for life b

Defence, Safety & Security
Oude Waalsdorperweg 63
2597 AK Den Haag

P.O. Box 96864

TNO report 2509 JG The Hague
The Netherlands

TNO 2022 R12205 www.tno.nl

Analysis of the effects on harbour porpoises T +3188 866 10 00
from the underwater sound during the

construction of the Borssele and Gemini

offshore wind farms

Date November 2022

Author(s) C.A.F. de Jong, F.P.A. Lam, A.M. von Benda-Beckmann,
T.S. Oud (TNO); S.C.V. Geelhoed, T. Vallina,
T. Wilkes (Wageningen Marine Research);
J.A. Brinkkemper, R.C. Snoek (WaterProof BV)

Classification report TNO Publiek

Number of pages 115 (incl. appendices)

Number of appendices 7

Sponsor RWS

Project name zaak 31163293 "Frequentieweging/meting analyse"
Project number 060.42899

All rights reserved.
No part of this publication may be reproduced and/or published by print, photoprint,
microfilm or any other means without the previous written consent of TNO.

In case this report was drafted on instructions, the rights and obligations of contracting
parties are subject to either the General Terms and Conditions for commissions to TNO, or
the relevant agreement concluded between the contracting parties. Submitting the report for
inspection to parties who have a direct interest is permitted.

© 2022 TNO



TNO report | TNO 2022 R12205 2/59

Samenvatting

Effecten van het onderwatergeluid bij het heien van funderingen voor offshore
windparken (platforms en windturbines) op zeezoogdieren worden momenteel
ingeschat op basis van overschrijding van drempelwaarden voor de blootstelling
van de dieren aan onderwatergeluid. Dit gebeurt via het Kader Ecologie en
Cumulatie (KEC). Deze studie in opdracht van het Wozep programma van
Rijkswaterstaat geeft meer inzicht in de respons van bruinvissen op heigeluid en
in de relatie tussen heigeluid en de gedragsrespons.

Op basis van de gegevens van akoestische monitoring tijdens de aanleg van de
Borssele windparken in 2019 en 2020 en tijdens de aanleg van de Gemini
windparken in 2015 is onderzocht welke geluidsmaat (gewogen of niet gewogen
voor de verschillende soort-specifieke frequentie-afhankelijke gehoorgevoeligheid)
eventuele gedragsveranderingen van de bruinvis het beste verklaart.

Statistische analyse van de detectie van bruinvis echolocatie-geluiden (porpoise
positive minutes gemeten door CPOD-apparatuur) als functie van de afstand tot
de heipaal laat zien dat bruinvissen minder vaak gedetecteerd worden tijdens het
heien tot op afstanden tot tenminste 7 km bij Borssele, waar het heigeluid binnen
een geluidsnorm moest blijven, en tot tenminste 15 km bij Gemini, waar nog geen
geluidsnorm van toepassing was. Deze afstanden zijn aanzienlijk kleiner dan
uitgerekend (50% verstoringskans op circa 30 km afstand) op basis van de huidige
KEC methodiek.

Uit de analyse van de detectie van bruinvis-echolocatiegeluiden als functie van
ongewogen en gewogen single strike sound exposure level van de heiklappen
(SELss) volgen verschillende drempelwaarden waarboven bruinvissen minder vaak
gedetecteerd worden. Vanwege de toegepaste mitigatiemaatregelen en maskering
door omgevingsgeluid was het niet mogelijk om de SELss waarden bij Borssele over
dezelfde frequentiebandbreedte te bepalen als bij Gemini. Daardoor zijn de dosis-
effect relaties niet direct vergelijkbaar. De logische aanname dat een voor de
gehoorgevoeligheid van dieren gewogen maat een betere voorspelling geeft voor
de gedragsrespons dan een ongewogen maat, wordt niet bevestigd door de analyse
van de meetgegevens van de Borssele en Gemini projecten.

De studie laat ook zien dat er problemen zijn met de praktische implementatie van
frequentiegewogen SELss, door de onzekerheid bij zowel het modelleren als het
meten van de hoogfrequente componenten van heigeluid, waarbij omgevingsgeluid
hoogfrequent heigeluid maskeert.

De metingen bij Borssele, waar het heigeluid is gemitigeerd en waar de drukke
scheepvaart resulteert in een hoog niveau van achtergrondgeluid, laten zien dat het
niet altijd duidelijk is of heigeluid de belangrijkste bron van verstoring is. De analyse
van de detectie van bruinvis echolocatie-geluiden als functie van het ongewogen
en gewogen geluidniveau (SPL) van het onderwatergeluid bij Borssele en Gemini
laat een duidelijke afname van detecties zien bij toenemende SPL waarden.

Dat suggereert dat SPL wellicht een volledigere maat is voor het voorspellen van
een gedragsrespons dan SELss . Maar voor het voorspellen van het totale SPL

ten gevolge van alle bronnen is meer informatie en zijn meer modellen nodig dan
beschikbaar zijn, waardoor deze maat nog niet direct toepasbaar is voor
effectstudies.
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Summary

Effects of underwater noise on marine mammals during the piling of foundations for
offshore wind farms (platforms and wind turbines) are currently estimated on the
basis of exceeding threshold values for the exposure of the animals to underwater
noise. This is done through the Ecology and Cumulation Framework (KEC).

This study, commissioned by the Wozep program of Rijkswaterstaat, provides
more insight into the response of harbour porpoises to pile-driving noise and into
the relationship between pile-driving noise and the behavioural response.

Based on the data from acoustic monitoring during the construction of the Borssele
wind farms in 2019 and 2020 and during the construction of the Gemini wind farms
in 2015, it was investigated which acoustic metric (weighted or not weighted for the
various species-specific frequency-dependent hearing sensitivity) best explains
behavioural changes in the harbour porpoise.

Statistical analysis of the detection of porpoise echolocation sounds (porpoise
positive minutes measured by CPOD equipment) as a function of the distance from
the pile, shows that porpoises are detected less often during pile driving at distances
of at least 7 km near Borssele, where the pile-driving noise had to remain within

a noise limit, and up to at least 15 km at Gemini, where no noise limit was yet
applicable. These distances are considerably smaller than calculated (50% probability
of disturbance at a distance of approximately 30 km) based on the current

KEC methodology.

The analysis of the detection of harbour porpoise echolocation sounds as a function
of unweighted and weighted single strike sound exposure level of the piling hits
(SELSS) shows various threshold values above which harbour porpoises are
detected less often. Due to the applied mitigation measures and masking by ambient
noise, it was not possible to determine the SELSS values at Borssele over the same
frequency bandwidth as at Gemini. Therefore, the dose-effect relationships are

not comparable. The logical assumption that a measure weighted for the hearing
sensitivity of animals gives a better prediction for the behavioural response than an
unweighted measure is not immediately confirmed by the analysis of the
measurement data from the Borssele and Gemini projects.

The study also shows that there are problems with the practical implementation

of frequency-weighted SELss, due to the uncertainty in both modelling and
measurement of the high-frequency components of pile-driving noise, where ambient
noise masks high-frequency pile-driving noise.

The measurements at Borssele, where pile-driving noise has been mitigated and
where busy shipping results in a high level of background noise, show that it is

not always clear whether pile-driving noise is the main source of disturbance.

The analysis of the detection of harbor porpoise echolocation sounds as a function of
the unweighted and weighted sound level (SPL) of the underwater sound at Borssele
and Gemini shows a clear shows a clear decrease in detections with increasing

SPL values. That suggests that SPL may be a more complete measure for predicting
behavioral response than SELss. However, predicting the total SPL as a result of

all sources requires more information and models than are available, which means
that this measure is not yet directly applicable for effect studies.
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Acronyms

AdBm noise mitigation system, by AdBm Technologies, Austin, TX
ADD acoustic deterrent device

AIC Akaike information criterion

BIC Bayesian information criterion

CPOD porpoise click detector, by Chelonia Limited, UK

DBBC double big bubble curtain

EIA environmental impact assessment

GAM generalized additive model

GAMM generalized additive mixed model

HSD Hydro-Sound-Damper, by OffNoise-HSD-Systems GmbH
ISO International Organization for Standardization

KEC Kader Ecologie en Cumulatie

PAM passive acoustic monitoring

PPM porpoise positive minutes per hour (CPOD)

RBINS Royal Belgian Institute of Natural Sciences

SELss Single strike sound exposure level

SELssvir  Single strike sound exposure level, weighted for porpoise hearing
(VHF), see (Southall, et al., 2019)

SPLis sound pressure level, averaged over 1 s

SPLisvHF sound pressure level, averaged over 1 s, weighted for porpoise
hearing (VHF), see (Southall, et al., 2019)

VHF 6very high frequencydo, referrinc
VHF cetaceans to which the harbour porpoise belongs (Southall, et
al., 2019)

Wozep wind op zee ecologisch programma


https://www.iso.org/home.html
https://www.noordzeeloket.nl/functies-gebruik/windenergie/ecologie/cumulatie/kader-ecologie/
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Introduction

In 2016, the Dutch Ministry of Economic Affairs and Climate Policy commissioned
Rijkswaterstaat to set up an integrated research program to reduce the knowledge
gaps regarding the effects of offshore wind farms on the North Sea ecosystem.
This Wind op Zee Ecologisch Programma (Wozep) runs from 2016 to 2023 and the
results of the studies carried out are used in the Framework for Assessing
Ecological and Cumulative Effects (Kader Ecologie en Cumulatie; KEC). The KEC
framework is used to determine the cumulative effects of current and planned wind
farms on protected species, to get a view on the possible long-term effects of future
upscaling of offshore wind energy.

The Wozep project aims to:

1 Reduce uncertainties of assumptions and knowledge gaps in the KEC,
environmental impact reports (EIA) and appropriate assessments;

1 Reduce uncertainties of assumptions and knowledge gaps regarding long-term
effects due to scaling up of wind energy at sea;

1 Gaininsight in the effectiveness of mitigation measures to reduce adverse
effects.

The effects of the underwater sound due to the impact piling of the foundations for
wind turbines and platforms on marine mammals are currently assessed on the
basis of threshold values above which the exposure of these animals to underwater
sound imposes a risk of significant disturbance. In the KEC, see (Heinis F. , de
Jong, von Benda-Beckmann, & Binnerts, 2019), the threshold value for disturbance
of harbour porpoises by piling sound is set at an unweighted, broadband single
strike sound exposure level (SELss) of 140 dB re 1 pPaZ?s. In the 2021 update

of KEC (KEC 4.0), this has been replaced by using a dose-effect relationship,

that describes a probability of disturbance as function of SELss exposure.

In the discussion of the knowledge gaps in (Heinis, de Jong, & Rijkswaterstaat
Underwater Noise Working Group, 2015) it was recognized that the effect of the
signal waveform and frequency content on the dose-effect relationship needs to

be investigated further. Linking threshold values to the species-specific hearing
threshold in the way proposed by (Tougaard, Wright, & Madsen, 2015) may have
an effect on the estimate of the number of disturbed animals.

The monitoring programme during the construction of the Borssele and Gemini
offshore wind farms, see (Brinkkemper, et al., 2021) and (Geelhoed, Friedrich,
Joost, Machiels, & Stréber, 2018), provided an opportunity to investigate which
acoustic metric (unweighted or weighted for the hearing sensitivity) provides the
best prediction of behavioural response of marine mammals to piling sounds.

This report describes the behavioural response analysis for harbour porpoises
(Phocoena phocoena) and the potential consequences of the results for the KEC.
Effects on seals are reported in (Brasseur, Aarts, & Schop, 2022).
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The KEC describes a staged procedure to determine the cumulative effects of
impulsive underwater sound on the harbour porpoise population, which is

schematically illustrated in Figure 1.
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& Binnerts, 2019).

Schematic representation of the stages in the staged procedure for determining and
assessing the cumulative effects of impulsive underwater sound on harbour porpoises
during the construction of wind farms, see (Heinis F. , de Jong, von Benda-Beckmann,

As indicated by the yellow rectangle in Figure 1, the size of the area around the
piling location in which porpoises may be disturbed by piling sound is determined by

comparison of the

The KEC 3.0 approach (Heinis F. , de Jong, von Benda-Beckmann, & Binnerts,

calculated sound

fi

el

2019) assumed that porpoises are likely to show significant behavioural disturbance
when they are exposed to the sound piling strikes when the maximum broadband
unweighted single strike sound exposure level (SELss) exceeds a threshold value of
140 dB re 1 pyPaZs. This threshold value was tentatively based on observed

d
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reductions in harbour porpoise presence around the piling location during the
construction of the Borkum West Il wind farm (Diederichs, et al., 2014) and on
observations of jumping out of the water during exposure studies in the pool of
SEAMARCO (Kastelein, van Heerden, Gransier, & Hoek, 2013).

An extensive study of the effects of pile-driving on harbour porpoises looking at the

first seven wind farms in German waters (Brandt, et al., 2018) concluded that

'Declines were found at sound expo&ure | evel
(the sound exposure level exceeded during 5% of the piling time, SELos) and up to
17kmfrompiingd. This suggested that the current K
a O0woased assumption.

That became clearer in the assessment of the impact of the unmitigated piling noise
during the construction of the Gemini wind farms in Dutch waters.

a) Analysis of the data from passive acoustic monitoring (PAM) of porpoise
presence during the construction of the Gemini wind farms (Geelhoed,
Friedrich, Joost, Machiels, & Stréber, Gemini T-c: aerial surveys and passive
acoustic monitoring of harbour porpoises 2015, 2018) led to the conclusion that
dhe avoidance distance of harbour porpoises lies in the range of 10-20 km,
which is supported by the aerial surveys that suggest changes in distribution in
a radius from < 15 km up to 25 km around a pile driving location during piling.
The avoidance distance might be restricted by the length of the piling event, that
lasted on average too short to allow harbour porpoise to swim further away
during this period. 6

b) The monitoring data from the Gemini wind farm construction were applied by
(Nabe-Nielsen, et al., 2018) to calibrate their DEPONS model in which
individual animals respond by being chased away from the sound source in
response to observed piling sound. In their model, the strength of the response
decreases linearly with decreasing distance from the pile. Their analysis led to
the conclusion that porpoises responded to the piling noise at Gemini up to
8.9 km from the construction sites.

¢) Predictions and measurements of the broadband unweighted single strike
sound exposure level for some Gemini piles suggest that the threshold value
SELss = 140 dB re 1 pPa2s was likely exceeded up to a distance of 40 to 50 km
from the pile (de Jong, et al., 2019).

The apparent difference between the observations and the predicted distance at
which porpoises are disturbed by piling sound is likely caused by simplifying worst-
case assumptions that were necessarily made for KEC due to knowledge gaps.

As a first step, it was recognized that the use of single value thresholds for noise
exposure for behavioural responses leads to uncertainties in predicting effects, as
argued by (Tyack & Thomas, 2019) and (Southall, et al., 2021). Taking into account
the inherent variability in the response of different individuals by means of dose-
response relationships, can possibly reduce the risk that effects are underestimated
in the assessment. Deriving appropriate dose-response relationships requires
availability of measurement data, which is currently very limited. However, Graham
et al. (2019) derived a dose-response relationship for the disturbance of harbour
porpoises by piling sound from measurements made during the construction of the
Beatrice wind farm in the UK. The relationship is expressed in their paper as a
function of -vaeni gohatuedsbdd g8dsdmffect relationship based on
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unweighted SELss was also presented at the INPAS Symposium in Amsterdam
(June 2018). In the KEC 4.0, it was decided to adopt, as the worst-case scenario,
the dose-effect relationship derived by Graham et al. (2019) for the response of
harbour porpoises to the turbine foundation that was piled first. Possible
habituation, leading to a reduced probability of disturbance after successive piling
days was disregarded, as a precautionary measure.

It was also recognized during the KEC development that the effect of the signal
form and frequency content on the dose-effect relationship needs to be investigated
further. Linking threshold values to the species-specific hearing threshold in the way
proposed by (Tougaard, Wright, & Madsen, 2015) may have an effect on the
estimate of the number of disturbed animals. In 2017, TNO carried out an initial
study for Wozep reviewing the possible application of frequency weighting in the
assessment of the impact of underwater sound on harbour porpoise, see (de Jong
& von Benda-Beckmann, 2018). At that time, it was not yet possible to draw firm
conclusions about the effects of (impulsive) underwater sound on porpoises and
seals and the appropriate metrics to quantify these. Studies were proposed in (de
Jong & von Benda-Beckmann, 2018) to fill some of the apparent knowledge gaps.

One proposed study of porpoise behavioural response to sound pulses with
different frequency content was carried out by SEAMARCO. The results were
published in Aquatic Mammals (Kastelein, de Jong, Tougaard, Helder-Hoek, &
Defillet, 2022). This study concluded that frequency weighting of the sound
exposure level (SEL) will improve prediction of behavioural responses. However,
it remained unclear whether the weighting for predicting auditory effects is also
the best weighting to predict behavioural effects.

Other proposals from (de Jong & von Benda-Beckmann, 2018) concerned further
analysis of available data from field measurements. The passive acoustic
monitoring during the construction of the Borssele wind farms provided an
opportunity for such investigations. It was found that the circumstances at Borssele
were not ideal for studying the responses of porpoises to piling sound. The piling
sound levels were relatively low, because the permit for construction required piling
sound mitigation, and the background sound levels in the area are quite high, due
to heavy shipping. Therefor the project was extended with an analysis of the
already available monitoring data from the construction of the Gemini Offshore
Wind Park. These analyses are described in this report.

Acoustic metrics

KEC 4.0 (Heinis, de Jong, & von Benda-Beckmann, 2022) copied the assumption
from KEC 1.0 (Heinis, de Jong, & Rijkswaterstaat Underwater Noise Working
Group, 2015) that the broadband single strike sound exposure level (SELss) is an
appropriate metric for the prediction of behavioural disturbance.

Single strike sound exposure level (abbreviation SELss, symbol 0 ) is an
alternative name for time-integrated squared sound pressure (ISO 18405, 2017).
For an acoustic signal with sound pressure 1] 0, SELss is defined by:
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0 pinl ¢G—— A"OAAROD 1)

with reference exposure j 6 pt0 AQ Figure 2 provides an example for
illustration. The time duration "Yover which the integration is taken must include the
full length of the single strike sound, see (ISO 18406, 2017). The ISO standard also
specifies that SELss is calculated as a broadband value (single number for a stated
bandwidth) and in decidecade! frequency band levels covering at least the
frequency range from 20 Hz to 20 kHz.

T90=0.12 s, Etot = 163 dB re 1 nPazs, Pmax = 1304 Pa

1
0.5 I !

sound pressure (kPa)
o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time [s]

Figure 2 Example of the acoustic pressure received at a hydrophone for a single piling strike
(blue line). The green line shows the cumulative time-integrated squared sound
pressure (sound exposure) as a function of integration time, scaled to the total sound
exposure in the signal. The thick black dashed lines indicate the start and end times of

a time window (Y that contains 90% of the exposure energy.

In 2019, (Southall, et al., 2019) proposed updated auditory weighting functions for
assessing the effects of sound exposure on marine hearing (permanent and
temporary hearing threshold shifts). One of the aims of the present study was to
investigate whether the proposed auditory weighting functions are appropriate for
guantifying marine mammal behavioural response to sound exposure as well.
Because it is unlikely that animals are disturbed by sound outside their hearing
range, it is reasonable to take that into account in the assessment of dose-response
relationships, by applying some form of auditory frequency weighting.

For harbour porpoises we use the auditory weighting function for the i ery
high-frequency cetaceans6 ( VHF) mar i @areng groapnprnogpadsedline
(Southall, et al., 2019). The frequency weighting is given by the function

wQ o pul ¢ - - A (2)
Here "Qis the frequency in E ( &hd the parameter values for VHF-weighting are
6 PO A" O pH DO ¢ Q pE(&AdQ pTE(.U
This is a generic function based on measured harbour porpoise audiograms, as
illustrated in Figure 3. Note that the shape of the audiograms and the inverted
weighting function is similar, but differences between the individual curves can be
observed of the order of 10 dB. Uncertainty in selection of the appropriate weighting
function leads to uncertainty in the calculation of weighted levels.

Al s o kno wthirdactaveqlmmsed 0 ) 0 (ISOs184€5, 2017).
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Figure 3 Measured harbour porpoise audiograms (hearing threshold versus frequency), from
(Kastelein, Hoek, de Jong, & Wensveen, 2010), compared with the composite
audiogram proposed by (Southall, et al., 2019) and the scaled inverse of the frequency
weighting (exposure) function: Tt @ A" @ "Q.

From a practical point of view, using the same weighted metrics for assessing
physiological, auditory and behavioural effects has great benefits.

The acoustic data in this study are quantified in terms of the metrics summarized

in Table 1. The SELss metrics are determined per piling strike. The SPL1s metrics

have been selected by the Jomopans? project for characterizing the measured

ambient sound field. In addition to the piling strike sounds, this includes the

underwater sound produced by other sources, such as the operation of vessels

associated with the wind farm construction, passing ships, and surface waves. For

the correlation analysis with the CPOD porpoise detections, which are quantified in

terms of Oporpoise posi tdssand SRhismeritcsaa® per houl
summarized in the 50t percentile (median), 95" percentile, 100" percentile

(maximum) and the power average of all levels during each hour of pile driving.

Table 1 Overview of metrics considered in this study.

Metric Description symbol unit

SELss Unweighted broadband single strike sound 0 dBre 1 pPa’s
exposure level

SELssviF  Broadband single strike sound exposure level, 0 dBre 1 pPa’s
frequency weighted for very high frequency

cetaceans (VHF)

=

Distance Distance to the pile location Y km

SPLis Unweighted broadband sound pressure level, 0 dBre 1 yPa?

averaged over duration”Y pO

b=x3

SPLisyHF  Maximum value over duration "Y p Oof the 0 dB re 1 pPa?
time-wei ghted (6fast o0, i

with a 0.125 s time constant) broadband sound

pressure level, frequency weighted for very high

frequency cetaceans (VHF)

=x3
=x3

2 https://northsearegion.eu/jomopans/
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2.2 Dose-response relationships

A O6drosponse relationshipéd quantifies the pr
an acoustic exposure as a function of the acoustic dosage.

The KEC 4.0 approach includes a (tentative) model that quantifies the probability

that the behaviour of harbour porpoises is ¢
the unweighted broadband single strike sound exposure level (abbreviation: SELss;

symbol 0 ) of piling sound to which they are exposed. This probability is largely

unknown, but a first estimation of a dose-response relationship was proposed

based on the work of (Graham, et al., 2019). They have derived a dose-response
relationship from changes in detections of |
positive hoursé) in the area and period ar ol
construction of the Beatrice Offshore wind farm in the UK. In the (Graham, et al.,

20199 paper this relationship is eweirgehtsedd i n t
SELss, but at the INPAS Symposium in Amsterdam (June 2018) they have also

presented dose-response relationship based on unweighted broadband SELss.
Abwocased relationship, bafGeatdampenal 20018 cur ve
for the disturbance by the first piling event of an installation sequence, has been

proposed for implementation in KEC 4.0 (Heinis, de Jong, & von Benda-Beckmann,

2022). Possible habituation, leading to a reduced probability of disturbance when

there are successive piling days, has been disregarded as a precautionary

measure.

The proposed dose-response relationship is described with a logistic function
o 0 — (3)

h p

with parameters Q 1 1 g&"and 0 ; , p T& A" see Figure 4.

Paigt (SEL)
=
(4]

. | | |SELgg, =144 B re 1g|rF’aZs

100 10 120 130 140 150 1680 170 180
SEL/dB re 1 pPa“s

Figure 4  The dose-response relationship for the disturbance of porpoises by piling sound,
based on an analysis of measurements during the construction of the Beatrice
Offshore wind farm in the UK (Graham, et al., 2019). This represents the observed
response to the piling for the first turbine.

In the KEC approach (Heinis, de Jong, & von Benda-Beckmann, 2022) it is

assumed that this relationship quantifies the probability of the occurrence of a

significant behavioural response in harbour porpoises as function of the unweighted

broadband single strike sound exposure level (SELss) of piling sound to which they

are exposed. Behaviour with a score of &o6or higher on the behavioural response
severity scale of (Southall, etal., 2007)i s consi dered O6significant
behaviours such as changes in swimming behaviour and breathing, avoiding a
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2.3

particular area and changes in calling or clicking behaviour (for the purposes of
communication or foraging). The number of days during which individual porpoises
are subject to such a response is assumed to affect the harbour porpoise
population development through factors such as survival and reproductive success
(the vital rates).

Note that (Graham, etal.,2019)def i ned Or es p o ns edrreasesin a
harbour porpoise click detections by more than 50% in the period (12 or 24 hours)
after cessation of piling. Therefore, the dose-response relationship proposed in
KEC 4.0 must be considered as a temporary solution for the lack of more
appropriate data. It was considered as an appropriate first proxy. The SELss at
which the probability of disturbance equals 50% is of the same order of magnitude
as the disturbance threshold (SELss = 140 dB re 1 pPa?s) assumed for KEC 3.0
(Heinis F. , de Jong, von Benda-Beckmann, & Binnerts, 2019). Observations

of (Brandt, et al., 2018) during construction of the first seven offshore wind farms
in German waters showed an onset of declined porpoise detections at sound
levels exceeding SELss = 143 dB re 1 pPa2s. This confirms that the KEC 4.0
dose-response relationship, which predicts a 50% probability of disturbance at
SELss = 144 dB re 1 pPa?s, provides a worst-case estimation of porpoise
disturbance.

One of the aims of the present study is to investigate the applicability of this
dose-response relationship with the observations made during the monitoring for
the Borssele and Gemini wind farms.

Effect of frequency weighting on SELss-metrics

Incorporating frequency weighting in the exposure assessment will lead to different
predictions of the (effective) disturbance distance if the decay of weighted
SELSS,VHF with range differs significantly from the decay of unweighted SELSS
with distance.

A first comparison was made in (de Jong & von Benda-Beckmann, 2018) for the
piling sound measured during the construction of the Gemini wind farm, see
Figure 5.

Table 2 lists the corresponding broadband values, which are dominated by sound
at frequencies below 1 kHz for SELSS and at frequencies above 1 kHz for
SELSS,VHF. Figure 6 shows that the broadband weighted SELSS,VHF decays
significantly steeper with range than the unweighted SELSS. The difference
increases from 6 dB at 7 km to about 15 dB at 32 and 66 km distance. Note,
however, that in this example a significant part of this decrease is related with the
reduced frequency bandwidth at larger distances, where higher frequencies are
masked by background noise.

propao
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Figure 5  Decidecade spectra of mean single strike sound exposure levels measured at
4 distances from pile U8 for the Gemini wind farm, from (Binnerts, et al., 2016).
Left graph: unweighted SELss; right graph: frequency-weighted SELssyne. The upper
part of the frequency range is omitted for the distant locations where the piling sound
was below background noise. Source: (de Jong & von Benda-Beckmann, 2018).

Table 2 Unweighted and weighted broadband values of single strike sound exposure level
(with varying frequency bandwidth, see Figure 5) as measured during piling for the
Gemini wind farm (pile U8).

unit MP1 MP2 MP3 MP4
Distance km 0.7 7 32 66
Unweighted SELss dB re 1 nPa’s 178 163 144 128
Porpoise-weighted SELss vie dB re 1 nPa?s 133 112 84 67

0@ Ea —
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@+ unweighted L

=70 | --4- yhf-weighted

-80 T L 1 | L L L

1 2 3 45 10200300 50 100
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SELo-SEL (((750m) [dB]
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Figure 6  Decay of unweighted and weighted broadband SELss (with varying frequency
bandwidth, see Figure 5) with range as measured during piling for the Gemini wind
farm (pile U8), relative to the values measured at 0.7 km.




TNO report | TNO 2022 R12205 16 /59

3 Borssele monitoring

3.1 Wind farm construction

The Borssele wind farms are located offshore of the southwestern coast of the

Netherlands, see Figure 7. Monopile turbine foundations were installed between

October 2019 and June 2020.@r st ed i nstalled 94 turbines i
I and I, the Blauwwind consortium installed 77 turbines in Borssele lots Il and IV.

The site decision (6kavelbesl|l uptat&@30mspeci fi e:
distance from the pile, dependent on the number of turbines per lot and the season.

In order to meet this requirement, noise mitigation measures were applied.

Borssele | and Il were constructed with a combination of the Hydro-Sound-Damper?

(HSD) system and a double big bubble curtain* (DBBC). Borssele Il and IV were

constructed with the AdBm® noise mitigation system and a DBBC.

In the same period there were piling activities for construction of the Seamade
and NorthWester2 offshore wind farms in Belgian waters, just across the border,
see Figure 7. These concern 60 turbine piles for Seamade and 24 piles for
NorthWester2, all constructed with DBBC noise mitigation.

V08 zE 10E 2 e 240 2808 vE e 320E yarE 408 vere
1 s 1 1 1 1 I 1 1 1

EEOS

sraon=]

1904

s1720m

sr1on

re oE e

Figure 7 Overview of the locations of the Borssele (1 to 4) offshore wind farm sites next to the
Belgian wind farms, of which Seamade (S) en NorthWester2 (NW2) were constructed
in the same period as the Borssele wind farms. Figure provided by RBINS.

3 https://www.offnoise-solutions.com/the-hydro-sound-damper-system-hsd-system/
4

https://www.bsh.de/EN/TOPICS/Offshore/Environmental _assessments/Underwater sound/ Modul
e/Karussell/_documents/Artikel Gr_Blasenschleier.html
5 https://adbmtech.com/
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Piling data

For this study, @rsted and Van Oord (constructor for the Blauwwind consortium)

kindly provided the following information from the piling of all Borssele turbine

foundations:

1 Pile location and geometry (length, diameter, wall thickness).

1 Hammer logs (time, hammer energy and pile penetration per piling strike).

1 Information about applied deterrent devices (ADDs) and noise mitigation
systems, including start and stop times of DBBCs.

RBINS kindly provided information from the Belgian wind farm construction projects:
1 Pile location and geometry (length, diameter, wall thickness).

1 Information about applied ADDs and noise mitigation systems, including start
and stop times of DBBCs.

Hammer logs (time, hammer energy and pile penetration per piling strike) for
the SeaMade wind farm. These hammer logs could not be made available for
the NorthWester2 offshore wind farm.

il

Figure 8 shows an overview of the time windows between the first and the last
piling strike for all turbine foundations in the four wind farms in the period between
August 2019 and June 2020. It is clear from this figure that piling occurs in day
and night. The construction of the Belgian wind farms was already three months
underway when the first pile at Borssele was installed.

= Northwester2
SeaMade

= Borssele 3&4

— Borssele 1&2

1
I I |

Figure 8

3.3

Oct 2018 Nov 2018 Dec 2019 Jan 2020

date

Feb 2020 Mar 2020 May 2020 Jun 2020

Calendar of the piling time windows for the four offshore wind farms in the Borssele area.
The markers along the x-axis indicate the start of each month. The colours refer to the four
wind farms (see legend).

Passive acoustic monitoring

WaterProof BV and Wageningen Marine Research carried out underwater

sound measurements during the installation of the Borssele wind farms
(Brinkkemper, et al., 2021), see Figure 9. 16 porpoise detectors (Chelonia CPODS)
and seven underwater sound recorders (Ocean Instrument SoundTraps, recording
sound over the frequency range 20 Hz i 20 kHz) were deployed from October 2019
up to September 2020. Figure 10 provides an overview of the data availability from
the acoustic recorders.
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Figure 9  Overview of the bathymetry and of the locations of the piles for the four wind farms
and of the sensors. The underwater sound was monitored with 7 acoustic recorders
(SoundTrap ST300HF, Ocean Instrument, N.Z.). Harbour porpoise presence was
monitored with 16 continuous porpoise detectors (CPOD version 1, Chelonia Ltd.,
U.K.), see (Brinkkemper, et al., 2021).

BORO1 -
BORO3 [~
BOROS5 -

BORO7 -

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Figure 10 Overview of the time periods over which data are available from the 7 SoundTrap
acoustic recorder stations, with (white) no data, (red) corrupt data, and (green) good
quality data. Figure from (Brinkkemper, et al., 2021). Data gaps are due to technical
issues and to Covid-19 restrictions that prohibited timely servicing of the recorders at
the end of May 2020.

All CPODs recorded acoustic activity almost continuous, with on average 328.5
deployment days (320-335 days), which was mainly restricted by the initial
deployment and recovery date of the CPOD, see (Brinkkemper, et al., 2021).
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Figure 11 gives an overview of the distances of the piles from the sound recording

stations. This shows that the distance of stations 1, 3, 10 and 11 to the piles is
always more than 10 km.
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Figure 11 Histograms of the distances between the pile locations and stations with sound
recorders.
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3.4 Acoustic data processing

WaterProof carried out the processing of the acoustic measurements, including
calibration of the recorder signals, detection of the piling strikes and calculation of
the agreed metric (Table 1). The processing, including an analysis of benchmark
test of the processing routines between WaterProof and TNO is reported in
(Brinkkemper J. , 2021).

The processing resulted in values of SELss and SELss vrr for all detected piling
strikes and of SPL1s and SPLisvwF, for all seven recorder stations and for the
complete recording period.

For the behavioural response analysis, these data were aggregated into hourly
statistic metrics: 50% (median) and 95% and 100% percentiles of the decibel levels
and the power averaged level, i.e. the level in decibel of the arithmetic average of
the underlying power quantity (mean-square sound pressure or sound exposure).

3.5 Analysis of ambient sound (SPL1s) during piling at Borssele

The seven SoundTrap recorders in the Borssele area have continuously recorded
underwater sound, independent of the presence of piling activities. WaterProof has
converted the acoustic recordings into time series of the unweighted (0 ; ) and the
maximum value of the time- and frequency-weighted SPL (0  ; and0 ; ),
calculated following the approach of (Tougaard & Beedholm, 2019) for the VHF and
PCW mammal hearing groups, applying an exponential temporal weighting with an
integration time of 125 ms, see (Brinkkemper J. , 2021).

The processed data have been analysed by TNO, to evaluate the relevance of
piling sound in relation to other sounds in the area, such as these from ships, and
of flow noise due to tidal currents, see (de Jong, 2021).

Figure 12 gives an example of the underwater sound (0 ; ) measured in the

windfarm area on one typical day (5 November 2019). This shows that:

1 At measurement station 07 the one-third octave band spectra of 0 ; show the
piling sound from Borssele pile FO1, at 3.1 km from the recorder, predominantly
in the frequency bands between 50 and 500 Hz.

1 The piling sound from Seamade pile MC5, at 18.4 km from the recorder, is
visible as well, in the same frequency bands, at lower 0 ;; levels.

T Very early on the same day, bet ween 1 and
the underwater sound, but according to the piling logs of the wind farms there
was no piling at that time. The sound is from a ship that is likely using a
dynamic positioning system to stay at its location.

T From 4 o6clock until 19 o6cl ock, there are
which are associated with mechanical processes on a ship or platform.

1 Inthe lowest frequency bands (<50 Hz) the tidal flow along the hydrophones
causes a periodic increase and decrease of flow noise (period 6 hours).

1 The piling noise is visible, but not very prominent, in the time series of the
unweighted and PCW-weighted 0 f .

1 The unweighted broadband SPL clearly measures the periodic tidal flow noise
pattern. Nevertheless, the piling of the nearby turbine pile in the Borssele wind
farm is visible, because it coincides with slack tide. The low frequency tidal flow
noise is reduced in the PCW- and VHF-weighted metrics.
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1 The piling noise is nearly invisible in the VHF-weighted 0 ; and completely
invisible in the hourly statistical metrics of VHF-weighted 0 ;; (at this recorder

on this day).

Analysis of the sound recorded by all stations over the full recording period

(de Jong, 2021), suggests that nearby piling is clearly present in the underwater
sound, but it is clearly not the dominant or only source of underwater sound in
the area. The sound recordings at the sensors outside the wind farm area

(see Figure 9) appear to be dominated by passing ships rather than by the sound
from distant piling activities.
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Figure 12 Underwater sound recorded at station 07 on 5 November 2019.

Upper: decidecade spectrogram of 0 j . Middle: unweighted and weighted broadband
0 j . Lower: unweighted and weighted broadband values of 0 ; (solid lines).

The dashed lines give the three hourly percentiles (50%, 95% and 100%) for the 0 j
metrics. PCW-weighted refers to weighting for seal (phocid pinniped in water) hearing.
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Figure 13 shows a comparison of the hourly unweighted and weighted broadband
SPL recorded during the piling events as function of the distance from the recorder
to the pile.

1 The piling events cause a significant increase of the unweighted 0 ; at
distances up to about 10 km from the pile. At larger distances the difference
with the recorded 0 ; outside the piling hours is negligible.

1 For the VHF-weighted 0 ; the difference with the recorded 0 ;; outside the
piling hours is also very small at distances shorter than 10 km.

Due to the effectiveness of the applied noise mitigation measures, in combination
with the noisy environment (lots of ship traffic), the piling sound is only clearly
observed at relatively short distances from the piles, generally at less than about
10 km. The piling noise is predominantly observed in the frequency bands
between 50 and 500 Hz. Because harbour porpoise hearing is not very sensitive
at these low frequencies, the distances at which piling noise is observed in the
porpoise-weighted SPL are much smaller than 10 km. The SPL due to piling is
generally not much larger than the SPL caused by passing ships.
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Figure 13

Broadband, j , at the seven sound recorders in the hours when piling took place,

as a function of distance to the pile. The horizontal lines show the 5th, 50th (median)

and 95th percentiles of the 0 j

in the hours when no piling occurred. Upper graph:

unweighted 0  ; lower graph: VHF-weighted 0 § 5



