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Abstract: Pile driving is one of the most intense anthropogenic noise sources in the marine environ-
ment. Each foundation pile may require up to a several thousand strokes of high hammer energy to be
driven to the embedded depth. Scientific evidence shows that effects on the marine environment have
to be anticipated if mitigation measures are not applied. Effective mitigation measures to prevent and
reduce the impact of pile driving noise should therefore be part of regulation. The role of regulators is
to demonstrate and assess the applicability, efficiency and effectiveness of noise mitigation measures.
This requires both, scientific knowledge on noise impacts and the consideration of normative aspects
of noise mitigation. The establishment of mitigation procedures in plans and approvals granted by
regulatory agencies includes several stages. Here, we outline a step-wise approach in which most of
the actions described may be performed simultaneously. Potential measures include the appropriate
maritime spatial planning to avoid conflicts with nature conservation, site development for offshore
wind farms to avoid undesirable activities in time and space, coordination of activities to avoid
cumulative effects, and the application of technical noise abatement systems to reduce noise at the
source. To increase the acceptance of noise mitigation applications, technical measures should fulfil
a number of requirements: (a) they are applicable and affordable, (b) they are state-of-the-art or at
least advanced in development, (c) their efficiency can be assessed with standardised procedures.
In this study, the efficiency of noise mitigation applied recently in offshore wind farm construction
projects in the German North Sea is explained and discussed with regard to the regulation framework,
including the technical abatement of impulsive pile driving noise.

Keywords: ocean noise mitigation; ocean noise regulation; ocean sound measurement

1. Introduction

An essential characteristic of the human being is the ability to reach ever new ho-
rizons. The development of new technologies is increasingly expanding the reach of human
influence on the sea. For a decade now, this has also included the first-time and large-scale
exploration of nearshore and offshore sea regions for the generation of green energy as part
of the growing Blue Economy. Today’s generations of people are shaping and experiencing
this new type of development at sea. However, we should bear in mind that marine species
also experience the effects of these human activities. The reconciliation of both needs, those
of humans and those of marine species, is therefore a process that must accompany these
new developments. The most common installation method for foundations of offshore
structures in the (southern) North and Baltic Sea is pile driving [1]. A major effort has
been made to better understand the risks for adverse effects on the marine environment
due to underwater noise during foundation installations by pile driving. These risks
have been found to include very relevant adverse effects, such as impaired hearing and
temporary habitat loss. Effects of pile driving on marine life and the need for environmental
monitoring and noise mitigation measures that invariably accompany impact pile driving,
particularly in biologically sensitive subsea habitats, are well described [2]. Alternative
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installation methods such as gravity foundations, suction buckets or vibratory pile driving
are either still under development or to date only applicable to specific site conditions. Due
to local site conditions, including geological conditions and technical developments, pile
driving is expected to remain one of the most common installation methods for the next
decade [2–4].

The presence of underwater noise in the ocean and its impacts on marine life have
received increasing attention in recent years [5–10]. Science has made progress on both
related aspects, the physics of underwater noise and the effects of noise on marine or-
ganisms. At the same time, work is underway to research or develop underwater noise-
reducing technologies for various anthropogenic activities [11,12].

Since 2011, guidance documents for underwater noise measurements during con-
struction of offshore wind farms have been published in Germany, the Netherlands and
the UK to provide advice on good practice and to make data comparable [13–15]. This
was followed by an international effort to establish a common terminology for underwater
acoustics that defines terms and expressions used in the field of underwater acoustics,
including natural, biological, and anthropogenic sound by ISO [16]. ISO 18406:2017 [17]
describes the methods, procedures and measurement systems for measuring radiated un-
derwater sound generated by pile driving operations using hammer strokes. Furthermore,
many research projects have developed models to describe sound generation in the near
field and sound propagation during pile driving activities [18–21].

The description of noise criteria and frequency weighting functions for marine mam-
mals grouped according to their hearing abilities [22] has supported noise regulation
and mitigation efforts worldwide. In 2019, the proposed noise criteria were revised and
evaluated in the light of new scientific findings. Dual exposure metrics are provided for
impulsive noise criteria, including the frequency-weighted sound exposure level (SEL) and
the unweighted peak sound pressure level (SPL) (expressed in units relative to 1 µPa for
water). Exposures exceeding the respective criterion level for each exposure metric are
interpreted as causing a predicted temporary threshold shift (TTS) or permanent threshold
shift (PTS) onset [22].

The critical role of exposure context in addition to received noise levels has been
extensively studied. One review of studies on noise criteria found that behavioural re-
sponses in cetaceans (measured using a linear severity scale) are best described by the
interaction between sound source (continuous sound, sonar or seismic/explosion) and
functional auditory group (a proxy for hearing capabilities) [10]. Importantly, more severe
behavioural responses were not consistently associated with higher received noise levels
and vice versa. The authors recommend replacing the severity score of behavioural re-
sponse with a dichotomous approach (response/no response) that can provide a measure
of impact in terms of habitat loss and degradation [10].

Based on scientific results, efforts were made to describe regulatory frameworks
for mitigating noise from impulsive sources. Further, a frequency-dependent weight-
ing function and numerical thresholds for the onset of temporary threshold shift (TTS)
and permanent threshold shift (PTS) were derived for each group of marine mammals
from the available data describing the hearing ability and the effects of noise on marine
mammals [23].

Acoustic thresholds based on TTS and PTS onset levels for marine mammal audi-
tory groups for assessing the effects of anthropogenic sound were updated and included
in a technical guidance published by NMFS [24] for regulatory purposes. The acoustic
thresholds according to NMFS [24] are based on dual metrics of cumulative sound exposure
level (SELcum) and peak sound level (Lpeak) for impulsive sounds and on SELcum for non-
impulsive sounds.

Policy options to mitigate underwater noise and employ noise abatement systems to
reduce the impact on marine life have recently been reviewed [25]. Today, noise emissions
can be reduced by placing acoustic barriers around the pile driving operation. Various
designs have been developed, using air bubbles, solid barriers, or combinations of these.
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However, regulatory responses to offshore wind farm construction noise have differed.
As noted in [25], in Germany and several other Western European countries (e.g., the
Netherlands and Denmark), regulations are routinely applied which de facto mandate the
use of noise abatement measures such as bubble curtains (see below). On the other hand,
noise abatement has not yet been implemented in other countries, including two of the
three largest offshore wind energy producers by wattage. Looking at the economic factors,
the author [25] concludes that the German approach, based on a command-and-control
regulation, has substantially reduced noise pollution from pile driving while allowing
renewable energy development to continue, and is therefore the most effective noise
management model currently available.

Here, we outline a possible way to build a mitigation strategy and detail a step-wise
approach for implementing noise mitigation measures in practice. Furthermore, we present
and discuss recent examples of such a regulation scheme in regard of noise mitigation of
impulsive pile driving noise by considering representative examples of monitoring data
from acoustic measurements with regard to current conditions at offshore construction sites.
Moreover, we analyse the noise emissions of mitigated piling in the German Bight from an
offshore wind farm cluster at different distances. Additionally, we discuss implications for
future monitoring requirements in terms of the variety of processes at the construction site.

2. Materials and Methods

As a strictly protected species according to the Habitat directive (92/43/EWG) and
the Federal Nature Conservation Act in Germany, the harbour porpoise represents the key
species in German waters of the North Sea and Baltic Sea and temporary hearing threshold
shift (TTS) in harbour porpoises is classified as injury. Since 2008, the com-pliance with a
dual sound pressure threshold criterion for pile driving activities has been mandatory for all
wind farm construction projects in the German exclusive eco-nomic zone (EEZ) approved
by BSH in order to prevent TTS in harbour porpoises. Fol-lowing the precautionary
principle for the protection of harbour porpoises and the marine environment, noise
emissions from pile driving at a measuring distance of 750 m from the piling location must
not exceed the dual criterion given by

- an unweighted sound exposure level SEL (LE) of 160 dB re 1 µPa2s,
- a zero-to-peak sound pressure level (Lpeak) of 190 dB re 1 µPa.

Frequency weighting has not been included intentionally. Since several thousand
blows are required to reach the final penetration depth, a percentile statistic was chosen
to account for multiple blows. In this sense, the SEL05 describes the sound exposure level
exceeded by 5% of the total number of SEL measurements.

The sound exposure E is defined as

E =
∫ T2

T1

p(t)2dt (1)

and has the unit Pa2s. T1 and T2 indicate the start and end of the evaluated time span
respectively, which includes exactly one hammer stroke here. p(t) is the time-variant sound
pressure. For the calculation of the dimensionless level, this ex-pression is divided by the
reference E0

E0 = p2
0 T0 (2)

where T0 is defined as 1 s and p0 is defined as 1 µPa. The SEL is thus given by

SEL = 10 log10

∫ T2
T1

p(t)2dt

p2
0 T0

[dB re 1 µPa2s
]

(3)
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The Lpeak is given by

Lpeak = 20 log10

[
max(|p (t)|)

p0

]
[dB re 1 µPa] (4)

The definition of the dual criterion was based on research results on the onset of TTS
in a harbour porpoise as a results of a single impulsive sound exposure [12,15].

All acoustic measurements of underwater noise radiated during pile driving re-
quested by competent agencies in Germany follow the specifications of ISO 18406:2017
and the terminology of ISO 18405:2017. Accreditation according to DIN EN ISO/IEC
17025 [26] for ISO 18406:2017 [16] and DIN SPEC 45653:2017 [27] is required from the
measuring institutes.

In comparison to SELcum, as proposed by NMFS (2016), using percentile statistics of
measured SEL to monitor compliance with target values and the performance of noise
abatement systems provides a practical and convenient option to monitor and steer the
ramming process and the noise abatement systems on a tight schedule. Especially as each
pile driving operation is regularly limited to a maximum of three hours, including any
deterrence measures and soft-start procedures.

These noise threshold values were purposely defined as unweighted levels which,
on one hand, provide a multi-species framework, including the key species, for the de-
velopment of technical noise mitigation for offshore construction sites. On the other hand,
they allow for a robust and standardised monitoring of compliance. In this way, the achieve-
ments of the technical targets for noise reduction at the source and the associated reduction
of habitat loss due to avoidance and disturbance can be quantified. The compliance with
these thresholds requires the application of technical noise abatement measures. Since
2011, the application of such technical noise abatement systems is mandatory at all offshore
construction sites in the German EEZ. For a standardised evaluation and documentation of
the compliance with the threshold criteria and of the noise exposure of habitats, the noise
emissions are monitored and evaluated according at a distance of 750 m and 1500 m to the
source and in the nearest nature conservation site or alternatively at a distance of a few
kilometres to the wind farm according to the Measuring Instruction by BSH [17] and ISO
18406:2017 [18]. Measurements of sound pressure must cover a frequency range of at least
10 Hz to 20 kHz. All acoustic monitoring data and corresponding technical data on noise
abatement systems and the construction process during pile driving activities must be
delivered to BSH via the e-reporting portal of an expert information system for underwater
noise (https://MarinEARS.bsh.de (28 July 2021)) [28], where the data is undergoing a
quality assurance before being made available for internal evaluations.

To evaluate the effectiveness of noise abatement systems and the source level of
impact hammers for different site and project characteristics, an instruction was specified
in Germany and further developed into a national DIN Specification [26]. According to
DIN SPEC 45653:2017 [26], reference and test measurements following a standard design
are mandatory for every construction project. Standards for assessment procedures, such
as the DIN SPEC 45653:2017 [27], are the prerequisite for the development of abatement
systems to reduce underwater noise from pile driving and for an effective protection of
marine ecosystems.

In this study, we evaluated acoustic measurements for 23 pile driving events from
recent offshore wind farm constructions in the German Bight. Acoustic data were recorded
by a high quality, temporary monitoring station with a fixed location, corresponding to
distances between 1.7 km and 14.6 km from the pile driving locations. Acoustic data were
also recorded at distances of 750 and 1500 m to the source, according to the measuring
instructions and standards detailed above [17,18]. The measurement height above seabed
was 1.5 m for the temporary fixed monitoring station and 2 m above seabed for the
remaining monitoring locations.

All hydrophone data correspond to single-channel recordings (MPEG1 Audio-Layer 3
at the fixed station and PCM Wave-data at 750 and 1500 m distance) and were recorded

https://MarinEARS.bsh.de
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by autonomous remote measurement systems with a sampling frequency of fs = 44.1 kHz.
Due to the higher sound pressure levels expected at 750 and 1500 m distance to the source,
the sensitivity of hydrophones at these locations is reduced in comparison to the distant
monitoring location, limiting the sensitivity for the higher frequency range above a few
kilohertz. Since most of the radiated acoustic energy is well below 1 kHz, this is not a
limitation for the evaluation of pile driving noise emissions.

Pile driving events analysed here, occurred during the foundation construction phase
in a wind farm cluster with installation positions located in water depths between approxi-
mately 38 and 40 m. All foundations correspond to monopiles of the same diameter. With
respect to the geographic location of the temporary fixed monitoring stations, pile driving
event locations can be attributed to a narrow range of source azimuths.

We perform an in-depth analysis regarding certain aspects of interest, in order to study
the effects of various noise emissions at the increasingly active construction sites.

All evaluations of the acoustic metrics were performed using BSH’s own acoustic
evaluation tool BSoundH, which was developed by Fraunhofer IDMT as part of the research
and development project SOUND Mapping (BSH project number 10044386) and which is
specifically designed for the evaluation of monitoring data in the context of the regulation
framework in the German EEZ. The maximum zero-to-peak level Lpeak and the sound
exposure level SEL were calculated for each hammer stroke detected. Furthermore, we
calculated the equivalent continuous sound pressure level LEQ for the period during pile
driving and a few hours before via

LEQ = 10 log10

[
1
T

∫ T

0

p(t)2

p2
0

dt

][
dB re 1 µPa2

]
(5)

where 0 and T indicate the start and end of the evaluated time span respectively and
p0 is defined as 1 µPa. Here, the duration of each evaluation window T is 5 s. For all
quantities, SEL, LEQ and Lpeak, we determined the exceedance levels of 5%, 50%, 95% and
the maximum. E.g. the 5% exceedance level of the Lpeak corresponds to the sound pressure
level which is exceeded in 5% of the hammer strokes of a pile driving event. Broadband
levels of SEL and LEQ were calculated over the entire measured frequency range without
time or frequency weighting. For the SEL and LEQ we further calculated 1/3-octave band
levels between 10 Hz and 20 kHz (IEC 61260).

3. Results

In this section, we present recent examples from acoustic monitoring under the noise
mitigation framework, which is further detailed in Section 4. In Section 3.1 we analyse the
acoustic measurements at 750 and 1500 m distance and in Section 3.2 we evaluate the mea-
surements from the temporary fixed measurement position, which is at greater distances.

3.1. Results of Pile Driving Noise Monitored at 750 m and 1500 m Distance to the Source during a
Typical Recent Construction Project in the German EEZ

For more than six years, several noise abatement systems have been successfully
applied for ensuring the reliable compliance with the threshold criteria for construction
projects in the German EEZ. Since emitted sound pressure levels increase with the pile
surface area below the sea surface, and therefore with increasing water depths and pile
diameters [1], an ongoing development and adaption of noise abatement systems to these
changing conditions is required for maintaining the reliable compliance with threshold
values as observed during recent years.

Figure 1 shows resulting values of SEL05 and Lpeak evaluated from acoustic monitoring
data recorded at a distance of 750 m to the source for the 23 pile driving events were
considered in this study. Horizontal lines indicate the dual threshold criterion, which
indicates a compliance with the regulatory requirements. All but one pile in our data pool
were installed using a combination of two noise abatement systems: a noise mitigation
screen (IHC-NMS) and a double big bubble curtain (DBBC). For pile number 17, no DBBC
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was used and the IHC-NMS was removed before the second half of the pile driving process.
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Figure 1. Bar-diagram showing SEL05 (blue, in dB re 1 µPa2s) and Lpeak (black, in dB re 1 µPa) values
evaluated from acoustic monitoring data recorded in a distance of 750 m to the pile driving location
in comparison to the dual threshold criterion. Pile number 17 corresponds to the test and reference
measurement as detailed in the text.

Resulting SEL05 in 750 m distance to the source do not exceed a value of 160 dB for
all but five piling events, and none of the mitigated pile driving activities yields a SEL05
above 161 dB. Observed Lpeak values remain well below the threshold of 190 dB re 1 µPa.
In contrast, significantly higher sound pressure levels for both metrics are observed for
the unmitigated pile driving event, which exceeds both of the threshold criteria with more
than 20 dB for the SEL05 and more than 12 dB for the Lpeak. Such obligatory test and
reference measurements are granted by BSH purposely for the evaluation of the offshore
effectiveness of noise abatement systems applied. When construction projects face difficult
site conditions, such as increasing water depths and/or new technical characteristics, such
as increasing pile diameters, these evaluations are crucial for the assessment of necessary
measures and technical development in further projects. In particular, the reduction target
to be achieved can be estimated, which yields implications on the handling and optimi-
sation of technical abatement systems. All results of measurements at 750 m and 1500 m
distance to each pile driving site within the framework of the officially ordered construction
monitoring by the regulatory agency are included in technical reports provided to the
approval and nature conservation authorities.

For a comparison between the spectra of three different noise abatement system
configurations, we consider unmitigated pile driving at pile number 17, mitigated pile
driving at pile number 17 using an IHC-NMS and mitigated pile driving using an IHC-
NMS and DBBC at pile number 23. For all three cases, we selected four hammer strokes
during time spans, which yield a similar hammer energy within a narrow energy range
between 2850 and 2890 kJ. Figure 2 shows the resulting spectrograms for the three different
configurations evaluated for the acoustic measurements at 1500 m distance to the pile
driving location.
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Figure 2. Narrow-band analysis (colour range in dB re 1 µPa) showing a few hammer strokes for different noise abatement
system configurations but comparable hammer energies, evaluated at 1500 m distance to the pile driving location. (a) Pile
driving event 17 without noise abatement systems and a hammer energy of 2870 kJ; (b) pile driving event 17 with IHC-NMS
but without DBBC and a hammer energy of 2890 kJ; and (c) pile driving event 23 with IHC-NMS and DBBC and a hammer
energy of 2850 kJ.

Figure 2a shows the unabated spectra of noise emissions for a sequence of four hammer
strokes. The spectra for hammer strokes in presence of a single noise abatement system
(IHC-NMS) and the combination of two systems (IHC-NMS and DBBC) is depicted in
Figure 2b,c, respectively. Already with one noise abatement system, the sound emission
of pile driving noise, measured at a distance of 1500 m, is significantly reduced over the
entire spectral range considered here (cf. colour bars in figure insets (a) and (b)), With the
combination of two systems, the sound pressure level is reduced even further (cf. color
bars in figure insets (b) and (c)). Only the combination of both noise abatement systems
leads to compliance with the dual threshold values. Importantly, both configurations
also yield a particularly strong decrease in measured sound pressure levels for the higher
frequency range. The most significant energy reduction is observed at frequencies above
approximately 250 Hz when both noise abatement systems are used (see figure inset (c)).
In this case, There the acoustic emission of pile-driving noise at high frequencies can no
longer be distinguished from the overall noise background.

For a quantification of the ratio between sound energy contained within a low-
frequency range (<250 Hz) and the entire frequency range, we consider a subset of pile
driving events analysed in this study. Histograms presented in Figure 3 show the distribu-
tion of the energy ratio between the low-frequency range versus the entire frequency range
for all strokes of six different pile driving events recorded at 1500 m distance. Consistently
for the vast majority of mitigated hammer strokes during these pile driving events, more
than 95% of the acoustic energy is confined to the frequency range below 250 Hz. The
few exceptions can be attributed to background noise at the measurement position and
correspond to the first pile driving strokes with very low pile driving energy. Even for
unmitigated pile driving, at least 85% of the stroke noise energy is found below 250 Hz for
almost all hammer strokes (see pile 17). For pile 17, most of the unmitigated pile driving
strokes yield between 87% and 97% of low-frequent energy, while strokes during the appli-
cation of one noise abatement system mostly yield more than 97% of low-frequent energy.



J. Mar. Sci. Eng. 2021, 9, 819 8 of 17J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 3. Histogram of the proportion of acoustic energy within the low-frequency range (<250 
Hz) relative to the entire frequency range for all hammer strokes evaluated at 1500 m distance for 
selected pile driving events according to labels. 

3.2. Acoustic Pressure at Larger Distances to Piling Site as Revealed from Standardized 
Measurements at the Same Construction Project 

Here, data from a measuring station outside the construction site is primarily an-
alysed in order to highlight effects related to the effectiveness of noise abatement systems 
used but also cumulative effects with noise from ship traffic in connection to the 
construction activities. 

For the evaluation of the acoustic impact on the marine environment at larger distances to the piling locations, Figure 
4 (top) depicts SEL05 and Lpeak values at the temporary fixed monitoring station for the same pile driving events as 
shown in Fig. 1. In Fig. 4 (bottom) the corresponding distances between the evaluated pile driving location and the 

temporary fixed monitoring station are shown. For pile 17, corresponding to a distance of 11.3 km, only the first part 
of the pile driving process was evaluated at the fixed station. This first part of the ramming includes all hammer 

strokes for which the IHC-NMS system was used for noise abatement. In contrast to the evaluation at 750 m (in Fig. 1) 
and 1500 m, which included the whole piling process, the unmitigated second part of the pile driving process could 
not be evaluated at the fixed measuring station. Due to the significantly higher sound pressure levels caused by the 

non-existing noise abatement system, the hydrophone was overdriven here (at a distance of 11.3 km), so that the 

Figure 3. Histogram of the proportion of acoustic energy within the low-frequency range (<250 Hz)
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pile driving events according to labels.

3.2. Acoustic Pressure at Larger Distances to Piling Site as Revealed from Standardized
Measurements at the Same Construction Project

Here, data from a measuring station outside the construction site is primarily an-
alysed in order to highlight effects related to the effectiveness of noise abatement sys-
tems used but also cumulative effects with noise from ship traffic in connection to the
construction activities.

For the evaluation of the acoustic impact on the marine environment at larger distances
to the piling locations, Figure 4 (top) depicts SEL05 and Lpeak values at the temporary fixed
monitoring station for the same pile driving events as shown in Figure 1. In Figure 4
(bottom) the corresponding distances between the evaluated pile driving location and the
temporary fixed monitoring station are shown. For pile 17, corresponding to a distance of
11.3 km, only the first part of the pile driving process was evaluated at the fixed station. This
first part of the ramming includes all hammer strokes for which the IHC-NMS system was
used for noise abatement. In contrast to the evaluation at 750 m (in Figure 1) and 1500 m,
which included the whole piling process, the unmitigated second part of the pile driving
process could not be evaluated at the fixed measuring station. Due to the significantly
higher sound pressure levels caused by the non-existing noise abatement system, the
hydrophone was overdriven here (at a distance of 11.3 km), so that the measured values
were clipped.

Figure 4 shows that measured SEL05 and Lpeak do not ony depend on the distance
to the pile, but also on other factors (site and propagation path dependence), i.e., there
is no monotonic relationship between measurements and distance. However, an overall
decreasing trend between SEL05 or Lpeak and distance can still be observed. As expected,
results for pile driving event 17 (evaluated period with IHC-NMS system as single noise
abatement system) yield higher values compared to other piling events in similar distances.
Generally, measurement results do not only depend on e.g., dispersion and attenuation
during sound propagation, but also on background noise at the measurement position.
These factors contribute to the observed difference between Lpeak and SEL05 at 750 m
distance in comparison to the fixed measurement position. If measured levels were only
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dependent on the source, the difference between Lpeak and SEL05 for piles in Figures 1 and 4
would be identical.
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We consider the dual threshold criterion, as described in Section 2, in terms of the
distance dependent risk of injury due to the pile driving activity. Figure 5 shows the
difference between measured SEL05 and Lpeak values at our temporary fixed monitoring
station and the dual threshold values defined for a distance of 750 m to the pile driving
location. The risk for a harbour porpoise to experience injury due to a single exposure
to a peak sound pressure level of 190 dB re 1 µPa or due to a cumulative exposure with a
SEL05 of 160 dB re 1 µPa2s may be excluded at all distance ranges to the piling location
considered here (i.e., >1.7 km).
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As mentioned above, we further observe a decreasing gap between Lpeak values and
SEL05 values with distance. In agreement with the 3D propagation of the sound wave field,
the signal waveform of the peak will be quickly altered with distance, while the evaluation
of the SEL over an integration duration of 1 s still captures the signal energy of the impact.
The SEL05 thus represents the stricter and more robust condition of the dual threshold
criteria over a larger distance range.

For the uppermost end of our distance ranges, but especially for pile driving event 17
at a distance of 11.3 km, we further noticed a decrease in the reliability of our automatic
stroke detection algorithm, despite higher values of sound pressure due to the absence of a
DBBC. The waveform of corresponding strokes differed from other pile driving events with
both noise abatement systems, in agreement with the moderately higher frequency content
for signals at pile 17 (cf. Figure 2b). Due to the remaining energy at higher frequencies,
dispersion causes the broadening of wave packets for individual impacts at these greater
distances. This characteristic implies that automatic signal detectors must be optimized
and adapted to the desired distance ranges of monitoring. Furthermore, the determination
of signal-to-noise ratios may be biased when evaluated locally around a stroke and the
individual impacts recorded may start to overlap temporally before noise levels decay back
to the background level.

For a distance range exceeding approximately 10 km to the pile driving location,
signal-to-noise ratios for certain pile driving events were not sufficiently high to reliably
detect hammer strokes. The lowermost signal-to-noise ratios were retrieved for two of the
piling events in particular, events 18 and 23. Both piling events yield the lowest results
for Lpeak and SEL05 observed at the fixed monitoring station. However, these values fall
not more than 1–2 dB below the next higher values observed for three other pile driving
events (16, 19, and 20). However, it is not the absolute sound level that is decisive for the
success of an automatic detection, but the amplitude difference between the signal and the
background noise. Therefore, we next examine the background sound level at the fixed
measurement position a few hours before the onset of pile driving.

For this we consider the LEQ evaluated over time windows of 5 s length. Figure 6a
shows the resulting LEQ during these time spans preceding the pile driving activity.
Relatively high background noise levels are observed during all of the considered time
spans. However, while background noise levels remain below a value of 130 dB on
average for most cases considered here, they exceed this threshold during the majority of
the 7 h before pile driving event 18 and surpass this threshold during the hour directly
before the onset of pile driving event 23. In combination with the low Lpeak and SEL05
levels, this explains the low SNR observed. An analysis of the significant wave height
retrieved as hourly time series measured at the FINO 1 station in the southern North
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Sea [20], as depicted in Figure 6b, does not indicate a significant simultaneous increase
in natural background noise due to an elevated sea state in the North Sea. Thus, it is
reasonable to assume that these SPL fluctuations in the background sound level are an
anthropogenic effect.
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Furthermore, we do not observe a comparably disturbing and continuous background
noise for the monitoring stations at closer distance ranges to the pile driving location. We
therefore evaluate the spectral statistics of LEQ exceedance values of 5%, 50%, and 95% at
the fixed monitoring station during the same time span before the onset of pile driving. The
corresponding spectral statistics are depicted in Figure 7b. For comparison, the broadband
LEQ values are shown in Figure 6a. All of these spectral results yield a strikingly low
variability, indicating the predominance of a relatively continuous spectral characteristic of
the background soundscape, and which likely masks piling noise from the distant source
locations. By examining the spectral statistics in Figure 7b, the background soundscape
yields higher frequency components above 10 kHz, unlike the characteristic emissions of
abated pile driving.
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of pile driving as shown in Figure 5.



J. Mar. Sci. Eng. 2021, 9, 819 12 of 17

We analysed the simultaneous processes and operations carried out in addition to
the installation of the foundations in the construction project under study, as well as in
immediately adjacent construction sites. This revealed that a total of 15 vessels were present
within a radius of up to 10 km from the construction site. On average, three vessels were
involved in the pile driving procedure directly: one construction vessel in jack up mode
and two support vessels in DP mode: one for the operation of the bubble curtain and
one for securing the construction site. Jacking up of construction vessels is a procedure
observed to take one to two hours depending on vessel and site [28]. It is assumed, that
jacking up and down activities may add to overall background noise substantially. The
same is true for vessels with dynamic positioning (DP) systems. In addition, at distances
of a few kilometres to our temporary monitoring station, installation work on turbines
took place involving jack up vessels accompanied by smaller vessels for the transport of
components. Furthermore, a construction vessel for cable laying as well as additional
smaller vessels were present in the study area. Most likely, these additional noise sources
dominate the background soundscape not only before the onset of pile driving, but also
decrease the detectability of the impulsive pile driving signals.

4. Discussion

With the introduction of a noise emission threshold for impulsive noise due to pile
driving, and the associated requirement for the application of technical noise abatement
systems, one of the strictest regulations for this noise emitting activity has been established
in Germany. Similar regulations and requirements were at the same time also developed in
Belgium, in the Netherlands and in Denmark.

Establishing a clear protection target as described by the German Environment Protec-
tion Agency [29] and in the Concept for the Protection of harbour porpoise from underwater
noise emissions from Offshore Pile driving [30] and a comprehensive monitoring program
for the observation of the compliance and effectiveness of technological solutions, were the
fuel and guide for innovation in Germany. Today, a number of commercially accessible
noise abatement systems have been applied successfully on a standard basis in numerous
wind farm projects [1,11].

Based on internationally available scientific knowledge and building on dedicated
offshore research on options to reduce noise radiated into the environment more than
10 year ago, noise abatement and mitigation for pile driving procedures has been subject to
a steep learning curve up to today’s standard application of state-of-the-art offshore usable
noise abatement technologies. In recent years, however, installation practices have further
been adapted, including more efficient, temporally optimised and faster work processes,
which implies a different intensity of activities at the con-struction sites as 10 years ago.

In the offshore wind energy development in Europe over the past decade, scientists,
regulators and industry have successfully worked hand in hand to advance knowledge
of the most relevant adverse effects of noise emissions from pile driving construction.
Moreover, the cooperation between these groups has been crucial for the development of
a mitigation strategy for relevant adverse effects and, especially, for the implementation
of practical approaches to reduce the risk of impaired hearing and habitat loss to marine
mammals, which were identified to be most vulnerable to the impulsive noise emissions
from pile driving. This includes the harbour porpoise in particular, which is considered as
an indicator species for impulsive noise [12]. At the same time, the use of noise abatement
measures can substantially reduce or even avoid impacts on marine life (fish, invertebrates).

Due to the data availability through the comprehensive monitoring program of off-
shore wind farms under the regulation framework in Germany, recent studies have been
able to analyse the effective impact ranges of harbour porpoise displacement based on
the joint analysis of both, monitoring data of acoustics and harbour porpoise vocalisation
for offshore wind farm (OWF) projects with and without noise mitigation in the German
EEZ [4,13]. However, a most recent large scale study concludes that the effective displace-
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ment radii of harbour porpoise have not further decrease despite improvements in noise
mitigation techniques [14].

In the following, we provide an overview of the prerequisites for establishing a
command-and-control regulatory framework to reduce the impact of pile driving noise on
marine ecosystems. These prerequisites for the introduction of a sustainable mitigation
procedure include: (a) the description of the physical characteristics of the sound source to
be mitigated, including knowledge of parameters such as intensity, frequency spectrum
and duration of the event/s; (b) the identification of target species and knowledge on
abundance and distribution patterns; (c) the evidence of adverse effects on target species
by means of reliable and reproducible methods and (d) the consideration of potential
mitigation measures.

A step-by-step approach may be followed for establishing an effective and practicable
mitigation strategy based on the precautionary principle, covering all steps of the approval
procedures for activities where significant impulsive noise emissions are expected. In
this section, we outline eight steps for establishing mitigation procedures for pile driving
activities in plans and approvals granted by regulatory agencies based on experiences
gained in Germany:

Step (1) Develop scientific knowledge on species and habitats in the management area
that may be affected: This step can be effectively initiated by the responsible agencies for
the approval, environmental protection and nature conservation. A profound research basis
may include ship- or aircraft-based surveys or acoustic investigations of priority species
and may be strategically integrated into national monitoring and research programmes or
specific site surveys. Another key component of the scientific knowledge base is targeted
experimental work on noise sensitivity and hearing thresholds of species.

Step (2) Develop scientific knowledge on the physical characteristics of anthropogenic
noise sources and on the transmission pathways into habitats: This step includes compre-
hensive research projects funded by the state and carried out by universities and research
institutes. Importantly, this step needs to be repeated when construction site processes
change or new technologies emerge.

Step (3) Adopt a noise mitigation strategy: This crucial step is led by the respon-
sible agencies under consideration of: (a) the scientific knowledge developed in step 1
(species inventory, abundance and distribution); (b) the noise source and propagation loss
characteristics investigated in step 2; (c) the information regarding threats to species and
conservation status; (d) the requirements of European and national legislation and (e) the
technical solutions (available or under development) to manage noise emissions and the
applicability of measures in practice. The adopted strategy can be sustainable once it is
robustly developed and only needs to be adapted or extended as necessary.

Step (4) Communicate the strategy and priority targets to stakeholders: Of particular
importance is the timely communication of frameworks, targets, requirements and practical
application issues to wind farm operators. Ongoing communication is necessary. However,
the most intense communication phase takes place during the initial implementation phase.

Step (5) Develop technical noise abatement techniques: This step requires the joint
cooperation and action of scientists, engineers and wind farm operators to develop noise
abatement technologies. Research results (steps 1 and 2), the adopted noise mitigation
strategy and the application framework defined in coordination with industry form the
basis for technological developments and progress in field applications. The concerted
action of all involved parties is the backbone for successful development.

Step (6) Develop normative rules to monitor the efficiency and effectiveness of mea-
sures: The adoption of standards for determining the performance of measures is A
necessary step to take by approval and monitoring agencie. Standards for underwater
noise measurements, for noise prognosis, for the quantitative determination of reduction
potential of noise abatement systems and standards for the investigation of species abun-
dance and distribution have to be in place to ensure the quality and comparability of
monitoring data and assessments.
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Step (7) Establish an administrative basis: This step provides a basis for environ-
mental impact assessments (EIA’s), including risk-based assessments of noise emissions,
participation processes, approval procedures, incidental conditions with noise emission
thresholds at activity level and thresholds to prevent cumulative effects on habitats.

Step (8) Implementation in plans and approval procedures: Targets and objectives
of the adopted noise mitigation strategy are integrated in all planning steps including
maritime spatial planning, the site development plan for offshore wind energy and the
site suitability assessment. Incidental conditions on noise mitigation are part of approvals
granted and construction releases include detailed noise mitigation measures and monitor-
ing requirements.

The noise mitigation strategy and the so called command and control regulation [25]
on pile driving noise implemented in German waters but also similar regulations in other
countries (e.g., Belgium, the Netherlands, Denmark) are based on the application of noise
abatement and have promoted rapid development of the technology to the state-of-the-art
for at least three abatement systems. In recent years, it has become apparent that noise
reduction to protect marine ecosystems from impacts due to driving of jacket piles or large
monopiles can be effective, applicable and affordable for the industry.

Since the foundation of structures requires several thousand hammer strokes, cumula-
tive effects due to multiple impacts were acknowledged by setting a threshold as the 5%
exceedance level (SEL05) at 160 dB re 1 µPa2s, corresponding to a value 4 dB below the
level which experimentally evoked TTS due to a single impulsive exposure. Cumulative
effects on the key species harbour porpoise are further restricted according to the noise
mitigation concept for the North Sea of the BMU [16,30], which limits the accepted acoustic
pressure on habitats in terms of specific percentage-of-area thresholds applicable to the
entire German EEZ and to certain nature conservation sites.

In our view, the application of the dual criterion based on unweighted broadband
pressure level offer some strong advantages. Such criteria allow for broad development
and application, and aim at reducing noise input in the marine ecosystem, and thus protect
more marine species than frequency weighting for single species. What appears to be
overregulation at a first glance, as described in [5], turns out to be an efficient measure for
the marine ecosystem. Reduction of disturbance effects have so far been studied for the
key species harbour porpoise. This is primarily due to availability of standard methods for
such investigations. Even though a quantification of benefits for other marine species is
lacking so far, it can be assumed that any substantial reduction of noise input in the marine
environment is a good protective measure for the ecosystem.

Experiences so far shows how crucial it is from a regulatory perspective to implement
norms and standards, since these are prerequisites for (a) a comparative evaluation between
construction sites and their noise emissions; (b) the possibility of setting well defined thresh-
olds and requirements and especially (c) for monitoring their compliance. In the context of
pile driving and establishing the requirement of a field monitoring for noise reduction at
the source, following aspects must be considered in the form of standardised procedures:

• the effectiveness of the noise-abatement and mitigation (e.g., deterrence) measures
must be monitored and documented by means of measurements;

• a monitoring concept for assessing the effectiveness of measures must be submitted
along with a noise mitigation concept and should be further concretised within the
context of an implementation plan;

• concept and implementation plan for monitoring of underwater noise must be in ac-
cordance with standards, documented in a suitable manner and address construction-
related noise due to vessels and due to pile-driving. During the execution of the
noise-intensive works, underwater noise measurements should be performed at
standardised distances (i.e., 750 m and 1500 m in Germany) to the source and in
the nearest nature conservation area or an equivalent position for the purpose of
habitat protection;
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• the effectiveness of measures must additionally be monitored by means of temporar-
ily deployed harbor porpoise acoustic detectors. These monitoring stations should
preferably be co-located with acoustic monitoring stations.

Here, we demonstrated the effectiveness of noise abatement systems applied during
recent construction projects in the German Bight in a water depth of approximately 40 m.
We were able to confirm their significant reduction potential of sound pressure levels in
comparison to unmitigated pile driving based on standardised monitoring data.

Building on recent results on effect ranges of mitigated and unmitigated pile driving [1,31–34],
but also from the point of view of further construction sites in deeper waters with larger
piles and heavy installation equipment, we have analysed potential noise sources that
may have an impact on effect ranges despite the application of noise abatement systems.
The study under [1] has shown that, according to recent underwater noise measurements,
not only the number of vessels in and around the construction sites is important for back-
ground noise level, but also the type of drives, such as vessels with dynamic positioning
systems (DP-system), as well as the use of underwater communication devices, such as
echo sounders or sonars.

The analysis of potential sources of background noise during this study further re-
vealed, that in addition to the pile driving, numerous other construction work processes
took place, which increased the overall noise level. This includes turbine and rotor-blades
installation, cable laying and preparatory processes ahead to operation. They may add
substantially to noise levels. These sources are usually not included in noise emission and
transmission loss modelling, which underlines the importance of sound measurements in
the construction field. As shown in Section 3, pile driving was commonly conducted up
to a significant wave height of 1.5 m. This implies that increased background noise levels
recorded at our fixed monitoring station cannot be attributed to increased ambient noise
levels. Most likely, the cumulative emission of a number construction processes in the
vicinity to the station may be responsible for the background noise levels observed. This is
further supported by the fact that calm weather conditions allow for diverse installation
works at the site.

The number of installation vessels present at a time at the construction site has varied
from two up to four at a time. Including accompanying vessels for crew and material
transfers, safety vessels, vessels for the deployment of bubble curtain and for monitor-
ing activities. As observed from measurements in the immediate vicinity of pile driving
sites noise levels already increase a few hours before piling starts. Jack-up operations of
construction vessel and operation in DP-modus of accompanying ships further contribute
to the recorded increased noise levels. Measurements at greater distance to the piling sites,
on the other hand, revealed variably high noise levels, which could be related to jacking-up
processes or DP-modus operations of construction vessels, cable laying and ship transfers.
Consequently, the overall sound-scape at construction sites is highly variable in terms of
sound intensities, so that mitigated piling noise may not be detectable at all due to the low
signal-to-ratio. This may also have an impact on the perception by harbour porpoises. The
avoidance observed even at well-mitigated piling sites could therefore be more related to
the overall noise levels at construction sites where multiple installation and cable laying
activities occur simultaneously. As the construction phase of wind farm projects becomes
more efficient, meaning that installation work is conducted following a tighter schedule
and a rather large number of ships are in use at the construction sites, it is likely that
avoidance solely due to these activities will take place to some distance range. On the other
hand, the increasing efficiency of installation procedures means that the overall duration
of construction noise due to special vessels and activities decreases, which also shortens
the duration of animal disturbance. These trade-offs will be subject to a future in depth
analysis and need to be taken into account for a comprehensive interpretation of potential
effects on marine species.
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