlated but also some operational noise, were higher

at Kincardine than at Hywind Scotland (Figlg Likewise, the variability in received noise level was

higher at Kincardine than at Hywind ScotlangyFe 18). Additionally, thedifferencesin measured

transient noise levelsvhen comparing lower vs higher wind speeds, weigher at Kincardine than

at Hywind Scotlandwith noise levels generally increasing with higher wind spéédsirel8).
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3.5. Detailed Acoustic Analysis

3.5.1. Turbine Operational Noise

As described above, moatousticenergy measured from operational turbineskincardine as well
as HywindScotlandwas found below 100 Hz (Figures4416). Distinct tonal soundsvere apparent
betweenapproximately30 and 120 Hawith most energyoncentrded between about 50 Hz and 80
Hz As shown in sectioB.4, the 80 Hz centred onthird octave band noise levels westrongly
positively correlated with wind speed (Figukr@a). Tonal featuresvere visibleup to 350 Hz butwere
much less dominant at thedegher frequenciegFigure 2b).

At Hywind Scotland two dominant ton@s 25 Hz and about 75 Hz (Figure 2daje found in many of
the recordings althoughthey were not always present (Figure 21Bhe noisein the 25 Hz and 80 Hz
centredone-third octave bandswhere these tonesccurred ,were also strongly positively correlated
with wind speed (Figure7b). Likeat Kincardine, tonasignal componentst HywindScotlandwere
also visible at frequencies up to ab®80 Hz although they wenmamuch less dominarin those bands
(Figure21b).
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3.5.2. Mooring System Noise

An increase ibroadbandimpulses ottransientsrelated to the mooring structurewas foundboth at
Kincardine and Hywin8cotlandduring periods of highewind speeds and significant wave height
There were a variety ddifferent signas observed at both sites, examples of which are shown in
Figures 2 and 24 and AppendiA.
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for HywindScotland. These impulseswith energyoften being distributed acrosthe whole available
analysis bandwidth (i.e10 - 48 kHz),were generally of short duration (i.e.s&cond or lesd)ut were
produced in sequencesften lasting for several minutes at a time

Overall frequencyf occurrencenf thesetransientswasvariable at both sites butonsiderablénhigher
at Kincadine compared tdHywind Scotland(Figures 10, 11 & 22). This findingwas corroborated by
the kurtosis analysis which showadnean30-secondskurtosis value 08.1 for Kincardine and 3.3 for
Hywind Scotland(Figure 25). When comparinghe empirical cumulative distribution function of
kurtosis values between the 600 and the2,400m recordng sitesat HywindScotland results were
relatively similarjndicating thatthe soundscape around the array of symroyswas comparable in
terms of impulsivenesso that of the vessel noise dominatecontrol site.In contrast, & Kincardine
the comparison between data collected at 660and 1500 m showedconsiderablyhigher kurtosis
values for the600m recording locatior{Figure B).
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3.6. Source Leveland Predicted Noise Fieldsf Operational Noise

The one-third octave bandsource leved calculated for single floating offshore wind turbines at
Kincardine and Hywin&cotlandare shown  Figure27 and Figure28, respectively. Thee source
levels are for continuous operational noise related to rotational machinery in the tur@inegtrain
and exclude other noises of a transient nature such as those related to mooring syst&sactions
2.2.1,3.4and 3.5.2. AppendiBlists the third-octave source levels R .  NXor wrbines dt gach
wind farm.

Thetotal source level$25 Hzc 25 kHz¥or operational noiseacross a range of wind speeai® in the
rangeof 14aun o R. fotBothrurbime typegTable7). However, source levels for the turbines
deployed atKincardineare slightly greater (i.e., 23 dB)than those forHywind Scotlandat all wind
speedqTable7; Figures 27 & 28; AppendixB).

As was obvious in the measured received level pfptsented in section8.3, peaks ofback
calculated sourcdevels varied between the two sites, with Hywir&totland showing higher
operationalnoise levels in thene-third octave bandentred at25 Hzone-third octave banakspecially
under higher wind speedonditiors. A second peawascalculatedat 80 Hz for this site whereas the
main peak in operational noise level for Kincardivess slightly lower inthe 63 Hz onghird octave
band (Figure27 & 28; Tables Bl & B2). Both sites showd elevatedoperational source levels also for
the 300600 Hz frequency basdFigures 2 & 28; TablesBl & B2).

Frequencies ofgak source levels varied by wind sp€Edure 29; Tables B1 & BPhis is particularly
obvious aKincardinewherea shiftof peak source levelsom 31.5 to 63 Hz can be observed between
wind speeds of 6 m/s compared togher windspeedgFigures 27 & 29; TablesBl & B2). Overall,
maximum differences betweeoperational source levels between the lamdthe highwind speed
categories €.g., 6 m/s vs 15 mjsvere between 10 and 15 ¢Bvith higher source levels typically
related to higher wind speedJablesBl & B2).

Table7. Totalsource levelscross the 25 Hz 20 kHz frequency rander floating offshore wind turbines
deployed atKincardine compared tblywindScotlandat different wind speeds.

Sourcelevel(dB rel pPa)

‘ Wind Speed
‘ 6 m/s 9m/s 12 m/s 15 m/s
Kincardine ‘ 144.8 144 147.1 148.8
Hywind Scotland‘ 143.4 143.7 145.4 145.4
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( ) Operational noise measured at 6 m/s (b) Operational noise measured at 9 m/s
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Figure30. Unweightedsound pressure level map (25 20 kHz) aB9 m water depthand a wind speed of5l
m/s, for (a)Kincardineand (b) HywindcotlandScale: ondi KA NR 2 Ol @S &2 dzy R LIN.
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KIN 15ms-1 at 9 m: SPL unweighted . (b) <08 KIN 15ms-1 at 39 m: SPL unwelghted

Figure31. Unweightedsound pressare level map (25 Hg 20 kHz) at Kincardine for (a)n®, and (b) 39n
water depth and a wind speed o6Mn/s. Scale: ondi KA NR 2 Ol @S a2dzyR LINB A

(b)

Raw SPL at 9 m: HYW 15ms-1 Raw SPL at 39 m: HYW 15ms-1

Figure32. Unweightedsound pressure level map (25 820 kHz) at Hywin&cotlandor (a) 9m, and (b) 39n
water depth and a wind speed o6In/s. Scale: onehird octave sound pressulevel R. NB m >t

Table8. Medianand maximum distances to centroid of modell200 dB sound pressure levels (SPL) contour
for the unweighted and lowWirequency species weightesbund pressure level maps at the two different depths
modelled (sed-igures 30, 31 & 33 for the 15 m/s wind speed scenario for Kincardine.
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Table9. Medianand maximum distances to centroid of modelled 100 dB sound pressure levels (SPL) contour
for the unweighted and lowWirequency species weighted sound pressure level maps at the two different depths
modelled (see Figured0, 32 & 33 for the 15 m/s wind sped scenario for Hywin&cotland
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Figure33. Lowfrequencyweightedsound pressure level map (25 820 kHz) at 39n water depth and a win
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3.7. Harbour Porpoise Presence

Harbourporpoiseswere frequently detected at botlecordinglocationsusing the automated click
detectors (FPODs) However,daily detection positive minutefDPM)at Kincardine, recorded in
November 2021were by an order of magnitude highehan at HywindScotland where data
collectiontook placeduringMay and Jun022(Figures 34 & 354t both locationsdaily patterns of
occurrencewere similar for thetwo click detectors deployed at different distances from theget
turbine. However, at bothocations recorded DPMs wereonsiderably reduced at the sitdosest to
the turbine compared to the site further awaf.e., 600m compared to1,500m at Kincardingand
300m compared to2,400m at HywindScotland (Figures 34 & 35)
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Figure34. Stacked itme series of harbour porpoise detection positive minu{@&PM)per day recorded athe
two Kincardine sitest 600m and 1500 m from the closest turbinef-ull deployment period: 02/12021 ¢
12/12/2021 and 02/112021 ¢ 25/01/2022 for the 1,500m and 600m detector, respectively.
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Figure35. Stackedime series of harbour porpoise detection positive minu{@&PM)per day recorded athe

two HywindScotlandsites at 300n and 2400m from the closest turbing-ull deployment period: 14/02022
¢ 15/06/2022.
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4. Discussion and Conclusions

This project aimed to descripeompare and modelperational and mooringoisefrom two floating
offshore wind(FOW)Yarms currently deployed dfthe Scottish east coadbatawere collected atthe
KincardineFOW farm from November January 2021/2022 and at the Hywind Scotland FOW from
May to June 2022At Kincardine fiv&/estas V164 turbinesited at 9.5 MWwere deployed on semi
submersible foundations, while at Hywind Scotldivet 6 MW ratedSiemens SW®.0-154 turbines
were deployed on spaouoys (Table 1)

At bothrecording locationsmost turbine operational noise t®ncentrated below 200 Hz (Figures 14
16). Median onethird octave band levelm this frequency rangevere between 95 and 100B re 1
>Paat about 600 m from the closest turbineThesenoiselevels are abovexpected ambient noise
levelsdueto wave andwvind conditionsaccording to the Wenz curv€d/enz 1962)They are also very
similar to those measureébr operational noisefrom fixed offshore wind turbines at comparable
distanceqTougaard et al. 2020, Stéber & Thomsen 2021)

As expected, at Kincardine median noise levels were higher closer to the turbine than at distance (i.e.,
median noise levels (at 125 Hz) were 91.3 dB¥Bd at 600 m compared to 95.5 dB reMa at 1,500

m). However, & Hywind Scotlandnoise levels athe 2,400 mrecording sitewere higher than at

600 m from the turbines andubstantially higher thaambient levelqi.e., median levelgat 125 H}

of 110.2compared t095.2 dB re BPa;Figure 13)Given that both FOW farm locations were at sémil
water depths (see Table 4j,is likelythat this difference is due to té far site at Hywind Scotland
experiencingconsiderably more vessel traffic compared to the site closer to the turfihis
assumptionwas corroboratediuring anopportunistic revew of the raw acoustic datavhich showed
increased vessel presence at this sii®wever, a detailed analysis of vessel traffic by either automatic
acoustic detection of vessel noise or integration of Automated Identification Systensifd ®gacking
datawith the collected acoustic data was outside the scope of this projéus result does highlight

that selecting appropriat? 02 y it N2 f & A (i S &ddnd§o? coOprisdn Sidtirbire Nosd S v
can bedifficult, especially in busy marine regs such as the North Seahis is true even across
relatively short distancesData collectionat the deployment sitepefore new projects are being
constructed ideally across several seasoisstherefore the best way to obtaicomparable ambient
sounddata.

At Kincardine and Hywind Scotland noise levels at the site furthest away from the turbine showed a
bi-modal distributioncompared to recordings made at the closer sites (Figure T3s might be
related to a difference in the deployment setup at feesites.ristead of using a lander to deploy the
acoustic recorder, an inline mooring was usé¢dhe far sitesnstead(seeFigure 6, Tables 2 &.3)he
recorder was thus located higher in the water column (ben vs 1 m above the seabed), which might
have resulted in the data beingptentially slightlymore affected by mooring setfoise due to tidal
currents. However, since théocusof this project was to describend modelthe characteristics of
operational turbine noiseand only the data of theaarbyrecorders were used for bagialculating
turbine source levels, the overall results of thssudy were not affected by this potential
contaminationat the far sites

Aerodynamicallyproduced noisegenerally does notinfluence underwater noisdevek due to
reflection off the water surfacéMarmo et al. 2013, Tougaard et al. 2028t noise generated by the
turbine generators andjearbox (if presentjs radiated into the waterand sebedvia the partially
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submergedurbine tower. Likeoperational noiseof fixed offshore wind turbines, operational noise
from the measuredloating offshore wind turbines was concentrated in the frequencies balodHz
and showed distinct tonal featurelsetween 50 and 80 Hz at Kincardiffeigure 10). AHywind
Sotland dominanttoneswere observed at abou5 and 75 Hz (Figus@1), which was also found by
. dzNJ a S iin d séparate studghtihe Hywind Scotland turbinehe onethird octave bands in
which these tones occurred showed strgmasitivecorrelations withwind speedand weaker but still
positive correlations with wave heigffigure 17)Theseobservedtonal featuresare likely related to
rotational speed of tk turbine bladegBurns et al. 2022)

Similar towhat wasreportedby Burns et al. (2022), i 06 2 (i K NI O 2heBpkrgtiainalioBed ( A 2 y &
levelsoftheo ®H | YR MH TiIKIA NGRS y2 (0MiS RISAWHB RIT & LI2aAldADSt e
GAYR ALSBRELISEKKNDK:E I+ a i K23Qy 1BINGI AL (B 98y ENBGISR 0
YR g1 @500 DNKEKBIYOIND S §M dobc H O

The obvious shift to higher frequencies with higher wind speg#$ncardine and relatively casgent

dominant tonal feature at Hywind Scotlan@Tables A1 & A2)ndependent of wind speed, might be

a consequence of differences in the drivetrain of the turbines, with Kincardine using a gearbox and
Hywind Scotland feaaring direct drive turbinesAdditionally, Bice no attempt was made to isolate

sounds from individual turbines in thigroject, some of theobservedchange in frequency of

dominant tonal signalsvith changing wind speedre due to contributionsof different operational

turbines within the fiveturbine arrays. In their analysis of recordings from Hywind Scotland, Burns et

al. (2022) showed that the acoustic signature of the individual turbines within the array were quite
different, which they assignetb a combination of factors, including differences in srsalle wind

pressure field, generator loadingandblade pitch settings

The biggest difference between fixed and floating offshore wind turbines in relation to underwater

noise generationis the presence amhooringrelated noise During higher wind speedbe number of
impulsive\8napsbr transiens from mooringassociatedstructuresincreasedat both Kircardine and

Hywind ScotlandAs described by Burns et al. (2022) thesensts either occurd individually or in

NI} LAR NBLISUGAGAZYARORBIBTI ANTG y2AMNSAGERFGAS R WLIA &
duration and broadbandcovering the whole recording bandwidthe., 10 ¢ 48 kH2. Occurrence of

these transientsvasvariable at both sites, bugenerally higher for theemisubmersible platforra

deployed at Kincardine compared the sparbuoy platforms deployed at Hywind Scotlaffeigure

22). There also appeared to be a stronger relationship between wind speettamglent noise levels

at Kincardine compared to Hywind Scotland (Figures 18 & 19)

The differencan number of transients in both data sets is also illustratgdcomparinghe kurtosis
valueswithin andbetween the two wind farm locations/hile at Kincardine a clear differenceuld

be observed betweethe data recorded at 600 m compared to 1,500 m from the closest turbinzh

a difference was not observed at Hywind ScotlgRdure 26). Mean kurtosis valueslculated over
30 second# both datasetsvere 8.1and 3.3 for Kincardineand Hywind Scotland, respectively. While
ASPOSNIf AYRAGARdIzZf Wayl LI S@Syia sAliKAY GKS NBO?2
at Kincardine (Figure 23)is means thathe overallsignal recorded near both floating offshore wind
farms isnot classified aully impulsive(i.e.,i <40; seeHamernik et al. 2007, Martin et al. 2020
Application ofnon-impulsivefrequencyweighted noise threshold values for determining auditory
injury riskto marine mammaldor the recorded signak therefore appropriate (seeNational Marine
Fisheries Service 2018 and Burns et al. 2022 for a more detailed discussion of injury riskoggtimati
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Source levelsfor operational noisg25 Hzg 20 kHz) for which thetransientWa y | LJAQ 6 SNB  FA
increased with wind speed at both recording locatioisa wind speed of 15 m/¢evelswere found

to be about 3 dB higher at Kincardias compard to Hywind Scotland (i.148.8 comparedo 145.4

dB re 1>Pa) Levels were more similar for both turbine types in the lower wind spmedlitions(i.e.,

1-2 dB differenceTable 7).

The power rating for the Kincardine turbines was 9.5 Mdvhpared to 6 MW for the Hywind Scotland
turbines, which together withthe use ofgear box(Kincardine)}compared todirect drive (Hywind
ScotlandYechnologyand adifferencein mooring structurgseeTable 1)are likely responsible for the
observed diffeence in source levels between the two wind farrs.increase ofeceivedbroadband

sound pressure levels with turbine size and when comparing direct drive and gear box technology has
also beerpredictedfor fixed offshore wind turbineéStéber & ThomseB021)

Noise levels were analység wind speednd comparedetweenKincardine and Hywind Scotlandl

wide range ofwind speedq0-21 m/s)and associated variability in signal lewskre observedat both
recording locationsHowever, a one monthecording periods relatively short andni future work
longer term recording covering several seasons and a range of weather conditions at both sites
would allow to capturenore ofthe total signalvariabilityfor both types of turbines.

It is importart to note that the propagation modellingarried outhere to estimate turbine source
levels, assumes that all noise recorded at the recording device is fromanéored wind turbine.
However, he signal will include ambient noise as well, which will reszeily be part of the baek
propagated signal, which means that tiseurce levelseported hereare likely overestimated
especially in situations lere the turbine signal is close to ambient noise conditidiesourcelevels
for operational noisecalcdated for Hywind Scotlan@re also not directly comparable tahose
measured byBurns et al(2022) at the same locatioydue to difference$n methodology (e.g., filtering
of transient sources, differemropagation moded and thefrequency rangever which sourcehey
were calculated(i.e., 10 Hzc 25 kHz for Burns et gR022) and 25 Hz¢ 20 kHZor this study.

In fixed offshore wind farmsgumulative noisdieldsfrom turbine arrayshave been shown textend
beyond the noise footprint of individual turbingmtentially rangingo severakilometresunder low
ambient noise conditionéTougaard et al. 2020, Stéber & Thomsen 20R%)ng thel00 dB contour

to approximate median ambient noise levels in many parts of the NorthfSethe 20 Hzg 20 kHz
band; Putland et al. 2022)predicted noise fields for unweighted sound pressure levels for the 5
turbine arrays were above ambient for maximum distances of 340 km from the centroid of the
array at Kincardine and 3:03.7 km at Hywind Scotland (assuming 15 m/s wind speed, Figure 30;
Tables 8 & 9Distances over which FOW array noise might be detectableamubient conditions will
increase, for example ilocationswith lower ambient noise coritions and wind speed scenarips
under different propagation conditions (e.g., in deep water habitasi/or involvingan increased
number of turbines (Tougaard et al2020) Thisunderscores the importance of considering the
cumulative noise outputfdarge turbine arrays environmentalmpact assessments of new projects.

At both FOWfarm locations daily patterns dfiarbour porpoiseoccurrence were similar for the tw
click detectors deployed at different distances freachtarget turbine. Howeverfor both wind farm

arrays recorded porpoise detectionswere reduced at therecording site closest to the turbine
compared to the site further awayVhile theseresults are preliminarythey might indicate longer
term displacement and/or reduced vocalisation behaviofitharbour porpoisesloser to turbines
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rather than attraction to device As thesg=-OWfarms have only been operational for a short period
these observed occurrengattern may change over time as FOW farms become more mature

The sound propagation modelling fdmi$ project, as well as the study by Burns et@022, rendered
the floating offshore windurbines as point sources of noida.the future, nore detailed, directional
measurementwill be required to characterise the turbines as spatially distributed sound solnges
separating and characterising noise emissimated to different parts of the FOW turbine, gsib-
structureand mooringsfor both semisubmersible and spar buoy desigi$ie outcomes oguch an
analysis would providdurther clarity regarding the extent to which, for environmental impact
assessmetrpurposes, it is sufficient to treat FOW turbines as point sourikernatively a distributed
sound source analysigould berequired to determine the full extent of the environmental ri€uch
work should alsoconsider neaffield and farfield analyss, and the extent to which spar and semi
submersible suistructure designs may require comparable or more bespoke approaotasoustic
monitoring Futurework could also help taletermine whether sukstructure and mooring desigare
key drives of FOW related noise emissioriateractionsbetween mooring anaperational turbine
noise and environmental parametessould be exploed more extensively than was possible in this
project Based on this informatiofotential mitigation optionscould bedevelopedwhere necessary
The latter would ideally be performethrough engagement withurbine, mooring and platform
engineers and dggners

In conclusion, thigproject provided one of the firshssessments of underwater noise produced by
small arrays of two types of FOW turbines and mooring systémes results highlighihe importance

to consider botloperational andnooringrelated noise when assessiimgpactsof FOW farmen the
behaviour of marine specie$hecumulative noise output of large FOW turbine arrahsuld also be
consideredn environmentalplanning and impact assessments of new projects, especiakgians
where boundaries of several FOW projects overlap with another,or other marine space uses.
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7. Appendix A.Mooring Noise Examples

Figure Al. Example of persistent mooring noise recorded at Hywind Scotland, 600m from the target turbine.

Figure A2. Example of persistent mooring noise recordedha Kincardine site 600m from the target turbine
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