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1. Summary

The industrial use of the oceans has increased rapidly in the last decade, especially through
the use of renewable energy sources at sea in the form of offshore wind farms (OWFs). This
trend will continue over the next years and decades. The operationVdF©not only intro-
duces noise into the water from the operating offshore wind turbines (OWTGSs), but also op-
erational shipping traffic for maintenaneeand repair purposesQW#elated service traffic)
representsanothersource ofunderwatemoise. The lifetime of wind farms is about 25 years,

so it can be assumedhat this will further introduce noise (continuous noise) into the water

in the coming yearswhich could potentially cause avoidancand disturbance effects for
marine fauna. For the lonrterm environmentally compatible use of renewable energy sources
at sea, this noise input into the water must therefore also be measured, evaluated and as-

sessd in terms of its ecological impact.

At the European level, the basic concept for threshold valweish regard to impulsive and
continuous underwater noise (impulse and continuous noise; criterion D11C1/2) has been
defined by the EU working groupGNOISEhowever, the development and coordination of
threshold values at the national and regional level has not yet been completed. Thus, there
are currently no binding guidelineor limit values for the ecological assessment of operational

noise.

In the period from 2011 to 2022, 22 offshore wind farms were built and put into operation
in the German Exclusive Economic Zone (EEZ) of the NamthBaltic Sea as well abree
windfarms witlin the 12-nauticatmileszone. Thus, more than 1,500 offshore wind turbines
(OWTGSs) with a total capacity of more thars8is in operation in 2023. Over the next few
years, however, this number will increase significantly due to the expansion targets for re-
newable energy sources (expansion target for 2030 i€380). In accordance with the precau-
tionary principle and based on thdirst measurement experiences from wind farms in
operation (e.g. Betke, 2003; 2004), the Federal Maritime and Hydrographic Agency (BSH),
the licensing and approval authoritygnabledextensive underwater noise measurements to
evaluatethis noise input into the water. Underwater noise measurements were carried out in

a standardizegrocedureboth before construction (background noise) and during operation

! The threshold value refers to a LOBE (Level of Onset of Biologically adverse Effectd)eibeginning of a
harmful, biological effect on a corresponding indicator species. Further information: https://fenviron-
ment.ec.europa.eu/news/zenoollution-and-biodiversityfirst-evereuwide limits-underwatemoise 2022 11-
29 _en.
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(operational noise) of the wind farms in accordance with the measuremgeidelinefor un-
derwater noise (BSH, 2011), evaluated and integrated into the national noise register
MarinEARSincluding extensive accompanying information from the wind farms, such as tur-

bine type, power and weather data, etc.

Within the scope of the R&Project OWF Noise, all available operatiorahd background
noise measurement data of all German offshore wind farms fannEARS were summarized
for the first time in a crossproject study.Until now, it is neither comprehensively known,
what causes the backgroundnd operational noise, nor what ecological impacts result from
these continuous noise inputs in the short, medium and letegm. Thus, neither the current
status of the wind farms in operation can be assessed,emrironmentally compatible plan-

ning for the future expansion of renewable energy sources at sea can be guaranteed.

Hosting a total of 27 operational and 12 background noise measurements in 24 wind farms
with 16 different OWT-@&/pes from seven different manufacturers and nomp@aerbetween

2.3 and 8.0MW, founded on five different foundation structures, three measurement positions
per wind farm each withthree defined operating states of the turbines, the measurement

database fronMarinEARS currently represents the largest datab&ge kind worldwide.

Based on thecrossproject evaluation of the backgroundand operational noise measure-

ments, the following result@nd findingswere obtained:

General

1 Based on the standardizesbund measurementgvaluation and documentation in
MarinEARS, a direct, systematic comparison between different wind &amise car-
ried out, in order to identify and quantify possible projecand site specificparame-
ters influencing operational noise. A comparison afoise conditions before the
construction of wind farms witmoise conditions during operatiois also possible due

to the standardized measuremenévaluation and documentation concept.

1 The evaluation ohoise conditions during the opeti@an of offshore wind farms inside
and outsidewind farmsis extremely complex, asoise input fromwind turbinesin

operation and fromOWHelated service traffic do not differ significantly in time or

2 MarinEARS Marine Explorer and Registry of Sound; specialist information system for underwater noise and
national noise registry for noise events (continuous and impulse noise) in the German EEZ of the étatth
Baltic Sea to the EU in accordance withet MSFDhttps://marinears.bsh.dg



https://marinears.bsh.de/
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space fronbackground noisalready present in the surrounding& cumulativeexam-

ination of all continuous noise inputs is therefore necessary.

1 This crosgproject study was able to summarize the current state of knowledge regard-
ing operational and background noise and identify existing knowledge gajib re-

spect toa cumulative evaluation of the ecological effects of operational noise.

Project- and site-specific factorsinfluencing operational noise

1 Noise input from operating offshore wind turbines is basicatlyaracterized by low
frequenciesin most cases, tonal components resulting from the characteristic ratios
of the gearbox, the generator and the rotational speed of the rotarat(iral oreigen-
frequencyof the rotor-drive system are emitted into the water with frequences in
the rangeof 25 and 160Hz. In some cases, a few harmonicsei.integer multiples
of the natural frequency rfatural harmonicg can also be measured in the spectrum

up to a few hundredHertz

1 These lowfrequency noise inputs into the watere onlydominating the broadbad
Sound Pressure Levialthe immediate vicinity of the turbines (<100 m) and when
the turbines are operating close to their nominal power. The mean (broadband) total
Sound Pressurelevel (SPL, or Lsg) at nominal power of the turbines varies between
112 and 131dB (median and mean value 12B). The mearfound PressurelLevel
(Lso) from the 1/3-octaveband with the dominant component of theatural frequency

of the system varies between 102 and 1@B (median and mean value 11/B).

1 Level statisticof the Sound Pressure Le\{Bdo, 50 05 are mandatory for an assessment
of the noise inputs caused by the turbine in operation witlominalpower in the wind
class "high", since the prevailing weather conditions also change the surrounding
background noise caused by vessel noise and weatlated noise inputs, and there

is a partial mixing of these noise inputs.

1 Thenatural frequencies of the turbines tend to be lowern a mq a80 Hzyi for $liel
rect-drive resp. gearless turbines and are also "quieter" than turbines with gearboxes,
although the gearless turbines had on average MW largenominaloutputs (median

value 2.3dB and mean value 1.8B).
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1 Asignificant correlationbetween the noise inputs into the water by the turbines and
their foundation structure (monopile, tripod, trpile, jacket with different pile diam-
eters up to 8.1m) could not be determined.arge monopilesend to be a bit "quieter”
than the other foundation structures, such as jackets, with several ghiles with
smaller pile diameters (on average ai8). A further detailed evaluation according to
the different nonmonopile foundation structurewas not followeddue to the small

samplesize

1 A strong correlation between the noise inputs and the nominal power of the turbines
(between 2.3 and 8.0MW) could not be found either. There is a tendency for turbines
with a high nominal power to be slightly "quieter" than turbines with a low nominal
ponan $kj PbMuAiZ2aB, >5MW 120.@B). However, this may also be
due to the change from gearbox to direct drive, which has mostly taken place. More-
over, the latest generation of turbines also seems to be tendentially "quieter” than

older turbines.

1 No evaluatiorrelevant differences of the operational noise based on different water

depths (20 to 40m) or North resp.Baltic Seacanbe identified either.

1 The broadband difference in the me&ound Pressure LeVek,) between turbines in
operation withnominalpower (wind class "high") and at standstill (wind class "low")
varies between @B and 13dB (mean value 3.8B, median value B dB). In four
cases, the broadbanBound Pressure Level the wind class "low" (turbines at stand-
still) is up to 7 dB louder than in the wind class "high" (turbines withominalpower).

These four cases are wind farms with smaller and older wind turbines. The reason could
possibly be caused by higher shipping traffic inside and outside the wind farms. Meas-
urement data under the same weather conditions (wind class "high") betvwaen
operating states "turbine in operation withominalpower" and "turbine at standstill"

are not available.

1 The tonal, lowfrequency components of the turbines in operation can usually still be
measured outside the wind farms up to distances of a few kil@emsetut with in-
creasing distancethey mix with the general backgrountwiselevel, so that the emit-
ted noiseis no longerdominating the broadband Sound Pressure Lésgnakto-
noiseratio < 6 dB). The backgroundoise level outside OWks mostly dominated by
non-OV¥-related shipping traffic outside the wind farms and varisronglyin differ-

ent directions to a wind farm respoetween different sea areas.
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1 The permanenSound Pressure b (Lso) in the wind farm with turbines at standstill
(wind class "low") varies between 107 and 18B (mediar and mean value 11@B).
Such level differences in good weather witlo or weakwind is most likely caused

primarily by vessel noise.

1 It can be seen that theras a high correlation between vessel density incl. distance
to the measuring position and the permanently present noise level: the more vessels,
the larger and faster the vessels and the closer they pass the measuring positions, the
louder the backgroundoise level. This fundamental relationship between vessel den-
sity and continuous noise has also been clearly demonstrated by modelling and meas-
urements in the Northand Baltic Sea by the BIAS and JOMOPANS resgianelets.

Operational shipping traffic (OWFrelated service traffic)

1 The operational shipping traffic within theestrictedwind farmareasis initially neg-
ligible in terms of energy, compared to the permanent, RONWHelatedshipping traf-
fic outside the wind farms and the emitted operational noise of the turbines in
operation. This is due to the fadhat usually only one service vessel plus occasional
small crew transfer vessels and otlgrpportvessels move in and around the wind
farm during the day. In the wind farms themselves, service vessels mostly only travel
at reduced speed (8 knots). The majority of the time, the service vessels are at
anchor in or around the wind farm. During the nighhere is usually no vessel move-
ment. This shows that the service vessels for wind fasmsated close to the coast
enter the harbour in the evening and thatccommodatioracilities have beeravail-
able offshore forwind farmssituated far from the coastThis is consistent with the

environmental reporto the site development plangDB (BSH, 2023).

1 The noise input of service traffic outside the wind farms is limited to only a few arrivals
and departures per day for wind farms close to the coast resp. per week for more
distant wind farms. For an evaluation of these noise inputs into the water, thissmu
be put in relation to the additional shipping traffic. Furthermore, the OVé¢katedand
non-OWHelated shipping traffic is completely mixed on the fixed routes. Based on
the environmental report tahe SDP2023 (BSH,2023), ne®@WHelatedshipping traf-
fic accounts for 70% in summer and 80% in winter, so that the share oF@dted
service traffic on the totalSound Pressure Lewaltside wind farms can be classified

as low to negligible.
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Possibleecological effects of operational noise

1 The broadband total noise level does not exceeSaand Pressure Lewadl 130dB at any
time in any of the 27 wind farms considered due to the wind turbines in operatinalud-

ing all background noise caused by wind and waves as well as vessel noise.

1 Based on existing audiogram studies for marine mammals, in particular fdrehspecies
harbour porpoisea physical damage in the form of a tempbrar permanent threshold
shift (TTS or PT$®pan beexcluded(e. g. Kastelein et al., 2017). Due to the tonal and very
low-frequencynoisee j | qp bnki [AGDHZ), i canderejally be a$sdmedat
these noise components cannot be perceived by harbour porpoises even at distances of
100 m from the turbine. Other animal species, such as harbour seals, are certainly able to

perceive these lovirequencynoiseinputs.

1 Temporally and spatially limited, increased noise inputs from service vessels cannot be
excluded within the wind farms. However, the operational traffic moves at speeds of up to

8 knots at only a fraction of the time.

1 Existing modelling approaches (g. Tougaard et al., 2020; Stober & Thomsen, 2021) for
operationalnoiseare mostly based on only a few and partly smaller turbine types (often
with gearbox), so that predictions of theoiseconditions of existing German @%\of the
latest generation (eg. Holme et al., 2023) lead to considerable overestimations of the
actually measured operationabiseof turbines of up to 8dB. Also, the interference radii
calculated in Stober & Thomsen (2021) for a MOV turbine of 6.&m with gearbox and
1.4 km for gearless turbines could not be validated with this crpssject study. Thus, the
tonal componentsrfatural harmonicscould partiallybe detected by measurement up to
distances of Skmbut werenot domnating the broadband Sound Pressure LeVereover
the lowfrequencynoiseinput from the wind turbine is no longer audible to individual

marine mammals, such as harbour porpoises, at distances ofriLfildém the turbine.

1 Theimpactassessment of operational noise must always be carried out cumulatively in the
context of all continuous noise components, consisting of noise inputs from the wind
turbines, OWirelatedand norOWHelatedshipping traffic, as well as abiotic noise inputs
from e.g. wind and wave action. Only by considering the entire continuous noise in and
around the wind farms, a spatially and temporally cumulative evaluation of the possible,
ecological impacts of operaig wind farms caie scientifically backed=rom aphysiolog-
ical point of view,a speciesspecific and audibly suitablprocessing of thenoiseinputs is

recommended for a further evaluation of operatiomaiseresp.continuousnoise
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2. Introduction and aim of this study

The use of offshore renewable energy sources is growing rapidly in Europe, also in Germany,
pushed by the renewable energy process after 2011 (Fukushima). However, the demand for
renewable energy must go hand in hand with an awareness of sustainabilitgssespecially

the protection of nature and marine esgstems. The construction and subsequent operation

of offshore wind farms leads to very different inputssdundenergy into the sea. The Marine
Strategy Framework Directive (MSFD, 2008) basically distinguishes noise inputs into the water
into two descriptors: 11.1 impulsive noise, such as impulse-pitering or detonation noise,

and 11.2 continuous noise, such agssel noise or operating noise from offshore wind tur-
bines (OWTGS).

Within the scope of the threshold value development for impulsed continuous noise for

all European waters by the EU working grau@NOISEthe basic concept for the threshold

values with regard to continuous underwater noise (continuous noise; criterion D11C2) was
"abeja’ ]J]o bkhhkso6 eEj jk ikjpd R®)gtea ] ooa
habitat of the selected species have derwater noise inputs, that exceed the threshold

value". The development and coordination of these threshold \sahre important determin-

ing processes and will take place both nationally and regionally, in order to be able to use

them in a targetoriented manner. However, this means, that currently, there are neither
nationally, nor internationally binding guidelineor limit values for an ecological assessment

of operational noise (continuous noise).

Forunderwater orientation, search for food and communication, the harbour porpoise uses
an echdocation system and therefore reacts sensitively to noise in the seas. For these rea-
sons, this species is considered a key species in @e&man Northand Baltic Sea in the

context of the assessment of anthropogenic noise inputs into the water.

In the first years of these observations, the main focus was increasingly on construction
noise, as in most cases theonstructionwork of the foundation structuress carried out by
means ofimpact pile-driving. This weHestablished installation method causes particularly
loud, impulsive underwater noise, which can cause physical damage to the auditory system
of harbour porpoises in the form of tempdrar permanent threshold shifts (. Lucke et

al., 2009; Kastelein et al., 2015; Southall et al., 2019). Furthermaepidancebehaviorhas

beenobservedo occur temporally and spatially over sevekdbmeterswith this installation
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method (Brandt et al., 2016; Rose et al., 2019). Through the intensive efforts of the industry
and public funding, a standard of technology fapise mitigationmeasures has been devel-
oped within a few yearswhich led to a considerable reduction and thus to compliance with

the German noise mitigation valuefr impulsive noise input (Bellmann et al., 2020).

In contrast, the ecological impacts of underwater noise input from the operation of offshore
wind turbines (OWTGSs) have béesssystematically studiedip to now Several studies indi-
cate that the mechanical vibrations of components, caused by the conversion of the rotation
of the turbine via the gearbox to the generator, are radiated into the water via the foundation
structure (tower incl. foundation). Through rasurements imoffshore wind farmsn other
countries the approximate nature of this noise was already known earlyg(eBetke et al.,
2003, 2004). Itwasassumegthat this noise input can dominate the ambient noise measured

in the immediate vicinity resp. permanently present background noiseg(eBetke, et al.,
2005; Madsen et al., 2006; Norro & Degraer, 2016; Yang, et al., 2018). According to the
environmentalreport on the site development plan 0B 2023 (BSH, 2023), however, no
injury of marine mammals (thkey species inGerman watens the harbour porpoise) within

the scopeof the Federal Nature Conservation Act (BNatSchG) is to be assumed as a result of

operational noise.

In the first German offshore wind far@pha ventussimilar noise inputs into the water were
measured in 2011 (Betke, 2014). However, at that time the operatiar@be was only su-
perficially investigated.Thus, it was not known whether and to what extent the operating
noise depends on the size or theominal power of a wind turbine as well as its type of
construction (direct drive or gearboxAnother influencing parameter on theoiseradiation
could be the type of foundation; thus, a difference betwemonopileand jacket foundations
should also beonsideredFurthermorgsite-specificparameters, such as bathymetry or wind

speed,may alschave an effect orthe soundscape

Driven by the demand for renewable energy and the available experience, turbine size and
thus their (nomina) power have increased considerably over the last decade. Currently, OWTGs

in the 8 to 9 MW class are being erected; upcoming offshore projects will have nominal out-

3 German dual noise mitigation (value) criterion for the avoidance of temporary hearing threshold shifts in
harbour porpoises due to impulsive noise input into the water: 5% exceedance level of the Sound Exposure Level
(SEks% 160dB and zereto-peak Peak Level (&% 180dB to be observed at a distance of 760 from the

source.
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puts of well over 10MW. A first prototype of a 1MW OWTG has already gone into test oper-
ation onshore (renewable energies, 20238 MW OWTGs are also being planned. In addition,

the trend is increasingly towards gearless turbines (direct drive).

In contrast to the monitoring and efficiency control of foundationset-ups (construction
phase) by means ahe impact pile-driving method it was not possible to systematically
investigate thepossibleproject and sitespecificfactors of ONTGs in operation, either in
Germany or internationally, using a large, empirical data badgs might have ben due to

lack of existing and freely accessible operatiomaise measurement datavioreoverin most
cases no standardzed measurement and evaluation concepts were applied for operational
noise measurements, so that a comparison of the existing measurement data of different,
international wind farms turned out to be difficult or only possible to a limitedtert. Some
studies have summaed the freely available, empirical data sets of operationaise meas-
urements and generated models for theiseradiation and-propagation of turbines in oper-
ation based on these (eg. Tougaard et al., 2020; Stober & Thompson, 2021). However, no
study is knownthat has consideredhe cumulative effects of all permanemioise inputs in

the water, as in and around wind farmthere arenoiseinputs from the turbines themselves,
OW-relatedservice traffic, nonROV¥-related shipping traffic and abiotic effectssuch as wind

and wave action.

The aim of the OWF Noise RgDject is, firstly, to identify and quantify the main parameters
influencing the noise input into the water fron©DWTGs# operation. On the other hand, the
cumulative effect of the operating noise of the turbines, the operatio@alVielatedshipping
traffic and the permanent background noise in and around the wind farms will be systemati-
cally investigated. For this purpose, the operating noise measurements of 27 wind turbines

selected out 024 wind farms weranalyzedor the first time in the present study.

Theoperational noise measuremeniised in the present studyvere carried oufor single
wind farmswith at least three measurement positions at distances between rmOffom a
selected turbine, in thecenter of thewind farm centeland up to 5 km outside the wind farm
in three defined operating states of the turbines (turbine standstill, turbines runninghatm-
inal power and turbines are between the previously mentioned operating states) in parallel
over several weeks. Moreover, for the assessment of operational noissy talledback-

ground noise measurements were also carried out in and around selected wind farms, mostly

4 https://www.erneuerbareenergien.de/technologie/offsherénd/offshorewindturbinenv236-co-vestasnimmt-rekord

windenergieanlag®etrieb



https://www.erneuerbareenergien.de/technologie/offshore-wind/offshore-windturbinen-v236-co-vestas-nimmt-rekord-windenergieanlage-betrieb
https://www.erneuerbareenergien.de/technologie/offshore-wind/offshore-windturbinen-v236-co-vestas-nimmt-rekord-windenergieanlage-betrieb
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at the same measurement positions as the operational noise measurements before construc-

tion of the wind farms.

All data sets for operationaland background noise measurements available in thena-

tional noise register MarinEARS for continuous noise and include wind farms froGetinean

EEZ of the Northand Baltic Sea. Comparable to the noise register impulse noise in MarinEARS,
all so calledcontinuous noise measurements were recordedcuality evaluated in a stand-
ardized form andvell documented. Thus, the database for continuous noise contains not only
the raw data and processed measurement datasets, but also essential accompanying infor-
mation for operational and background noise, such as wind conditions, OWTG type including
performage data, measurement reports, efeollowing the precautionary principkxtensive
measurementwere orderedluring the Preconstructionconstructionand operationaphase

in the approval procedussn Germanylin that way one of the largestdatabass for opera-
tional- and background noise worldwith@as been established’he BSH, in cooperation with
acousticians fromMullerBBM Gmbkind itap GmbHdeveloped the "Measurement Guidelines
for Underwater Noise Measurements" (BSH, 2011), which contains specifications for this type
of continuous noise measurement and its subsequent evaluation according to the state of
knowledge at that time. The main fas of the measurement specification was and is on the
recording of the noise input of OWTGs in operation and not on the recording of the operational

service traffic.

The standardized data sets in MarinEARS for backgrcamdl operational noise make the
measurement data and their accompanying documents manageable for gpoogss analy-
sis. Based on this database, the goal of this RRidject is to conduct a crosproect analysis
to identify the site- and operatiorrelated influence parameters of the noise input into the

water by operating wind turbines; see chaptd and6.2.

Vessel noise, which can be attributed to the operation of the wind fa@W¥Helatedservice
traffic) and is therefore actually part of the operational noise of a wind farm, has hardly been
investigated nationally or internationally so far. Only in the years from 2019 onwards, isolated
measurements of operational shipping traffic have bearried out in and around wind farms

in Germarwaters A further question of this research project ikereforewhether and which
influencecan be attributed tothe additional service traffic obffshorewind farms. With the
available, empirical measurement data and analyses of already completed operational noise

measurements, a first estimation of the operational vessel noise is presented; see cBapter
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The recording of the background noise prior to the construction of the wind farm is also
mandatory, since operational noise must be considered in the context of permanent back-
ground noisein order to analyze and evaluate the cumulative effects of all permanent noise
inputs into the water;seechapter6.3 and 7.2. In the two funded research projects BIAfr

the Baltic Sea and JOMOPAIF® the North Sea, largscale underwater noise measurements

of the permanently present background noise were recorded from the years 2014. Basically,
it turned out, that the permanent background noise is significantly dependent on the type
and number ofvessels and vessel speed; the larger, faster and the more vessels (vessel den-
sity) are in operation, the greater the noise input into the water. But abiotic noise inputs,
such as wind and waves, can also influence the background noise, at least in cedquency
ranges. Noise maps from the two research projects show a high correlation between the meas-
ured underwater noise and the existing vessel routes (traffic separation ar@&A) in the

North and Baltic Sea.

The measuredoise from offshore wind turbines is also compared in this report with the
hearingability of harbourporpoises, which in Germany are considerediktegspecies for the
ecologicalimpactassessment of noise inputs into the water. With this, a further contribution
to the more extensiveimpactassessment of the possible disturbance and avoidance effects
of operational noise shall be provided; chap#®B. Finally, chaptei7.4 discusses the possible,

cumulative effects of operational noise.

5 Baltic Sea Information on the Acoustic Soundscaf@BIAS:EU life plus projecthttps:/biasproject.word-
press.com/

& Joint Monitoring Program for Ambient Noise North 830MOPANEU intereg projecthttps://northseare-
gion.eu/jomopans/
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3. Underwater noise: metrics and definitions

Basically,naturalnoise inputs into the water can bdue to abiotic sources, such as wind and
waves,but also biotic sources, such as animal sounds for echolocation or communication
among themselves. Besides these natural sounds, there are anthropogenic sound sources,
such as ship traffic, or construction activities, such as pdeving and operational activities

to be consideredThe Marine Strategy Framework Directive (2008) divides all noise inputs
(descriptor 11: energy input into the water / underwater noise) into impulsive noise input
and continuous noisenput. Operating noise from wind turbines and background noise are
classified as continuous noise. In the following, the most important, acoustic parameters for
continuous noise are briefly described. The terminology used in this report for underwater
noise isbased on ISO 18405 (2017) as well as the measurement specifidatiainderwater
noise (BSH, 2011).

3.1 Sound pressure andound Pressure LevgISPL)

Sound in general consists of pressure fluctuations in a medium, such as water or air. Typically,
sound is described by two physical quantities, teeund pressur@ (in PascalPa, which
characterizes the pressure variation, and fheticle velocity v (in mm/s), which characterizes

the speed at which the medium is deflected. Thearticle velocity should not be confused
with the sound velocityCuaer 1. €. the speed of propagation of sound in a medium, which in
the case of water is usually in the range aof&: = 1.480m/s. Theparticlevelocityvis signif-

icantly lower than the soundrelocity c.

Sound pressur@ and particle velocityy are related in the acoustic characteristic impedance
@ (in Ns/m? resp. kg/nts; outdated: Rayl)which characterizes the wave impedance of the

medium, in the following way:

W - A Equationl
with
Mm©density of the mediungin kg/m?),

w©sound velocity(in m/s).

Sound can basically be understood as a rapid fluctuation of the ambienstatic pressure;

Figurel. The physical quantityound pressutus adds to the constant ambient pressure.
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Figurel: Schematic representation of sound pressure and static water pressure siamgie
of a single tone with a frequency of 1B. The static pressure of 2&Pa in this ex-
ample corresponds to a water depth of abounl10
Definition

As in other areas of the communication engineering, when the values to be represented span
a wide range of values, sound is not characterized by the physically measurable sound pres-
sure, but by the sound level or more precis@gund Pressure Lev&leasuring instruments
resp. sensors for underwater noise (hydrophones) initially provide linear values of the sound
pressure, but not alogarithmic level (in dB). This must therefore be converted into the desired

level quantity. Generally, this is doneith

L" = 10 logio(<p2>/po?) (Equation?)
with
<p?> - squared and timaveraged sound pressys€in Pa),

po - internationally standardized reference sound pressupda(1SO18405,2017).

7 Sound Pressure Level = SPL in the ISO 18405 (201&gimanynostly L will be used.
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The averaging time, which does not explicitly occur in Equation 2, can be freely selected
according to the task. In this investigation, it is 5, which corresponds to the BSH measure-
ment regulation (BSH, 2011), section 6. The leteln Equation 1 can also be written as

"energyequivalent continuous sound levelglas follows:

0 CTEOE Q—— (EquatiorB)
with
p(t) ©pressure varying over timgn Pa),
T - averaging timg(in s); in this study5 s.

The resulp is the sound pressure in Pa (mostly the average sound pressure, since the level L

is practically always an average level).

Statistics - Exceedance level

Statistical representations can be formed on the basis of 8®ind Pressure Leyaleraged
over time intervals of Sseconds. These are occasionally also incorrectly referred to as "per-
centile levels" (e.g. in DIN1320,2009). When analyzing operational sound, thg, Ls, and

Loo are preferably used as meaningful quantities.

The I, for example, is exceeded in 90% of the measurement time and thus by 90% of the
measured values and acts as a measure for quiet periods resp. mostly characterizes the per-
manent background noise level. Thgis mostly influenced by noise from distant vessels and
wind- and wave noise, but also includes the OWTG operating noise rfexgboringwind

farms, if present.

The lis is exceeded by 5% of all measured values of the analysis period and serves as a measure
for the "loudest” levels of the averaging periods. It is statistically more robust than the
absolute maximum value, which can attain a very high value due to a siogle disturbance

or noise input. However, with strong winds, thgslcan also be disturbingly affected by am-

bient noise, e.g. single wave action or chain clanking of the measuring device anchorage.

The ko, also known as the median, is a mean valimat is robust against outliers in both

directions and is suitable as a data basis for qualitative statements in comparisons.
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For the evaluation of stationary plant noise, it is therefore necessary to take a close look at
Los, Lso @and Lgo instead of the Ly averaged over the entire measurement period. In the follow-

ing, the Lso is also used for the identification of possible influencing parameters on operating
noise.

The calculation of the statistical level quantitiess,-Lso and Ly is based on 4 ss(Equation3),

i. e. the equivalent continuous sound level determined isé&condsteps.

ExampleAssumed, that within a wind class, a total of 3,000 evalualded®ndntervals were
recorded, ie. about 4.2hours. These 3,000 discrete values of the &re sorted by
size in ascending order. Theg ik now the level value no. 1,500, the; is the level
no. 2,850 and the & is the level no300.

Frequency spectra

Levels can be specified both broadbandei.in the form of a single number for the entire
frequency range under consideration,g.from 10Hz to 20,000Hz, and for individual fre-
guency bands; seéigure2. In the standardized 1/3octavespectrum (also called third octave
band spectrum), the frequency resolution is always three values per frequency doubling resp.
octave;Figure2 (left). For the narrowbandpectrum Figure2, right), the frequency resolu-

tion and other parameters, such as windowing and time averaging, can be freely selected
according to the analysis.
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Figure2: Left: averagedl/3-odave-spetrum of an operational noise measurement in approx.
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narrowbangpectrum with Hz resolution. The broadbangd (total level of the blue
curve in the left image) is about 11#Bre 1 pPa.
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3.2 Typical sound sources in the sea

Generally, sound sources in the sea, that affect the underwater acoustic environment, are
divided into two categories natural (biotic or abiotic) and anthropogenic (mamade) sound

sources.

Natural sound sources in the sea are primarily weatietatedeffects These can generally be
caused by wind, waves, rainfall and storms/bad weather. Depending on the strength and type
of weathereffects the characteristic frequency rangwill vary. Additionally, sounds from
marine life, as well as seismically evoked sounds, are also considered natural sound sources.

In the following, some known sound sources are summarized:

Wind and waves Windinduced underwater noise has a very flat maximum in the spectrum

at 500 Hz and is detectable up to above MHz. The sound level increases by abowtSfor

each doubling of the wind speed in the range In%'s to 20 m/s (Carey & Evans, 2011)

Rainfall: Rain, hail and also snow cause noise in the range of several kHz up to sevekid4.0

Small raindrops aroundrhm produce a pronounced maximum at 13 tokH(Bjgrng, 1994)

Other abiotic sound sources Other abiotic sounds are thunderstorms, ice movements and

seismic sounds. Massive rainfall, such as hail or heavy rain, usually produces relatively high
frequency noise input into the water and @ominating the broadband Sound Pressure Level

depending on the water depth.

Biotic sounds Animals can also transmit sound into the water for echolocation, hunting or

communication; among others, the click sounds of tkey speciesharbourporpoise in the
North- and Baltic Sea. These are in the frequency range aroundkHz) at such high fre-
guencies, the absorption of the water is quite strong, which is why the clicks only have a

range of up to one kilometefClauseret al., 2010).

Technical note Basically, the operational noise measurements in the period from March
to October showed, that neither heavy rain, hail, nor natural sounds of
harboumporpoises were lexdttermining factors in the operational noise

measurements in and around wind farms.
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3.3 Anthropogeric underwater noise input from the operation of off-
shorewind farms

Basically, noise emissions resulting from the operation of a wind farm can be classified into

operational vessel noise (service traffic) and noise emissions from operating offshore wind

turbines (OWTGdBoth noise inputs are briefly described in the following.

3.3.1 Noise emissions from offshore wind turbines

Noise inputs into the watethat can be observed during the operation of an offshore wind
turbine, largely originate from rotating machine parts, such as the rotor blade, the gearbox
and the generator. These cause structural vibrations of the gondola and the tower and prop-

agate to kelow the waterline, where they are radiated as underwater n¢isgure3).

Generator,

Gear box \

uoneliqIA [einjonig

<

Air

Figures: Schematic representation of the inpunedichine noise into the water.

If, for example, 100cogsper second come into mechanical contact in a gear stage, a sound
with a basicfrequency of 10(Hz is to be expected, possibly alsoteger multiples of the

basicfrequencycallednaturalharmonicsThe frequencies of this narretaand noise produced
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by the system (rotodrive systemnatural frequency are predominantly well below 1,008z

(e. g. Betkeand Matuschek 2012, Betke 2014).the frequency spectrum, th noise appeas

as narrowband level peaks. Figure4, the noise inputs of operating wind turbines with
nominaloutputs between 1.5 and MW are summarized as narrowband spectra from published
measurements (Betke and Matuschek, 2012). Such typical narrowband spectra can also be

found in other recent publications (eg., Tougaard et al., 2020; Stéber and Thompsd2D).
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Figured: Underwater noise from three different OWTGs, each at a distance of albouQWWT1:
5 MW turbine installed on a tripéalundation, OWT2 and OWT3 eagV\2turbingin-
stalled on monopiles with different diameters (Betke and Matuschek, 2012).

For gearlesturbines in which the rotor directly drives the generator (direct drive), the mech-
anism of noise generation described in the previous section does not apply. The generator is
usuallydrivenby permanent magnets. The number of slots of the generator in relation to the
rotor speed determines itsatural frequencyand natural harmonics respectivel.basic fre-
qguency of 20 to 5Hz is often assumed, depending on the type of direct drive and the number
of permanent magnets. Thus, noticeable tonal noise components have also been detected in

such wind turbines in some cases.
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Aerodynamic noise from the rotor blades, which dominates the airborne noise of wind turbines
in the immediate vicinity, does not play any role in underwater noise, since the airborne
noise practically does nagnterthe water due to the significantly different noise impedances

of air and water. Moreover, vibrations from the rotor blades are generally not transmitted via

the generators, so that this type of noise input into the water is also not significant.

3.3.2 Noise emissions due to shipping traffic

The noise input from vessels depends on the size resp. length of the vessels, the sailing speed
and the propulsion method. In the MSFD and in the recommendations of HELCOM and OSPAR,
the 1/3-octavebands around 63 and 129z are indicators for conventional vessel noise of
larger vessel units. This could also be clearly demonstrated in part by nesaeuts within

the projects BIASBIAS, 2016)and JOMOPANS and by several other-terrg measurements

(NRC, 2003)

In the case of the usually smalilessels resp. boats, which are often used for recreational
activities, the spectrum of noise radiation is mostly much higliszquency and has a maxi-
mum in the range of 1 to 1&Hz(Kipple & Gabriele, 2003)-or other types of drive, such as

the electric drive on some of the ferries of the Fehmarn Belt crossing, there are sometimes

maxima in the spectrum between 400 and 389 (jtap GmbK own measurements).

It should be noted at this point, that an environmentally compatible conversion is also grad-
ually making its way into shipbuilding. This smlled Blue Technology is currently increasingly
relying on liquid natural gas (LNG) drive. It is not yet possible éstimate the influence of
these new types of drive, some of which are supported by turbines, on the spectral distribution

and level of noise emissions into the water.

3.4 Hearingability of harbour porpoises

The (resting) hearing threshold is the most important audiological parameter for assessing
the hearing ability of animals. It indicates the noise level, that a tone of a certain frequency
(single tone resp. sinusoidal signal; sometimes a sinus sweep isuged) must have, in order

to be perceived by the animgFigure5). As in humans, the hearing thresholaf animalsis

also strongly frequencydependent, eg. Zwicker and Fastl (1999). Moreover, there aig-
nificant differencesamong individualsin about half of the individuals, the hearing threshold

lies within a range of #5 dB around the median value. At the edges of the hearing range,
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i. e. at particularly low and high frequencies, the dispersion is greater, as expected. (e.
Betke, 1991). These frequency dependencies iaddszidual capabilitiesare also known for
land mammals and birds (Hefner & Hefner, 1992; Beason, 2004).

The narrow maxima (tonal components of the retiive-systemeigenfrequency in the un-
derwater noise spectrum caused by the OWTGSgure4 can be compared directly with
measured hearing thresholds; the comparabilitfagored by the fact, that the critical band-
width, which is important in the auditory system for loudness perception, has roughly the
same width as the measured H&tavebands in many cetacean specissich as the harbour

porpoise (Au and Hastings, 2008).

Forfrequency range below 508z, however, there are only few reliablabsolute) hearing
threshold data from different harbour porpoise individualus little is known about the
significance of variabilityamong individualsi. e. the differences in auditory perception be-
tween different animals of the same species. As in other animals (and in humans), another
difficulty in the assessment jsthat the mere audibility of a sound (= level is above the
hearing threshold) does not necessarily mean a disturbancavoidance effect (eg. Zwicker

and Fastl, 1999).

Generally, the hearing range in harbour porpoises extends from approximatelii2 25
140kHz (Kastelein et al., 2015). The range of "good" hearings determinedetween 13

and 140kHz and is defined with a level increase of up to dB above the lowest hearing
threshold at 125kHz. Clicking sounds emitted by harbour porpoises for echolocation and used

for orientation resp. hunting are in the range 100 to 14Hz.
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Figureb: Top: Hearing thresholds of various toothed whales; the hearing threshold of a harbour
porpoise is highlighted inolor (Au and Hastings, 2008). Bottorsuditoryhearing
thresholds of different harbour porpoise individuals (Kastelein et al., 2015).




































































































































































































































